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RESUME

En réponse a la croissance exponentielle des utilisateurs de systémes de communication sans
fil, les canaux de communication font face a une congestion croissante. L’essor des appli-
cations d’imagerie haute résolution, des dispositifs spectroscopiques sensibles aux molécules
et de la demande croissante de transmission de données sans fil ultra-large bande dans des
environnements multi-utilisateurs a attiré une attention significative dans le domaine des
circuits intégrés et des systemes haute fréquence. Avec l'introduction imminente de la tech-
nologie 6G, une grande variété de capteurs sans fil et de dispositifs de communication se
propageront rapidement. Cette expansion souligne le besoin critique d’un cadre de systeme
hautement intégré, un défi amplifié par I'espace limité disponible pour accueillir de nombreux
capteurs et composants de communication. Pour relever ces défis complexes, I'utilisation des

technologies terahertz (THz) présente une solution prometteuse.

Dans cette these, nous avons étudié la structure du guide d’image intégré au substrat en
tant que technologie prometteuse pour les applications sub-THz et THz. En conséquence,
nous avons d’abord proposé et développé deux méthodes analytiques pour modéliser des
guides d’ondes diélectriques avec perte: 1) En considérant que les régions adjacentes ont des
perforations périodiques dans un substrat diélectrique avec perte et en appliquant la théorie
Floquet et ’expansion des séries de Fourier, nous avons formulé un probleme de systéme eigen
pour les composants de champ électrique. Le facteur effectif de permittivité et de dissipation
de chaque mode peut étre extrait avec précision des fréquences de coupure calculées. La
permittivité efficace et le facteur de dissipation de chaque mode peuvent étre extraits avec
précision a partir des fréquences de coupure calculées. Cette méthode peut étre utilisée
efficacement pour modéliser avec précision la propagation des ondes le long des matériaux
diélectriques avec des perforations périodiques. 2) en considérant les plaques métalliques
comme des conducteurs avec perte, en appliquant la condition de bord d’impédance (IBC)
et en supposant que le facteur de dissipation (tand) est le méme pour tous les matériaux
diélectriques, nous avons réalisé une analyse modale modifiée qui fournit des informations
exactes sur la distribution du champ électromagnétique et la constante de propagation des
modes de propagation le long des guides d’ondes diélectriques. Cette méthode peut étre
appliquée efficacement a tous les guides d’ondes diélectriques multicouches, y compris le

guide diélectrique a bande, le guide d’image isolé et le guide a bande de bande.

L’exactitude, 'applicabilité et I'efficacité des méthodes proposées sont démontrées par com-

paraison avec les simulations de logiciels EM commerciaux (par exemple, CST Studio Suite
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et Ansys HFSS) et un prototype de guide d’ondes fabriqué. Un excellent accord entre les
modeles analytiques développés et les simulations en ondes completes est obtenu tout en ré-
duisant considérablement le temps de simulation. Il convient de mentionner que les méthodes
proposées peuvent modéliser la propagation des ondes le long des guides d’ondes diélectriques
multicouches dans toutes les plages de fréquence. Cependant, en raison des limitations de
fabrication et de la disponibilité des matériaux au centre de recherche Poly-Grames, une
structure de guide d’image intégré au substrat (SIIG) pour une fréquence de fonctionnement
de 150 GHz a été fabriquée. La comparaison avec le guide d’ondes SIIG fabriqué en tant que
prototype expérimental a démontré que la méthode proposée est hautement précise dans des

scénarios réalistes.

Nous avons étudié et démontré la technologie SIIG comme une candidate prometteuse pour
les applications THz. En raison de son mécanisme de guidage, le SIIG présente des pertes de
transmission tres faibles. De plus, étant donné que le plan de masse métallique n’intervient
pas dans le processus de guidage des ondes, cette technologie génere des pertes de conducteur
tres faibles, ce qui est crucial dans le régime THz. La structure SIIG étudiée offre ’avantage
d’incorporer un film d’isolation a faible permittivité en option entre le plan de masse et le
substrat a haute permittivité. Ce film supplémentaire permet de minimiser efficacement les
pertes de conducteur, car il atténue l'intensité des champs magnétiques a la surface du plan
de masse, ce qui réduit les densités de courant induit. En éliminant la couche d’isolation
facultative, la structure SIIG étudiée permet une fabrication plus simple et une intégration
potentielle sans couture avec d’autres composants de circuit pour les applications de cir-
cuit intégré au substrat (SIC). La suppression de la couche d’isolation facultative simplifie
I'intégration avec différentes technologies en leur permettant de partager le méme substrat
et le méme plan de masse. Les effets des parametres structurels sur le comportement de
guidage des ondes du SIIG sont étudiés de maniere analytique. Deux guides d’ondes proto-
types fonctionnant dans les fréquences de 150 GHz et 300 GHz sont fabriqués en choisissant
les meilleurs parametres structurels disponibles. Les réponses des guides d’ondes fabriqués
sont mesurées et comparées avec la méthode analytique et le logiciel EM commercial. Les

comparaisons effectuées montrent un excellent accord entre les mesures et les simulations.

Bien que le guide d’ondes SIIG présente des performances exceptionnelles dans des configu-
rations linéaires, il rencontre des problémes de fuite dans les virages serrés. Lorsque 'onde
guidée rencontre ces virages brusques, elle commence a fuir dans les régions perforées, ce qui
entraine une dégradation des performances, en particulier en ce qui concerne les pertes par
insertion. Ces problemes peuvent limiter les applications des technologies SIIG, en particulier
dans les applications nécessitant des discontinuités marquées, telles que les diviseurs/com-

binés de puissance compacts.
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Dans cette these, une solution est présentée pour relever les défis de fuite a des virages ai-
gus dans les guides d’ondes SIIG. Cette solution implique 'intégration d’un guide d’onde
hybride, formé en introduisant un guide d’onde métallique intégré au substrat (SIMIG) dans
la structure SIIG. Cette innovation empéche efficacement 1’onde guidée de fuir dans les ré-
gions perforées et améliore les performances globales du SIIG a des virages tranchants. Par
conséquent, cette percée permet la création d’un diviseur/combiner de puissance hautement

compact en utilisant la technologie SIIG.
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ABSTRACT

In response to the exponential growth in wireless communication system users, commu-
nication channels are now facing increasing congestion. The rise of high-resolution imag-
ing applications, molecular-sensitive spectroscopic devices, and a soaring demand for ultra-
broadband wireless data transmission in multi-user environments has captured significant
attention within the realm of high-frequency integrated circuits and systems. With the im-
minent introduction of 6G technology, a diverse array of wireless sensors and communication
devices will rapidly proliferate. This expansion underscores the critical need for a highly inte-
grated system framework, a challenge compounded by the limited available space for accom-
modating numerous sensors and communication components. In addressing these intricate

challenges, the utilization of terahertz (THz) technologies presents a promising solution.

In this thesis, we investigated the Substrate-Integrated Image Guide (SIIG) structure as a
promising technology for THz applications. Accordingly, we first proposed and developed two
analytical methods for modeling lossy dielectric waveguides: 1) by considering the adjacent
regions to have periodic perforations in a lossy dielectric substrate and applying the Floquet
Theory and Fourier Series expansion, we formulated an eigensystem problem for electric field
components. Solutions to this eigensystem problem will provide each propagating mode’s cut-
off frequency and field distribution. The effective permittivity and dissipation factor of each
mode can be accurately extracted from the calculated cut-off frequencies. This method can
be effectively used to accurately model wave propagation along lossy dielectric materials with
periodic perforations. 2) by considering the metallic plates as lossy conductors, applying the
Impedance Boundary Condition (IBC), and assuming the dissipation factor (tand) for all
dielectric materials, we completed a modified modal analysis that provides exact information
on the electromagnetic field distribution and propagation constant of propagating modes
along the dielectric waveguides. This method can be effectively applied to all layered dielectric

waveguides, including strip dielectric guide, insulated image guide, and strip-slab guide.

The proposed methods’ accuracy, applicability, and efficiency are demonstrated through com-
parison with the commercial EM software (e.g., CST Studio Suite and Ansys HFSS) simu-
lations and a fabricated waveguide prototype. Excellent agreement between the developed
analytical models and full-wave simulations is achieved while the simulation run-time is re-
duced significantly. It is worth mentioning that the proposed methods can model the wave
propagation along layered dielectric waveguides in all frequency ranges. However, because of

the fabrication limitation and material availability at the Poly-Grames Research Center, a
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substrate-integrated image guide (SIIG) structure for an operating frequency of 150 GHz was
fabricated. Comparison with the fabricated SIIG waveguide as an experimental prototype

demonstrated that the proposed method has high accuracy in realistic scenarios.

We investigated and demonstrated the SIIG technology as a promising candidate for THz
applications. Due to its guiding mechanism, the SIIG possesses very low transmission losses.
Further, since the metallic ground plane is not involved in the wave guidance process, this
technology produces very low conductor losses, which is critical in the THz regime. The in-
vestigated SIIG structure offers the advantage of incorporating an optional low-permittivity
insulation film between the ground plane and the high-permittivity substrate. This additional
film effectively minimizes conductor losses, as it mitigates the intensity of magnetic fields at
the ground plane surface, leading to reduced induced current densities. Through the removal
of the insulating layer, the investigated SIIG structure provides an easier fabrication and a
potential for seamless integration with other circuit components for substrate-integrated cir-
cuit (SIC) applications. The elimination of the optional insulating layer simplifies integration
with different technologies by allowing them to share the same substrate and ground plane.
The effects of the structural parameters on the wave guidance behavior of the SIIG are ana-
lytically studied. Two prototype waveguides operating within the frequencies of 150 GHz and
300 GHz are fabricated by choosing the best available structural parameters. The responses
of the fabricated waveguides are measured and compared with the analytical method and the
commercial EM software. The provided comparisons have demonstrated excellent agreement

between the measurements and the simulations.

While the SIIG waveguide demonstrates exceptional performance in straight-line configura-
tions, it experiences issues with leakage at sharp bends. When the guided wave encounters
these sharp turns, it begins to leak into the perforated regions, resulting in a degradation of
performance, particularly with respect to insertion loss. These issues may limit the applica-
tions of SIIG technologies, especially in applications requiring sharp discontinuities, such as

compact power dividers/combiners.

In this thesis, a solution is presented to tackle the leakage challenges at sharp bends in
SIIG waveguides. This solution involves the integration of a hybrid waveguide, formed by
introducing a Substrate-Integrated Metallic Image Guide (SIMIG) waveguide into the SIIG
structure. This innovation effectively prevents the guided wave from leaking into the perfo-
rated regions and enhances the overall performance of SIIG at sharp bends. Consequently,
this breakthrough allows for the creation of a highly compact power divider/combiner using
SIIG technology.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

As shown in Fig. 1.1, the explosive growth in commercial applications in the terahertz
(THz) bands of the electromagnetic spectrum including sub-THz ranges has set the stage for
a transformative wave of technological advancement. This spectrum, spanning frequencies
from 100 GHz to 10 THz, has witnessed a surge in applications such as personal communica-
tions, high-capacity wireless data links, automotive and aircraft radar systems, spectroscopy
sensors, medical imaging, and security scanners [1]. These applications exploit the distinc-
tive features of THz waves that include an extensive bandwidth, high spatial resolution with
compact antennas, the ability to penetrate challenging environments like dust, smoke, or fog,
resonance with critical atmospheric molecules, and access to previously untapped frequency

resources.
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Figure 1.1 Prospective indoor and outdoor applications of sub-THz and THz communications
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This Ph.D. thesis is intrinsically motivated by the potential of sub-THz and THz technology
to address a critical challenge within this burgeoning field. Our research is dedicated to
the exploration and development of technology that promises minimal transmission loss and
seamless interconnection with other circuit components. Furthermore, our aim is to enable
the creation of highly compact integrated circuits that will play an essential role in the

deployment of these transformative technologies.

In conclusion, this Ph.D. thesis is driven by the pressing need to harness the immense poten-
tial of sub-THz and THz technology to address real-world challenges and drive innovation.
It is motivated by the vision of a future where the unique attributes of this electromag-
netic spectrum will shape a new era of communication, sensing, and imaging, with profound

implications for various industries and the global community.

1.2 Problem Statement

Achieving high-density integration is paramount for the mass production of cost-effective,
compact, and lightweight commercial products. Fig. 1.2 illustrates various metallic-based
transmission lines operating in the microwave frequency range. In the microwave range up to
approximately 30 GHz, microstrip serves as the dominant integrated waveguide structure [5].
Its popularity stems from its simplicity, cost-effective fabrication through printed circuit
technology, and the extensive design information available in accurate empirical formulas for

use in circuit synthesis software.

However, in the millimeter-wave (mmW) frequencies, ranging from 30 GHz, coplanar waveg-
uide (CPW) is often preferred over microstrip [6]. This preference arises because the mi-
crostrip line requires very thin substrates due to the potential for overmoding and power
leakage into substrate modes. Additionally, achieving reliable ground connections through

metallized vias becomes increasingly challenging.

CPW is suitable for the mmW range, but in the sub-THz/THz frequency range, inefficient
wave guidance by metal-based waveguides remains a pervasive issue. The skin effect plays an
increasing role, causing currents to flow in a thin region below the metal surface, while sur-
face roughness becomes a critical factor. Furthermore, as frequencies rise, the cross-sectional
dimensions of the guide must be scaled down to suppress higher-order modes and poten-
tial leakage or radiation. These factors result in high current densities and, consequently,
significant conductor losses. The situation worsens for traditional integrated planar trans-
mission lines like microstrip and CPW, as the existing electromagnetic field singularities at

the conductor strip edges exacerbate the loss problem. Other well-developed metallic-based
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Figure 1.2 Different metallic-bases transmission lines [2].

technologies are the stripline transmission line [7] and the Substrate-Integrated Waveguide
(SIW) [8], which are similar to the other metallic waveguides, also grapples with conductor

losses.

In the past, researchers attempted to reduce dielectric losses in the substrate material
through techniques such as micro-machining. However, conductor-related losses dominate
and couldn’t be significantly reduced. While this limitation is generally acceptable in minia-
ture MMICs with very short transmission lines, it poses a significant challenge when designing
larger passive devices such as antenna arrays, feeding networks, power dividers, combiners,
directional couplers, phase shifters, resonators, and filters. Hence, the technology of choice
for such components in the sub-THz/THz frequencies has traditionally been metallic rectan-
gular waveguide due to its superior performance [9]. It exhibits low wave attenuation because
the modal fields are well distributed over a relatively large air cross-section without any field
singularities. Nonetheless, the drawbacks of rectangular waveguide technology include its

high cost, bulkiness, and limited integrability.

As shown in Fig. 1.3, another well-established technology is the dielectric waveguide. The
exploration of wave propagation on purely dielectric rods dates back to the early 20th cen-
tury and was documented in a theoretical paper [10]. Subsequent experiments [11] and the
development of a comprehensive theory demonstrating the existence of TE, TM, and hybrid
modes [12] were published. The use of dielectric rod antennas became prevalent [13], and
research into dielectric waveguides continued due to their appealing attributes of low signal
loss and flexibility [14,15].

Unlike metallic waveguides, where electromagnetic waves are guided through interactions
with currents on conductors, dielectric waveguides function on the principle of total internal
reflection at the dielectric-air interface. The actual wave guidance occurs at the surface of the
dielectric material, leading to these waves being termed surface waves. A similar guidance

effect is achieved when a denser dielectric material is enclosed by a material with lower
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Figure 1.3 Dielectric and optical waveguides [3]. (a) Silica taper fiber, (b) integrated As2S3
waveguide buried on SiO2, (¢) silica photonic crystal fiber, (d) suspended silicon waveguide,
(e) dual-nanoweb silica fiber, (f) suspended silicon waveguide membrane.

permittivity. The most notable success story in this realm is that of optical fibers, which
transport signals in the form of electromagnetic waves in the optical range over incredibly

long distances, paving the way for the Information Age, including the advent of the Internet.

While optical waveguides are typically composed entirely of dielectric materials, metallic
elements are avoided due to the plasma-like characteristics of metals at optical wavelengths,
which would introduce significant transmission losses [16]. Conversely, radio frequency and
microwave technology has traditionally relied on metallic waveguide structures, as dielectric-
based technologies struggle to achieve the necessary compactness and are more challenging

to design.

As depicted in Fig. 1.4, the sub-THz/THz range resides between these two parts of the
electromagnetic spectrum (i.e., the microwave region and the optical region), and it faces
a technology gap. The absence of a practical technology prompted research into integrated
dielectric waveguides. Notable examples include the image guide [17] and its rectangular
strip variant [18], the inverted strip guide [19], the non-radiative dielectric (NRD) guide [20],
and the inset guide [21]. While all these structures feature a metallic ground plane, their
conductor losses are minimal because they lack the field singularities present in microstrip
or CPW configurations, and their field concentration is relatively modest. Consequently,

they can be viewed as hybrid metallic-dielectric waveguides, well-suited for bridging the gap
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between the microwave and infrared /optical segments of the electromagnetic spectrum.

While wave guidance could theoretically occur without any conductor, incorporating a ground
plane at sub-THz/THz frequencies offers several notable advantages. It serves as a sturdy
mechanical support for the dielectric lines, acts as one-sided shielding, and can be utilized for
biasing and dissipating heat generated by active devices [22]. Additionally, the ground plane
has the effect of shifting higher-order and degenerate modes to higher frequencies, thereby
expanding the usable single-mode bandwidth.

Among the integrated dielectric guides mentioned, the image guide stands out as one of the
simplest and likely the most widely employed. It derives its name from the "mirror" effect
created by the ground plane. King [17] primarily focused on the low-loss characteristics of
the image guide with loosely bound waves, while Knox [18] concentrated on the rectangular,
high-permittivity image guide with the aim of integration. In the case of the latter type, the
insertion of an optional insulating dielectric film with low permittivity between the substrate
and the metallic ground plane additionally reduces conductor losses [23]. Fig. 1.5a provides

a visual representation of the resulting insulated image guide.

A diverse range of passive and active components, along with circuits, have been success-
fully implemented using image guide technology, underscoring the advantages of integrated
dielectric technology. These applications include leaky-wave antennas [24], filters, couplers,

and even a 94-GHz radar system [25]. Despite the image guide technology’s decades-long
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Figure 1.5 Exposed view of (a) insulated image guide and (b) exploded view of substrate
integrated (insulated) image guide (SIIG) [4].

presence, it hasn’t been extensively utilized in millimeter-wave (mmW) and sub-terahertz
(sub-THz) integrated circuits. One primary obstacle has been the lack of mass-producible
MMICs for this frequency range, which serve as the foundation for cost-effective commercial

products today.

This landscape is gradually evolving, driven by technological advancements and the mounting
pressure to explore higher frequency bands due to the scarcity of spectrum resources in the
sub-THz/THz range. Although the standard image guide offers remarkable advantages with
very low attenuation loss, it presents notable challenges in terms of integration and manufac-
turing. The small size of the individual dielectric strips, particularly at shorter wavelengths,
necessitates precise placement onto the supporting metallic ground plane. Achieving strin-
gent control over the image guide’s dimensions and demanding alignment precision between
the guides is imperative. Additionally, connecting image guide circuits to other transmis-
sion lines represents a significant limitation. Combining different technologies is challenging
due to varying support requirements (e.g., ground plane versus dielectric substrate) and the
exceptional precision demanded at sub-THz/THz frequencies, not to mention the multiple

fabrication steps involved.

Inspired by the "substrate-integrated circuit" concept [26], Patrovsky et al. proposed a sani-
tized form of the image guide named "Substrate-Integrated Image Guide (SIIG)" [4]. Similar
to the standard image guide, the SIIG consists of a planar high-permittivity substrate placed
on a continuous metallic ground plane. To realize the permittivity contrast between the
guiding channel and the bilateral regions, periodic air perforations are added to these re-

gions, which artificially reduces the effective permittivity of these sections. Therefore, the



SIIG provides a similar guiding effect as the standard image guide, except for particularities
caused by the periodic perforations. The planar substrate makes the fabrication process
more accessible and provides a high alignment precision to the other integrated circuit com-
ponents. Additionally, the interconnection with other waveguide technologies is substantially

simplified on the same substrate.

The aforementioned SIIG structure [4], initially designed for millimeter-wave (mmW) ap-
plications up to 105 GHz, faces several significant challenges that hinder its broader utility
and practical implementation. Firstly, the existing research lacks an analytical model for
the SIIG structure, relying instead on data extracted from Ansys HFSS, an electromagnetic
(EM) simulation software. This approach not only extends the design process but also limits
the insight into the SIIG’s behavior.

Secondly, a pronounced issue is the substantial substrate leakage that occurs at sharp discon-
tinuities within the SIIG structure, particularly at sharp bends. This drawback poses a severe
constraint on its application in highly compact integrated circuits, where signal integrity and

minimal signal loss are paramount.

Additionally, while the optional insulating layer used in the SIIG structure does reduce trans-
mission losses and mitigates field concentration near the metallic ground plane, it complicates
the fabrication process and introduces challenges in terms of interconnecting the SIIG struc-

ture with other circuit components.

1.3 Research Objectives

To address the previously mentioned issues with the original SIIG structure, we have outlined
the following objectives for this Ph.D. thesis:

1. Development of an analytical model for accurate SIIG guiding performance

analysis:

To gain a comprehensive understanding of the guiding performance of the SIIG struc-
ture, an analytical model must be established. The first step is to create an analytical
method for extracting the effective properties (i.e., effective permittivity and dielectric
loss) of the perforated regions accurately. This method utilizes periodic perforations
within a lossy dielectric substrate and leverages Floquet Theory and Fourier Series
expansion to solve an eigen-system problem related to electric field components. It
provides precise calculations for cut-off frequencies, field distributions, effective per-
mittivity, and dissipation factors for each propagating mode within these perforated

regions.



The second method treats metallic plates as lossy conductors, incorporating the Impedance
Boundary Condition (IBC) and accounting for a dielectric material’s dissipation factor
(tan 9). This approach yields detailed information about the electromagnetic field dis-
tribution and propagation constants for modes in dielectric waveguides. Both methods
are versatile and can be applied to various layered dielectric waveguides. These meth-
ods are suitable for modeling wave propagation across various frequency ranges and
have been experimentally validated using a substrate-integrated image guide structure

at 150 GHz, demonstrating their high accuracy in practical scenarios.

The completion of the first objective resulted in a published paper in the IEFEFE Trans-

actions on Microwave Theory and Techniques:

o Article 1: M. Moradi, M. S. Sharawi, and K. Wu, "Analytical Model of Guided
Waves in Periodically Perforated Dielectric Structures and Its Applications to
Terahertz Substrate-Integrated Image Guides (SIIG)," IEEE Transactions on Mi-
crowave Theory and Techniques, 2023.

. Design and fabrication of prototype SIIGs for sub-THz/THz frequency
band:

The second objective is to utilize the developed analytical model to assess the suitability
of substrate-integrated image guide technology (SIIG) for sub-THz/THz applications.
In pursuit of this objective, we investigate the impact of structural parameters on
the wave-guiding behavior of the SIIG. Removing the insulating layer streamlines the
fabrication process and enhances integration potential with other circuit components in
substrate-integrated circuit (SIC) applications. This eliminates the need for separate
substrates and ground planes for different technologies, promoting compatibility and
resource sharing. Two prototype waveguides, operating at frequencies of 150 GHz and
300 GHz, are fabricated using the optimal structural parameters. The responses of
these fabricated waveguides are measured and compared with analytical methods and
commercial electromagnetic software simulations. These comparisons reveal excellent
agreement between the measurements and simulations, affirming the effectiveness and

accuracy of the SIIG technology for THz applications.

The successful completion of the second objective leads to a published paper in the

IEEFE Transactions on Terahertz Science and Technology:

e Article 2: M. Moradi, M. S. Sharawi, and K. Wu, "Exploring Low-Loss Wide-
band Substrate-Integrated Image Guides (SIIG) for Terahertz Applications," IEEE

Transactions on Terahertz Science and Technology, 2023.



3. Substrate-integrated hybrid dielectric-metallic image guide (SIHDMIG) ar-

chitecture and its applications in developing sub-THz/THz power divider:

While the SIIG waveguide exhibits exceptional performance in straight-line configu-
rations, it faces challenges related to leakage at sharp bends. As a result, we have
established our next objective to discover a solution that effectively resolves this issue
of leakage. We introduce a novel waveguide, called the Substrate-Integrated Metallic
Guide (SIMIG), which, when combined with SIIG, enables the creation of a hybrid
waveguide known as the Substrate-Integrated Hybrid Dielectric-Metallic Image Guide
(SIHDMIG) technology. STHDMIG effectively mitigates wave leakage into the substrate
and exhibits exceptional performance at sharp bends. The experimental results reveal
that the proposed SIHDMIG structure enhances SIIG performance at sharp bends by
3 dB. Subsequently, we leverage this innovative technology to design a highly compact
power divider/combiner. Based on the obtained results, the designed power divider/-
combiner demonstrates superior performance across various frequency bands within the
WR-5.1 and WR-3.5 frequency ranges.

1.4 Thesis Organization

In this thesis, we investigate and demonstrate the SIIG technology as a promising candidate

for sub-THz/THz applications. Accordingly, the rest of the thesis is organized as follows:

Chapter 2 introduces the first article titled "Analytical Model of Guided Waves in Periodi-
cally Perforated Dielectric Structures and Its Applications to Terahertz Substrate-Integrated
Image Guides (SIIG)". This paper presents and derives an analytical model for accurately
analyzing lossy dielectric waveguides in the THz regime. By considering the dielectric loss of
waveguides and applying the Impedance Boundary Condition (IBC), the proposed method
can accurately simulate the waveguiding behavior. By applying the Fourier Series expansion
along with the Floquet Theory, an analytical model is developed which can effectively account
for periodic perforations, which describes an inherent feature of substrate integrated dielectric
waveguides at THz frequencies. The applicability and high accuracy of the proposed method
are demonstrated by providing several examples and comparisons with measurements from a
fabricated prototype. The efficiency of the proposed method in terms of simulation run-time
is compared with some commercial EM software packages. These results demonstrate that
while the proposed method maintains a minimum accuracy of 95% compared to the CST

Studio Suite and Ansys HFSS software, the simulation run-time is reduced by 300 times.

Chapter 3 presents the second article with the title "Exploring Low-Loss Wideband Substrate-
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Integrated Tmage Guides (SIIG) for Terahertz Applications'. This paper proposes and ex-
plores high-performance Substrate-Integrated Image Guide (SIIG) techniques for THz appli-
cations. Due to its low-loss transmission, planar geometry, and metallic ground plane that
can be shared among other circuit components, the SIIG structure is an ideal candidate
for THz integrated circuits and systems development. By conducting modal analysis and
selecting proper parameters for geometrical design considerations, the SIIG can provide the
best possible performances in the THz regime. An alumina substrate is utilized to fabricate
two SIIG prototypes for WR-5.1 and WR- 3.5 frequency bands. The experimental results
show that one fabricated prototype exhibits a mean insertion loss of 0.578 dB/cm over a
frequency range of 135 GHz — 225 GHz using a dual-line parameter extraction technique.
The other fabricated prototype of SIIG presents an average insertion loss of 1.431 dB/cm in
the frequency range of 215 GHz — 335 GHz. Those results demonstrate a promising potential
of the SIIG techniques for THz applications. A detailed description of an SIIG structural

analysis and also its design procedure are provided.

Chapter 4 delves into the third article with the title "Substrate-Integrated Hybrid Dielectric-
Metallic Image Guide (SIHDMIG) Architecture and Its Applications in Developing sub-
THz/THz Power Divider." This paper introduces a novel hybrid waveguide architecture de-
signed to mitigate substrate leakage in the substrate-integrated image guide (SIIG) structure
when confronted with sharp bends. This innovative approach combines elements of SIIG
waveguides and substrate-integrated metallic image guide (SIMIG) waveguides to tailor spe-
cific design components based on the transmission properties of each waveguide type. We
investigate and experimentally validate back-to-back WR-5.1 and WR-3.5 band prototypes
constructed using this hybrid scheme. The proposed method demonstrates a 3 dB improve-
ment in SIIG performance at a 60-degree bend, which is confirmed through the fabrication
and measurement of the prototypes. This architecture is leveraged to create highly compact
substrate-integrated power dividers/combiners. The presented hybrid waveguide architec-
ture showcases its potential for the development of low-loss, highly integrated sub-terahertz

(sub-THz) and terahertz (THz) circuits and systems.

Ultimately, this thesis is brought to a close in Chapter 5, where we summarize our contribu-
tions and accomplishments. Furthermore, this chapter offers recommendations for potential

improvements to this research and suggests avenues for future work.

Before delving deeply into the following projects, namely, developing an analytical model,
designing SIIGs for WR-5.1 and WR-3.5 frequency bands, preventing leakage, and designing
the power divider, it is crucial to note that, given that each project addresses distinct topics,

a comprehensive literature review specific to each project is included in their respective
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CHAPTER 2 ARTICLE 1: ANALYTICAL MODEL OF GUIDED WAVES
IN PERIODICALLY PERFORATED DIELECTRIC STRUCTURE AND ITS
APPLICATIONS TO TERAHERTZ SUBSTRATE-INTEGRATED IMAGE
GUIDE (SIIG)

Mohammad Moradi, Mohammad S. Sharawi, Ke Wu
Published in: IEEE Transactions on Microwave Theory and Techniques

Publication date: March 29, 2023

2.1 Introduction

Everything around us is becoming smarter as wireless communications and sensing tech-
nologies proliferate everywhere, from smart-phones and smart-watches to smart homes and
autonomous vehicles [27]. Due to the exponential growth in the number of end-users of wire-
less communication systems, the communication channel is becoming increasingly congested.
On the other hand, the development of high-resolution imaging applications [28], molecular-
sensitive spectroscopic devices [29], and the increasing demand for ultra-broadband wireless
data transmission in multi-user systems gather much attention towards high-frequency inte-
grated circuits. Shortly, it is expected that a large number of wireless sensors and commu-
nication devices will be ubiquitously deployed and used immediately with the upcoming 6G
technology. Thus, the system framework must be extremely highly integrated due to a limited
space allocated for installing a massive number of sensors and communication components.

THz technologies are proving to be the key to overcoming these underlying issues [9].

While sharing the same fundamental principles as microwaves, THz communication faces
many challenges. One of them is the transmission loss in front-ends, which is often substantial
in the THz regime. Specifically, the conductive loss will increase significantly as frequency
increases, and the skin effect aggravates this loss; consequently, attenuation reaches several
tens of dB/cm [30-32]. Therefore, conventional metal-based technologies (e.g., microstrip, co-
planar, and substrate integrated waveguide (SIW)) may not be practical in THz band circuit
and antenna applications. Dielectric waveguides, which are widely used in photonic circuits,
exhibit excellent potential in developing THz circuits and antennas due to the absence of

metallic loss, at least partially.

Typically, a high contrast between the permittivity of the guiding channel and adjacent re-

gions should be realized to achieve the highest possible power transmission along dielectric
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waveguides [33]. Adding perforations can artificially reduce the permittivity of the adjacent
regions and realize this required contrast [4]. Analyzing these perforated regions is essen-
tial for developing an analytical model of dielectric waveguides. In all existing methods,
this effective permittivity is considered to be purely real (i.e., lossless dielectric materials)
and mainly calculated based on huge computationally intensive numerical methods [34-38].
These methods showed promising results but with a complicated procedure and expensive
computation. On the other hand, approximate and empirical formulations for the effective
permittivity of the perforated part were given in [39]; however, these empirical formulations
might lead to inaccurate estimations for the design parameters and, accordingly, imprecise
results. Moreover, the need for polarization diversity in enhancing the microwave and THz
component efficiency [40-42] makes it essential to accurately analyze different polarizations

of the electric field components.

Although wave guidance would be possible in the absence of any conductors [43-45], using a
ground plane at THz frequencies has several significant advantages. It provides appropriate
mechanical support for the dielectric lines, acts as a one-sided shielding, and can be used
for biasing and dissipating heat from active devices if any [46]. Furthermore, the ground
plane shifts higher-order and degenerate modes to higher frequencies, thus increasing the
useable single-mode bandwidth. Since all existing analytical methods are developed for low
frequencies, the metallic plates used within them were considered lossless perfect conducting
layers [47,48]. Accordingly, the perfect electric conductor (PEC) boundary conditions were
applied wherever these plates were placed. As mentioned before, the conductive loss will
increase significantly as frequency increases [49]; hence, the existing models do not provide

accurate results in the THz regime.

This work is set to propose and develop two analytical methods for modeling lossy dielectric
waveguides: 1) by considering the adjacent regions to have periodic perforations in a lossy di-
electric substrate and applying the Floguet Theory [50] and Fourier Series [51] expansion, we
achieved an eigensystem problem for electric field components. Solutions to this eigensystem
problem will provide each propagating mode’s cut-off frequency and field distribution. The
effective permittivity and dissipation factor of each mode can be accurately extracted from
the calculated cut-off frequencies. This method can be effectively used to accurately model
wave propagation along lossy dielectric materials with periodic perforations. 2) by consid-
ering the metallic plates as lossy conductors, applying the Impedance Boundary Condition
(IBC) [52], and assuming the dissipation factor (tand) for all dielectric materials, we com-
pleted a modified modal analysis that provides exact information on the electromagnetic field
distribution and propagation constant of the propagating modes along the dielectric waveg-

uides. This method can be effectively applied to all layered dielectric waveguides, including
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strip dielectric guide, insulated image guide, and strip-slab guide.

The proposed methods’ accuracy, applicability, and efficiency are demonstrated through com-
parison with the commercial EM software (e.g., CST Studio Suite and Ansys HFSS) simu-
lations and a fabricated waveguide prototype. Excellent agreement between the developed
analytical models and full-wave simulations is achieved while the simulation run-time is re-
duced significantly. It is worth mentioning that the proposed methods can model the wave
propagation along layered dielectric waveguides in all frequency ranges. However, because of
the fabrication limitation and material availability at the Poly-Grames Research Center, a
substrate-integrated image guide (SIIG) structure for an operating frequency of 150 GHz was
fabricated. Comparison with the fabricated SIIG waveguide as an experimental prototype

demonstrated that the proposed method has high accuracy in realistic scenarios.

Accordingly, the rest of the chapter is organized as follows: Section 2.2 presents the develop-
ment of an analytical method that accurately extracts the effective permittivity and loss of
periodic perforated waveguide out of a lossy dielectric substrate. Section 2.3 demonstrates
the procedure of modifying a modal analysis to account for the dielectric and metallic losses
in dielectric waveguides. The accuracy, efficiency, and applicability of the proposed method
are demonstrated by providing comparisons of simulations with two commercial EM software
and of measurements through a fabricated prototype SIIG structure in Section 2.4. A brief
conclusion is presented in Section 2.5, and some required detailed derivations are provided

in the Appendix section.

2.2 Effective Permittivity Extraction

Developing the proposed analytical method can begin with the wave equation for electric
field [53]. In dielectric waveguide applications, we consider having variation only in the
medium’s permittivity (e,), while the permeability (u,.) in the analysis domain is considered
constant. Accordingly, for a source-free and lossy dielectric medium, the wave-equation can

be written in the frequency domain as [53]:
V?E + kier(zpE =0 (2.1)

where kg is the free-space wave-number equal to kg = w /lip€g. The magnetic field wave-

equation can be written in the frequency domain as [53]:

1
VX( vXH>+kﬁizo (2.2)
Er(z,y)
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As demonstrated in Fig. 2.1, we consider having a periodic structure along the z and y
directions. For the T'M, modes, the electric field only has an axial component (i.e., E.) [53],
and based on the Plane-wave expansion method [54] and the Floquet Theory [50], we have:

E(z,y,2) = 2E.(z,y) = 2E,(x,y)e 7F0"e Thuv (2.3)

where E,(z,y), ks, and k,, are the periodic electric field in the zy-plane, propagation
constant along the z, and y directions, respectively. Assuming the structure has a periodicity
of a along the x direction and c along the y direction, and using the Fourier Series expansion
[51]; E,(z,y) can be formulated as:

E,(z,y) = ZZa(n,q)e_]%Tnxe_]@y (2.4)

n o q
where a(, q) is an unknown Fourier coefficient.

Similar to the previous formulation, the permittivity of the structure can be expressed as:

(zy) = Zzb m,p)€ i o (2.5)

It is necessary to mention that the number of summed terms (i.e., n, ¢, m, and p) defines the
accuracy of the approximation. To be specific, more summed terms produces more accurate

results. These variables should be an integer number ranging from —N to N.

As shown in Fig. 2.1, the structure has variations only along the x and y directions. Accord-

ingly, the wave-equation (2.1) can be expanded as:
82 2

8

Substituting (2.4) and (2.5) into (2.6), leads to:

ZZKM >2+<2 q+ky0>2] -

21n

.2
—j%re, p

(m,p)eij w TeTIiTY (2.7)

ZZGM e

(&

after doing some simplifications (more details are provided in Appendix A), the above equa-
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Figure 2.1 Cross-sectional view of a two-dimensional array of (a) rectangular and (b) circular
perforations in a dielectric substrate.

tion reforms to the following eigenvalue equation:

27 2 27q 2
Y [(— #ha) (4 1 -

koD a(mp)Din—m.a—)
m p

(2.8)

A careful review of the above equation reveals two unknown variables (i.e., a(; ;), and b ;).

However, b(; ;) can be found by applying the Fourier Series coefficient on a unit-cell as:

bd b md
bin = .04 — (6, —1)—sinc | — |sinc | — 2.9
(i) )~ (er = 1)~ <a> (C> (2.9)
where b, d, and d; ;) are the perforation sizes along the x, and y directions, and the Kronecker
Delta function, respectively. The relative permittivity (e,) of a lossy dielectric medium can
be expressed in a complex form as ¢, = ¢’ — j&”, in which the ratio of the imaginary and the

real parts defines the tangent of dielectric loss angle (i.e., tand) [55].

It is worth mentioning that the formulation of b(; ;) will be changed for different perforation
patterns. To demonstrate this fact, we consider and begin with circular perforations having

the diameter of b and periodicity of a (as shown in Fig. 2.1b). The corresponding b; ;, can
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be calculated as:

bj) = €r0G.5)—

a2 ( V() ()) 2.10)
N

where J; is the Bessel function of the first kind.

(57“ - 1)

By substituting (2.9) (or (2.10)) into (2.8), it turns into a generalized linear eigensystem

problem. Equation (2.8) can be put in a matrix form as:

A a =ki| B a (2.11)

ngxng ngx1 ngxXmp mpx1

The above equation can be transformed into an ordinary eigen-equation as follows:
-1
ky?|a =| A B a (2.12)

ngx1 ngxng ngxmp mpx1

C

According to the eigen-equation (2.12), the eigenvalues of matrix [C] are equal to kj?, which
can provide us with the cut-off frequencies of TM, propagating modes. We can calculate
the effective permittivity of each corresponding mode from its cut-off frequency. In other
words, we should specify the wavenumber (i.e., k;, and k) and calculate the corresponding
eigenvalue. The effective permittivity and effective loss factor of each mode can be calculated
as [55]:

r_ & 8]{70 ?
£l = (% aﬁ{f}> (2.13)

n _ [ Co ak'O ?
Coff = (271' 8%{]”}) (214)
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where c¢g, ko, R{f}, and S{f} are the speed of light, defined wavenumber, real and imaginary
part of extracted cut-off frequency, respectively. The eigenvector of matrix [C] will provide

the field distribution of each mode inside the unit-cell.

For the TE, modes, the magnetic field only has an axial component (i.e., H.), and again

based on the Plane-wave expansion method and the Flogquet Theory, we have:
H(z,y,2) = 2H.(2,y) = 2H,(x,y)e "o 7w (2.15)
where H,(x,y) is the periodic magnetic field in the xy-plane. Using the Fourier Series,

H,(z,y) can be formulated as:

H,(z,y) = ZZa(n,q)e’j%Tnxe’jZchy (2.16)
noq
where @, q) is an unknown coefficient. Checking (2.2) reveals that we have to formulate 1/¢,

using the Fourier Series as:

= 35 e e (2.17)

Er(z,y) m p

Expanding (2.2), and substituting (2.16) and (2.17) into it leads to the following eigenvalue

equation:

21N 2
kong) = =D _mp)Dim.p) [(a + km)
m p

2 _
N (27Tq N kyo) 21 (n—m) (27m N kmo) (2.18)
C a a
21 (g — p) (2
27 (g p)( 7rq+ky0>]
C C

A careful review of the above equation reveals two unknowns (i.e., a(; ;) and b; ;). However,
for a rectangular perforation, b(; j) can be achieved by applying the Fourier Series coefficient
on a unit-cell as:

. . . .
bi,j) = ;%J) — ( — 1> %Sinc (mb)sinc <7T‘7d> (2.19)

Er ac a c
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for the circular perforation, b; j can be calculated as:

(/) ew
e L LA

a a

By substituting (2.19) (or (2.20)) into (2.18), it turns into an ordinary eigensystem problem,

which can be put in a matrix form like:

ki |a =| D a (2.21)

ngx1 ngxmp mpx1

According to the eigen-equation (2.21), eigenvalues of matrix [D] are equal to k2 which can
provide us with the cut-off frequencies of TFE, propagating modes. The eigenvector of matrix
[D] will provide the field distribution of each mode inside the unit-cell. This procedure is

similar to the case of T'M, modes as described above.

2.3 Modal Analysis

Accurate extraction of the effective permittivity and dissipation factor of the perforated
regions enables us to use an equivalent model instead of the original SIIG structure. As
shown in Fig. 2.2, an equivalent model can be constructed by replacing the perforated regions
with equivalently uniform dielectric layers with relative permittivity equal to the calculated
effective permittivity. It is worth mentioning that the effective permittivity and dissipation
factor of the perforated regions are highly dispersive (i.e., resulting effective permittivity and
dissipation factor changes with frequency). Therefore, values of the effective permittivity and
dissipation factor should be selected according to the corresponding frequency. We can use
this equivalent structure for the next step and apply the proposed modal analysis to extract

all propagating modes through the guiding channel.

As shown in Fig. 2.3a, the equivalent model has material variation in two directions (here
x, and y directions). The proposed method uses the effective dielectric constants approach
to extract the propagating modes [18]. This approach splits the original structure into two
simple sub-structures, which can be analyzed much more straightforwardly. The first sub-

structure is considered to have material variation only along the y direction, as shown in
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Figure 2.2 Exposed view of (a) actual Substrate Integrated Image Guide (SIIG) structure
and (b) its equivalent model.

Fig. 2.3b. The effective dielectric constant of this combination (i.e., the dielectric layer plus
the top free-space layer) and the propagation constant along the y direction (i.e., k,) will
be extracted through the first stage. In the second stage, this combination will be replaced
by a single uniform layer with relative permittivity equal to the extracted effective dielectric
constant, that enables us to calculate the propagation constant along the x direction (i.e.,
k.). Having the propagation constants along the x and y directions allows us to calculate

the propagation constant along the z direction.

2.3.1 Extracting £,

SIIG structure and its equivalent waveguide can support wave propagation in two possible
field configurations: EY (vertically polarized) and Ej, (horizontally polarized) modes. The
subscripts p and ¢ indicate the number of electric field extrema along the x, and y directions,

respectively.

Maxwell curl equations can be solved in terms of two scalar parameters, named the FElectric
Scalar Potentials ¢¢ and the Magnetic Scalar Potentials ¢" as [56]:

1 9%¢°
E, = k,o" 2.22
et Oy + wpok. @ ( a)
1 0?
E, = k2 — —— |¢° 2.22b
) 5T(x,y) ( z 8[E2>¢ ( )
—jk. ¢ . O¢"
E, = — - 2.22
Erom) dy Jw o O ( C)
82¢h

Hw = _WSOszSe +

P (2.22d)
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AR
o ogh
H. = jweg e jk. a9 (2.22f)

where €,(,,) and k, are the relative permittivity of the medium and the propagation constant
along the z direction, respectively. It is worth mentioning that e,(, ) is a complex number that
includes the permittivity and dielectric loss information. A review of the equations mentioned
earlier indicates that vertical modes EJ have principal electric field component along the y
direction (i.e., £,) and magnetic field component along the z direction (i.e., H,). Setting
¢" = 0 provides much simpler equations for the electric and magnetic field components of
these modes. This simplification reduces the accuracy of solutions; however, analyses and
simulations (which will be discussed in the next section) demonstrate an acceptable accuracy

for the proposed method. Accordingly, (2.22) can be simplified to:

1 62¢6
By = PETE (2.23a)
o ]' 2 62 e
= <k - W>¢ (2.23b)
_.jkz a¢e
E, = 2.23¢
- () O (2:23¢)
H, = —weok,¢° (2.23d)
Hy =0 (2.238)
H, = jweg e (2.23f)

For the structure shown in Fig. 2.3b, most of the power will propagate through the dielectric
slab, which is considered to have higher permittivity than the free-space (i.e., €1, €2 > €g).
Accordingly, electric scalar potential ¢¢ should have sinusoidal distribution in the dielectric

layer and exponentially decay in the free-space. Thus, ¢° can be formulated as:

¢°(y) = Af.cos (kyy) + Aj.sin (k,y), 0<y<uwy

(2.24)
(be(y) _ Bl,e*m(y*yl), y >y

where 19 = y/po/e0 is the free-space impedance. The propagation constant in different layers

can be formulated by the following relation:

k2, = eoky +mf = erkg — k2 (2.25)
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Figure 2.3 Modal analysis structures: (a) SIIG equivalent model, (b) the first stage sub-
structure, and (c) the second stage sub-structure.

where k, and k.q are the propagation constants along the y and z directions inside the
dielectric layer. A{, Aj, and B; are unknown constants that can be determined by applying
the boundary conditions. Asseen in Fig. 2.3b, a metallic ground plane is placed at the bottom
of the structure. Typically, this ground plane is considered a Perfect Electric Conductor
(PEC) at low frequencies. However, the conductor losses have considerable values at high
frequencies and should not be ignored. Therefore, the proposed method considers the ground
plane a lossy metallic layer, and the Impedance Boundary Condition (IBC) is applied [52].

This boundary condition can be expressed as:

JWihtm
o = ] ——— 2.27
K Om + JWen, ( )

where i, €, and o, are the permeability, permittivity, and the conductivity of the metal,

and

respectively, and fi is the unit vector that is normal to the metal surface. Applying this
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condition on (2.23) at y = 0 leads to:

mé1

A=
Y

AS (2.28)

Matching the tangential electric and magnetic fields components (i.e., E,, H,) at y = d
yields:

L _

(A3, cos (ky.d) — ASsin (k,.d)) = —2B, (2.29)

&1 €0
and
Af.cos (ky,.d) + Aj sin (k,.d) = By (2.30)

where Af, A, B; can be eliminated using (2.28), (2.29), and (2.30), which generates the

following eigenvalue equation for k,:

(M0€1 + Nmeoer)-ky.cos (ky.d) 231)

+ (nonmsf — 80165)8111 (ky.d) =0 '
The solution of the above equation provides the propagation constant along the y direc-
tion. The lowest value of k, corresponds to the fundamental mode E},, the second value
corresponds to the EY mode, and so on. After determining the values of k,, the effective

permittivity of the structure can be calculated by:

ky

— Y 2.32

el = €1

where ¢, is the extracted effective permittivity. Since the structure is considered to incor-
porate dielectric and conductor losses, the extracted propagation constant k, is a complex
number that provides phase and attenuation constants along the y direction. Consequently,
the extracted complex dielectric constant (i.e., .;) includes the effective permittivity and
effective dissipation factor. Here it is worth mentioning that since we consider the substrate
to have two different sections (i.e., &1 and &3), we have to repeat the above procedure and
calculate the effective permittivity of the second dielectric layer (i.e., €.2). It is noteworthy
that these extractions were conducted independently in the two regions, thus avoiding the

application of boundary conditions at the interfaces between regions.
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2.3.2 Extracting k,

The effect of the top free-space layer studied through the method mentioned above and the
calculated e, presents this effect. At this stage, the dielectric layer and the free-space layer
are replaced with a single uniform dielectric layer having a relative permittivity equal to the

calculated effective permittivity (see Fig. 2.3c).

Region III, which corresponds to the guiding channel, has the highest effective permittivity
(i.e., €ea > €e1 > &¢). Therefore, electric scalar potential ¢¢ should have sinusoidal distri-
bution in this region. Regions I and V are considered free-space, and ¢° should have an
exponentially decaying distribution through these regions. ¢¢ can have sinusoidal or decay-
ing distribution through Regions Il and IV, which correspond to the perforations sections.

Accordingly, ¢¢ can be formulated as:

¢°(z) = Ag.eM@en), x < x; (region I) (2.33a)
‘() = B5.cosh [¢ (x — x1)] + B;.sinh [ (x — x
(x) = B.cosh € (x — )] + By sinh [¢ (v — )] s
r1 < x < 9 (region II)
“(x) = C5.cos |k, (x — x2)] + C5 .sin T — To)|,
6(x) = Ccos ks (& — 22)] + Ciim [k (& — o) .
zo < x < xg (region III)
“(x) = D5.cosh [€ (x — x3)] + D5.sinh [€ (x — x3)],
#'(a) = Dycosh € (x — 1) €~ 2) -
r3 < x < x4 (region IV)
¢°(x) = FEy.e”™@) > g (region V) (2.33e)

where Ay, BS, B35, C5, C5, DS, D5, and FEy are unknown constants. 179, &, and k, are
the attenuation in the free-space, propagation constant in the perforation region, and the
propagation constant in the guiding channel along the x direction. The following equation

demonstrates the relation between propagation constants in different regions.
k?g = Eokg + 77(2] = Eelkg + 52 = 862k3 — ki (234)

where k, is the propagating constant along the z direction in Region III, which corresponds
to the guiding channel in the original SIIG structure. As shown in Fig. 2.3c, there are four
interfaces in this sub-structure (i.e., 1, xo, x3, and x,); therefore, according to the boundary
condition, tangential electric and magnetic fields components (i.e., £, and H,) should be
matched at these interfaces. The following eigenvalue equation for k, will be achieved after

applying the boundary conditions and executing some mathematical manipulations.
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cosh (€w,) <T3 + ZZT4> + sinh (€w,) <”€°T3 + én) ~0 (2.35)
where

Ty = cosh (§w,) + 50 sinh (&w,) (2.36a)
T = sinh (§w,) + socosh (Ewy) (2.36b)
Ty =T. cos (kywy) — Tg.kg sin (kyw,) (2.36¢)
Ty = Th.sin (kywy) + Tg.kg cos (kywy) (2.36d)

and from (2.34), we have:
No = \/(&:2 —eo)k} — k2 (2.37a)
€= \/(cez — car)k3 — k2 (2.37h)

The solution of (2.35) provides the propagation constant along the x direction in the guiding

channel. The lowest value of k, corresponds to the fundamental mode Ei/q, the second value
corresponds to the E3J, mode, and so on. Then, the propagation constant k. can be calculated
using (2.34). The same procedure can be followed to extract the propagation constant k, for

the horizontally polarized modes £, .

2.4 Validation using eigen-mode solver and Experimental Prototype

The proposed method is applied to analyze an SIIG structure in this section. The accuracy
and efficiency of the proposed method are demonstrated through comparison with the eigen-
mode solution of Ansys HEFSS, CST Studio Suite software, and a fabricated SIIG structure

as an experimental prototype.

As the first example, an alumina substrate with a thickness of d = 254 um, which has relative
permittivity equal to ¢/ = 9.4 and loss tangent of tand = 6 x 1073, is considered to have
periodic rectangular perforations as shown in Fig. 2.1a. The perforations have periodicity
equal to a = ¢ = 290 pum and dimensions of b = d = 200 um. The effective permittivity,
loss tangent, and the field distribution inside the mentioned structure are calculated using
the proposed method, the eigen-mode solver of the CST Studio Suite, and the Ansys HFSS

software, and the results are compared in Figs. 2.4, 2.5, and 2.6, respectively.



— CST Studio (V-Pol)

6.5 < Ansys HFSS (V-Pol)
-+*-Analytical N=6 (V-Pol)
= Analytical N=8 (V-Pol)
—e— Analytical N=10 (V-Pol)
-o Analytical N=12 (V-Pol)

n
n

b
i
T

P sl

Effective Permittivity
wn
T

w
n
T

L2

s

—CST Studio (H-Pol)
-> Ansys HFSS (H-Pol) i
+- Analytical N=6 (H-Pol)
-+ Analytical N=8 (H-Pol)
Analytical N=10 (H-Pol) |
-+ Analytical N=12 (H-Pol)

0 20 40 60 80 100 120
Frequency [GHz]

140

160

180

200

26

Figure 2.4 Extracted effective permittivity of alumina substrate with rectangular perforations.
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Figure 2.5 Extracted dissipation factor of alumina substrate with rectangular perforations.

The figures demonstrate an excellent agreement between the proposed method and commer-

cial software simulations up to 200 GHz. Additionally, the simulation results reveal that the

structure has different responses (in terms of permittivity and loss tangent) for vertically and

horizontally polarized modes meaning that the structure has anisotropic behavior [57]. Here,

it is important to highlight that the variable N represents the number of terms summed in

the Fourier Series expansion, thereby influencing the accuracy of the results. To check the
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Figure 2.6 Normalized electric (i.e., E, for the vertical mode) and magnetic (i.e., H, for the
horizontal mode) field magnitude distribution inside an alumina substrate with rectangular
perforations: a) CST Studio Suite software (V-Pol), b) Ansys HFSS software (V-Pol), c)
analytical method with N = 10 (V-Pol), d) analytical method with N = 20 (V-Pol), e¢) CST
Studio Suite software (H-Pol), f) Ansys HFSS software (H-Pol), g) analytical method with
N =10 (H-Pol), h) analytical method with N = 20 (H-Pol).

convergence of the proposed method, the number of summed terms considered varies from
N = 6 to 12. As shown in Table I, increasing the summed terms produces more accurate
results; however, a slight improvement is observed for ten (i.e., N = 10) terms and more.

Accordingly, the number of summed terms is set to ten in the further calculations.

A careful review of (2.12) and (2.21) reveals that the number of summed terms in the Fourier
Series expansion and the Floquet Theory defines the number of field harmonics inside the
structure, which corresponds to the propagating modes. Considering the number of the
summed terms equal to N leads to extracting (2N + 1)? propagating modes. Additionally,
this number determines the size of eigenvector matrices which defines the resolution of the
field distribution inside the unit-cell. Although an increasing number of the summed terms
improves the field distribution resolution, larger eigenvector matrices consume more compu-
tational resources and times to be extracted. In order to provide a good insight into the
efficiency of the proposed method, the eigen-mode solver of the CST Studio Suite, Ansys
HF'SS software, and the proposed method were run on an Intel(R) Core(TMI) i7-4790 CPU
with 32 GB installed memory (RAM) to extract the effective permittivity of the aforemen-
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tioned perforated structure. A comparison between the recorded simulation run-time (which
is provided in Table I) reveals that the proposed method is much faster than the eigen-mode
solver of these commercial EM software and will significantly reduce the computational time,

especially in optimization problems that require simulating a structure repeatedly.

Table I shows that the CST Studio Suite achieved a faster run-time than the Ansys HFSS,
while both provided accurate results (the relative error is 0.37%). Accordingly, we consider
the CST Studio Suite’s results as the reference. Considering three summed terms (i.e.,
N = 1) leads to a simulation time of 0.56 seconds and generates a 6.81% relative error.
As mentioned, more summed terms generate more accurate results, which would increase
the simulation time. Considering 21 summed terms (i.e., N = 10) leads to a simulation
time of 42.33 seconds and generates a 1.29% relative error, which is an excellent accuracy.
Comparing with the reference results reveals that the proposed method with N = 10 can
reduce the run-time by 65 times. In addition to providing more accurate results, increasing
the summed terms will increase the simulation time. Hence, we consider 21 summed terms

(i.e., N = 10) for further calculations.

To demonstrate the applicability of the proposed method, the same substrate is considered
to have circular perforations with a periodicity equal to a = 290 um and a diameter of
b =200 um. A comparison between the proposed method and the eigen-mode solver of the
CST Studio Suite and the Ansys HFSS software in terms of the effective permittivity, loss
tangent, and the field distribution for V-Pol and H-Pol are shown in Figs. 2.7, 2.8, and 2.9,
respectively. Here it is worth mentioning that, for open dielectric waveguide applications, the
highest contrast between the permittivity of the guiding channel and the perforated regions
needed to be realized to achieve the highest possible power transmission. Specifically, for the
SIIG structure, the perforated region should have a low permittivity [4]. As it can be observed
from the provided figures, there is an excellent agreement between the results achieved in the
low-permittivity region. Considering N = 10 generates a maximum 2.58% relative error for
V-Pol and H-Pol modes extraction.

As the second example, the same alumina substrate (i.e., & = 9.4, tand = 6 x 1073, and
d = 254 pm) is assumed to have periodic rectangular perforations as shown in Fig. 2.1a.
The perforation periodicity is considered to be constant and equal to a = ¢ = 290 um.
However, the size of the perforations is considered to vary from b = 2 um to b = 290 um.
Dispersion diagram of different sizes are extracted and shown in Fig. 2.10. According to this
figure, when the substrate has very small perforations, the resulted effective permittivity will
be close to the alumina’s relative permittivity. Accordingly, the dispersion diagram should

approach the 1/ (27T \/5) line. When the substrate has a very large perforations, the resulted
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Table 2.1 Recorded Run-Rime and Calculated Relative Error of Different Methods Used to

Extract the Propagating Modes.

CST | Ansys Proposed Method
Studio | HFSS [N=1|N=5|N=10|N =20
Number of
Extracted Modes 9 ) ) 121 44l 1681
Run-Times(sec)* |2775.70|2911.62| 0.56 | 3.09 | 42.33 | 962.66
Relative Error(%)*| ref. 0.37 6.81 | 4.16 1.29 0.94

* To consider the worst-case scenario, maximum values of the recorded run-time and calculated relative error

of the V-Pol and H-Pol modes are provided in the table.

—CST Studio (V-Pol)
Ansys HFSS (V-Pol)
-+- Analytical N=6 (V-Pol)
= Analytical N=8 (V-Pol)
—e— Analytical N=10 (V-Pol)
-o Analytical N=12 (V-Pol)

7.5

BN |

&
n

=)

i
W

Effective Permittivity

—CST Studio (H-Pol)
-> Ansys HFSS (H-Pol) |
-- Analytical N=6 (H-Pol)
-+ Analytical N=8 (H-Pol)
Analytical N=10 (H-Pol) |
-+ Analytical N=12 (H-Pol)

1
80 100 120
Frequency [GHz]

40 60

140 160 180 200

Figure 2.7 Extracted effective permittivity of alumina substrate with circular perforations.

effective permittivity will be close to the free-space’s relative permittivity. Accordingly, the

dispersion diagram should approach the 1/(27) line. As demonstrated in Fig. 2.10, the

proposed method has excellent agreement with the expected results. For the next example,

the same analysis is followed for periodic circular perforations and the extracted dispersion

diagram is shown in Fig. 2.11. As can be observed from this figure, the proposed method

is consistent with the expected results. Here it is worth mentioning that, since the circular

perforation removes less substrate than the rectangular perforation with the same sizes, the

dispersion curves in the Fig. 2.11 could not reach their maximum value (i.e., the 1/(27) line).
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Figure 2.8 Extracted dissipation factor of alumina substrate with circular perforations.
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Figure 2.9 Normalized electric (i.e., E, for the vertical mode) and magnetic (i.e., H, for
the horizontal mode) field magnitude distribution inside an alumina substrate with circular
perforations: a) CST Studio Suite software (V-Pol), b) Ansys HFSS software (V-Pol), c)
analytical method with N = 10 (V-Pol), d) analytical method with N = 20 (V-Pol), e) CST
Studio Suite software (H-Pol), f) Ansys HFSS software (H-Pol), g) analytical method with
N =10 (H-Pol), h) analytical method with N = 20 (H-Pol).
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Figure 2.10 Dispersion diagram of an alumina substrate having periodic rectangular perfo-

rations with different sizes.
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Figure 2.11 Dispersion diagram of an alumina substrate having periodic circular perforations

with different sizes.

Based on the fabrication limitations and material availability at the Poly-Grames Research

Center, an alumina (g, = 9.4) substrate is utilized to create an SIIG structure. The SIIG

structure is considered to have a guiding channel of w. = 500 um, a thickness of d = 254 um,

and five rows of circular perforations with a periodicity of a = 290 ym and a diameter of b =
200 pm. The proposed modal analysis, CST Studio Suite, and the Ansys HFSS software are
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Figure 2.12 a) The fabricated SIIG structure fed by WR-5.1 waveguide, b) the fabricated
alumina substrate having 5 rows of circular perforations, c¢) zoomed view of the guiding
channel and adjacent perforated regions.

used to extract the phase constant () and the attenuation constant («) of the aforementioned
SIIG structure, and the results are shown in Figs. 2.13 and 2.14, respectively. The results
demonstrate that the proposed modal analysis perfectly agrees with the commercial EM
simulation software. As illustrated in the mentioned figures, the first ten modes of the SIIG

structure are extracted and plotted.

Regarding the implementation of the proposed modal analysis, it is worth mentioning that
(2.31) and (2.35) are nonlinear complex eigensystem problems that require substantial com-
putational resources to be solved. Typically, numerical solutions to such eigensystem prob-
lems extensively consume the CPU and time. To overcome this problem, Maple software
is utilized to solve the eigensystems analytically, which is much faster than the numerical
solutions. Recorded run times reveal that the proposed method is much faster than the CST
Studio Suite and the Ansys HFSS software (~300 times faster) while providing a remarkably
high accuracy. To be specific, considering 21 summed terms (i.e., N = 10) for the effective-
permittivity and the effective-loss extraction along with the estimation used in the modified
modal analysis enable the proposed method to generate a maximum relative error of 4.29%
in extracting the propagating modes in an SIIG structure. It is worth mentioning that this
comparison is based on the simulation time spent to extract the first twenty propagating

modes and may change for a different number of modes.

The above-mentioned SIIG structure (i.e., w. = 500 pm, d = 254 pm, a = 290 um, and
b = 200 um) was fabricated to compare the proposed method with a real SIIG waveguide.
As shown in Fig. 2.12, the structure is fed with a WR-5.1 rectangular waveguide. Although
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Figure 2.13 Extracted normalized phase constant of the mentioned SIIG structure.
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Figure 2.14 Extracted attenuation constant of the mentioned SIIG structure.

the actual SIIG waveguide is a planar structure, it is considered to be fed with a rectangular
waveguide. Accordingly, most of the losses in the fabricated structure are due to the feeding
mismatch. To remove this loss and accurately measure the transmission loss, the dual-
line technique is used [58]. Two SIIG structures differing in length (20mm and 30mm) are

fabricated, and the propagation constant is extracted subsequently from the pair of measured
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Figure 2.16 Extracted attenuation constant of the fabricated SIIG structure.

S-parameters, as:

|ZSQl long — ZS21 short|
) ) 2.
o= - hl<|s21,long‘l/ |SQl,Sh0rt|) (238b)

where Al is the length difference, ZS91 jong and £Ss; short denote the absolute phase (in radian)
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of the measured complex S-parameters of the long and the short fabricated SIIG sections,
respectively. Comparisons between the proposed method, CST Studio Suite, Ansys HFSS,
and the fabricated SIIG structure are shown in Figs. 2.15 and 2.16, which demonstrate
an excellent agreement. Since the measurement equipment (i.e., WR-5.1 waveguide and
measurement extender) has a recommended operating frequency band of 135 GHz to 225
GHz, the frequency range plotted in these figures is thus limited. However, the proposed

methods’ applicability is not limited to this frequency range.

2.5 Conclusion

We developed a novel method to accurately analyze dielectric waveguides in the THz regime.
The imaginary part of the substrate permittivity is the source of dielectric losses, which will
be critical for high-frequency applications. Unlike the existing analytical methods, which con-
sider the substrate as a lossless pure dielectric, the presented method took these losses into
consideration. Accordingly, by considering the perforations as a periodic structure and ap-
plying the Flogquet Theory and the Fourier Series expansion, we developed an eigen-equation
for the electric field inside the dielectric substrate in which the effective permittivity of the

structure is accurately modeled through the eigenvalue calculation.

Extracting the effective permittivity and the dielectric losses of the bilateral perforated re-
gions in dielectric waveguides leads to modifying a modal analysis to extract the propagating
properties of these structures. Conductor losses become critical in the THz regime; thus,
by considering losses for all conductors and applying the Impedance Boundary Condition
(IBC), we achieved a modified modal analysis that can accurately extract the propagation
constant of the propagating modes along dielectric waveguides. This modified modal analysis
can be effectively applied to all layered dielectric waveguides, including strip dielectric guide,

insulated image guide, and strip-slab guide.

Through the provided examples, the proposed method’s accuracy and applicability were com-
pared with commercial EM software (i.e., CST Studio Suite and Ansys HFSS). It was shown
that the proposed method provides accurate results (95% accuracy) while having a consid-
erable CPU run-time gain (300 times) over the commercial EM software. Comparison with
a fabricated SIIG waveguide as an experimental prototype demonstrated that the proposed

method has a high accuracy in realistic scenarios.
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3.1 Introduction

In light of an exponential growth in the number of end users of wireless communication
systems, communication channels are becoming increasingly congested. Furthermore, the
development of high-resolution imaging applications [27, 28], and molecular-sensitive spec-
troscopic devices [29], as well as the increasing demand for ultra-broadband wireless data
transmission in multi-user environments has drawn significant attention to high-frequency
integrated circuits and systems. Within a short period of time, a wide range of wireless sen-
sors and communication devices will be widely spread and used immediately with the advent
of the upcoming 6G technology. Consequently, the system framework must be extremely
well integrated due to the limited space available for installing a large number of sensors and
communication components. These underlying issues can be properly addressed by utilizing
THz technologies [9].

Although THz communication shares many of the same fundamental principles as its mi-
crowave counterpart, it faces a number of challenges. One of them is the transmission loss in
frontends, which is often substantial in the THz regime. It is important to point out that the
conductive losses will increase significantly as frequency increases, and the skin effect further
aggravates these losses; as a result, attenuation can reach several tens of dB/cm [30-32].
Due to this limitation, conventional metal-based technologies (e.g., microstrip, co-planar,
and substrate integrated waveguide (SIW)) are not suitable for up-end THz band circuit,
antenna, and system applications. Although conventional rectangular waveguides (RW) pro-
vide low-loss wave transmission, they suffer from a lack of compactness which is critical for
integrated circuits applications. Moreover, since electrical contacts between waveguide blocks

are strictly required, RWs require a precise and costly manufacturing process [59,60].

The Gap Waveguide (GW), proposed in [61], could attract a great deal of attention due to

its low transmission losses and low fabrication complexity. By parallelly placing a perfect
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electric conductor (PEC) layer along with a perfect magnetic conductor (PMC) layer [62,63]
having a separating air gap (< A/4), the gap waveguide technology restricts the wave from
being propagated in an unintended direction. To provide wave propagation along the gap
waveguide, specific guiding structures (i.e., strips, ridges, and grooves) are embedded within
the above-mentioned parallel-layers configuration [64]. Since no perfect electrical/mechanical
contact between metal blocks is required, the gap waveguide’s fabrication process is more
straightforward than the rectangular waveguide, especially at higher frequencies. This type
of waveguide possesses a lower loss than microstrip lines since no dielectric material is used in
its structure [65]. However, similar to rectangular waveguides, gap waveguides suffer from a
lack of compactness. A small air gap of \/4 that needs to be maintained all over the parallel
plates, will become extremely small and hard to realize at THz frequencies. Furthermore, the
PMC section of the gap waveguides is typically implemented using small periodic conductive
pins, which necessitates the use of highly conductive materials in their structures. However,
the fabrication of these pins involves intricate, costly, and time-consuming processes (i.e.,

micro-machining CNC or deep reactive ion etching (DRIE) combined with metal coating).

Dielectric waveguides, which have widely been used in photonic circuits, exhibit excellent
potentials in developing THz circuits and antennas due to the absence of metallic loss. These
photonic-inspired guiding structures, including hollow-core [66, 67|, solid-core [68,69], and
porous-core [70-72] waveguides demonstrate to have attenuation as low as 1.0 to 0.1 dB/cm
in the THz region. Typically, the wave guidance occurs in the metallic waveguides based
on the field’s interactions with conductor flowing currents. In the dielectric waveguides,
however, the wave guidance happens due to the total internal reflections at the dielectric-
dielectric (or air) interface. The geometry of hollow and porous-core waveguides is inherently
large, limiting their usage in highly integrated THz systems. However, the planar forms
of solid-core waveguides, including silicon-on-insulator (SOI) waveguides [73,74], dielectric
microstrip lines (DMLs) [45, 75|, and dielectric photonic crystal waveguides [33, 76, 77] are
good candidates for usage in THz systems. However, these waveguides are extremely fragile,

and their low field confinement yields considerable leakage around the guiding channel.

To provide more rigidness, a metallic ground plane can be added to these planar dielectric
waveguides. In addition to providing mechanical support, the metallic ground plane acts as
one-side shielding, which also can be used to dissipate heat from active devices. Furthermore,
the ground plane increases the useable single-mode bandwith by shifting higher-order modes
to higher frequencies. In [18], by placing a high-permittivity rectangular dielectric line on a
metallic ground plane, Knox et al. proposed a hybrid guiding structure named "Image Guide,"
which is probably the simplest and the most used dielectric waveguide. A wide variety of

passive and active circuit components were realized in image guide technology, which proves
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the benefits of integrated dielectric technology [78-80]. While image guide structures provide
very low transmission losses, they have some problems regarding fabrication and integration.
Especially at high frequencies, the single dielectric strip has extremely small dimensions,
which requires a precise fabrication process. Additionally, this small dielectric strip should

be precisely aligned with other circuit components in integrated circuit applications.

Inspired by the "substrate-integrated circuit" concept [26], Patrovsky et al. proposed a sani-
tized form of the image guide named "Substrate-Integrated Image Guide (SIIG)" [4]. Similar
to the standard image guide, the SIIG consists of a planar high-permittivity substrate placed
on a continuous metallic ground plane. To realize the permittivity contrast between the
guiding channel and the bilateral regions, periodic air perforations are added to these re-
gions, which artificially reduces the effective permittivity of these sections. Therefore, the
SIIG provides a similar guiding effect as the standard image guide, except for particularities
caused by the periodic perforations. The planar substrate makes the fabrication process more
accessible and provides a high alignment precision to the other integrated circuit components.
Additionally, the interconnection with other waveguide technologies is substantially simpli-
fied on the same substrate. It is important to note that the analysis presented in [4] was

based on data extracted from Ansys HEFSS, an electromagnetic (EM) simulation software.

Recently, a hybrid planar dielectric waveguide named Substrate-Integrated Hybrid Metallo-
Dielectric (SIHMD) [81] waveguide has been proposed by Liu et al. This structure is made
by connecting the Substrate-Integrated Dielectric Waveguide (SIDW) and the Substrate-
Integrated Non-Radiative Dielectric (SINRD) waveguide [46]. The integration of such waveg-
uides on a planar substrate offers advantages in terms of high alignment precision with other
integrated circuit components, reduced overall loss of guided-wave structures, and simplified
interconnection with other waveguides on the same substrate. However, STHMD may present
a more complex structure compared to the Substrate-Integrated Image Guide (SIIG) on a
comparable loss scale. The fabrication process for the SIHMD waveguide involves metal
coating, which adds complexity and increases both cost and time required for fabrication.
Moreover, the STHMD waveguide suffers from potential mode conversion and disturbing inter-
ference at the SIDW and SINRD interfaces. It is important to highlight that the SINRD sec-
tion exhibits significantly higher transmission losses in comparison to the SIDW section [81].
Upon conducting a detailed analysis of both sections, it becomes evident that the discrepancy
in insertion losses primarily arises from the conductor losses, which escalate with the length
of the SINRD section. Consequently, the length of the SINRD section has intentionally been

kept short to ensure that the total insertion loss remains within an acceptable range.

In this paper, we investigate and demonstrate the SIIG technology as a promising candidate
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Figure 3.1 Exposed view of (a) actual Substrate Integrated Image Guide (SIIG) structure
and (b) its equivalent model.

for THz applications. Due to its guiding mechanism, the SIIG possesses very low transmission
losses. Further, since the metallic ground plane is not involved in the wave guidance process,
this technology produces very low conductor losses, which is critical in the THz regime. The
investigated SIIG structure offers the advantage of incorporating an optional low-permittivity
insulation film between the ground plane and the high-permittivity substrate. This additional
film effectively minimizes conductor losses, as it mitigates the intensity of magnetic fields at
the ground plane surface, leading to reduced induced current densities. Through the removal
of the insulating layer, the investigated SIIG structure provides an easier fabrication and a
potential for seamless integration with other circuit components for substrate-integrated cir-
cuit (SIC) applications. The elimination of the optional insulating layer simplifies integration
with different technologies by allowing them to share the same substrate and ground plane.
The effects of the structural parameters on the wave guidance behavior of the SIIG are ana-
lytically studied. Two prototype waveguides operating within the frequencies of 150 GHz and
300 GHz are fabricated by choosing the best available structural parameters. The responses
of the fabricated waveguides are measured and compared with the analytical method and
the commercial EM software. The provided comparisons demonstrate excellent agreement

between the measurements and the simulations.

Accordingly, the rest of the paper is organized as follows: Section 3.2 presents two analyt-
ical methods required for conducting the modal analysis for SIIG waveguides. Section 3.3
introduces SIIG design parameters and proposes the design procedure in detail. Section 3.4
provides information on the fabricated SIIG prototypes and recorded measured results. Sec-
tion 3.5 provides a comprehensive comparison between the fabricated SIIG prototypes and

existing technologies at THz regime. A brief conclusion is presented in Section 3.6.
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3.2 Substrate Integrated Image Guide (SIIG) Analysis

In Fig. 3.1a, the illustrated SIIG topology reveals the formation of a guiding channel within
a high-permittivity dielectric substrate through the incorporation of periodic perforations.
It is important to note that the size, shape, and arrangement of these perforations are
carefully selected to precisely control the resulting effective permittivity. While the effective
medium theory is a well-established and widely-used approach, it provides an average effective
permittivity based on a filling factor of perforations in substrate [82,83]. Accordingly, different
perforation shapes (or patterns) with the same filling factor are considered to have equal
effective permittivity. Additionally, the effective permittivity obtained from effective medium
theory is typically frequency independent. However, as studied in [84], different perforation
shapes and patterns could lead to varying effective permittivity values. Furthermore, the
resulting effective permittivity may exhibit a significant frequency dispersion. This dispersion
indicates that the effective permittivity is not a constant value but varies with frequency. By
considering these air holes as periodic perforations and applying the Floquet theory and the
Fourier Series expansion, these bilateral sections’ effective permittivity and dissipation factor
can be extracted, which are essential for analyzing the SIIG waveguide. According to the
analytical method presented in [84], the periodically perforated substrate has anisotropic
behavior meaning that the structure has different responses (in terms of permittivity and

loss tangent) for vertically (i.e., £ ) and horizontally (i.e., EJ ) polarized modes.

It is important to emphasize that while the effectiveness of full-wave simulation software
(e.g., Ansys HFSS and CST Studio Suite) in providing valuable insights into waveguide
behavior, their usage becomes impractically time-consuming when dealing with intricate
structures like STHMD and SIIG waveguides. In contrast, the analytical model presents a
highly advantageous solution, offering exceptional speed and efficiency, allowing parameter
sweeps to be completed in a matter of minutes. As a result, the analytical model excels in
swiftness, making it the ideal choice for conducting parameter studies and expediting the

design process [84].

According to the analytical method, the cut-off frequency of each propagating mode inside
this periodically perforated substrate can be achieved by solving the corresponding eigensys-
tem problem. The eigenvalue equation for the vertically polarized mode (i.e., EY, ) inside a

substrate with circular perforations is expressed as:

2ml ? 2mn 2
()[( +kx0> (2 ] = KBty ) (3.1)
kL m
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where a( ) is the field-related Fourier Series unknown coefficient. £, [, m, and n are the
numbers of summed terms that define the approximation’s accuracy. To be specific, more
summed terms produce more accurate results. Accordingly, these variables should be an
integer number ranging from —N to N. a is the periodicity along the x direction, ¢ is the
periodicity along the y direction, k,, is the propagation constant along the z direction, and
ky, is the propagation constant along the y direction. by_j,—m) is the permittivity-related
Fourier Series coefficient, which can be found by applying the Fourier Series coefficient on

a unit-cell as:

() ()

b(i’j) = ET(S(Z'J-) — (&‘T — 1>? \/<2Mb>2 N (m>2 (3-2)

where b, 0 ;), and J; are the perforation diameter, Kronecker Delta, and the Bessel function

of the first kind, respectively. The relative permittivity (e,) of a lossy dielectric medium can
be expressed in a complex form as ¢, = ¢ — j&”, in which the ratio of the imaginary and the

real parts defines the tangent of dielectric loss angle (i.e., tand) [55].

By substituting (3.2) into (3.1), it turns into a generalized linear eigensystem problem, which
can provide us with the cut-off frequencies of vertically polarized modes. We can calculate
the effective permittivity of each corresponding mode from its cut-off frequency. In other
words, we should specify the wavenumber (i.e., k;, and k,,) and calculate the corresponding
eigenvalue. The effective permittivity and the effective dissipation factor of each mode can
be calculated as [55]:

Co 8]60 2
Eeoft = (271‘ 3%{]6}*) (3.3)
Co 81{:0 2
tan 5eﬁ = (271' a%{f}) (34)

where ¢, ko, R{f}, and S{f} are the speed of light, defined wavenumber, and real and
imaginary parts of the extracted cut-off frequency, respectively. The eigenvector of (3.1) will

provide the field distribution of each mode inside the unit-cell.

The eigenvalue equation for the horizontally polarized mode (i.e., E;’fq) inside a substrate
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with circular perforations is expressed as:

2ml 2
kga(l,n) = _Zza(hm)b(k,m) [(a + kz())

k

+ (27;” + k:y0>2 - %(la_k) <2;Tl + kx()) (3.5)
2w (n —m) (27m N kyo)]

where

o T (2)
ERCORICT)

By substituting (3.6) into (3.5), it turns into an ordinary eigensystem problem, which can

(3.6)

1 1
biij) = —0(ij) — ( - 1)

Er Er

provide us with the cut-off frequencies of horizontally polarized modes. This procedure is
similar to the case of vertically polarized modes as described before. To provide a better
insight into the behavior of this periodically perforated substrate, an alumina substrate with
a thickness of d = 254 um, which has relative permittivity equal to &’ = 9.4 and loss tangent
of tan § = 6 x 1072 is considered to have two different circular periodic perforations. One with
a periodicity of a = 290 um and diameter of b = 264.6 um, and the other with a periodicity
of a = 170 pwm and diameter of b = 144.6 um. The extracted effective permittivity and
dissipation factor of these two cases are plotted in Fig. 3.2 and 3.3. The demonstrated results
reveal that the structure has different responses (in terms of permittivity and loss tangent)
for vertically and horizontally polarized modes meaning that the structure has anisotropic
behavior [57]. It is worth mentioning that the effective permittivity and dissipation factor
of an alumina substrate in the frequency ranges up to 335 GHz was measured at the Poly-
Grames Research Center. The achieved results demonstrate that the alumina has constant
permittivity and dissipation factor over the WR-5.1 and WR-3.5 band.

Accurate extraction of the effective permittivity and dissipation factor of the perforated
regions enables us to use an equivalent model instead of the original SIIG structure. As shown
in Fig. 3.1b, an equivalent model can be constructed by replacing the perforated regions
with equivalently uniform dielectric layers with relative permittivity equal to the calculated
effective permittivity. It is worth mentioning that the effective permittivity and dissipation
factor of the perforated regions are highly dispersive (i.e., resulting effective permittivity and

dissipation factor changes with frequency). Therefore, values of the effective permittivity and
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Figure 3.2 Extracted effective permittivity of the alumina substrate with different size of
circular perforations.

dissipation factor should be selected according to the corresponding frequency. We can use
this equivalent structure for the next step and apply the proposed modal analysis to extract

all propagating modes through the guiding channel.

As shown in Fig. 3.4a, the equivalent model has material variation in two directions (here
x, and y directions). The modified effective dielectric constants approach is used to extract
the propagating modes [84]. This approach splits the original structure into two simple sub-
structures, which can be analyzed much more straightforwardly. The first sub-structure is
considered to have material variation only along the y direction, as shown in Fig. 3.4b.
The effective dielectric constant of this combination (i.e., the lossy dielectric layer plus the
top free-space layer) and the propagation constant along the y direction (i.e., k,) will be
extracted through the first stage. In the second stage, this combination will be replaced by
a single uniform layer with relative permittivity equal to the extracted effective dielectric
constant, which enables us to calculate the propagation constant along the z direction (i.e.,
k.). Having the propagation constants along the x and y directions allows us to calculate
the propagation constant along the z direction. The extracted k, is a complex number that

provides phase and attenuation constants (i.e., 8 and «) along the guiding channel.

SIIG structure and its equivalent waveguide can support wave propagation in two possible
field configurations: EY, (vertically polarized) and 5 (horizontally polarized) modes. The

subscripts p and ¢ indicate the number of electric field extrema along the z, and y directions,
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Figure 3.3 Extracted dissipation factor of the alumina substrate with different size of circular
perforations.

respectively. According to the procedure proposed in [84], for the vertically polarized mode
(i.e., qu) in Region II, solution of (3.7) provides the propagation constant along the y
direction. The lowest value of k, corresponds to the fundamental mode EJ;, the second value

corresponds to the E52 mode, and so on.

(noe1 + Nmeoer).ky.cos (ky.d) (3.7)

+ (nonmaf - 50/{;)8111 (ky.d) =0
where 79 = \/po/€o is the free-space impedance. ¢g, €1, ky, and d are the free-space permit-
tivity, the relative permittivity of the perforation region, the propagation constant along the
y direction, and the thickness of the substrate, respectively. n,, is the intrinsic impedance of

the ground plane and can be expressed as:

JWihtm
= || ——— 3.8
g Om 1+ JWEm ( )

where (i, €, and o, are the permeability, permittivity, and conductivity of the metal,

respectively. After achieving the values of k,, the effective permittivity of the structure can
be calculated by [84]:

k2

y

681:61_]?(2)

(3.9)
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Figure 3.4 Modal analysis structures: (a) SIIG equivalent model, (b) the first stage sub-
structure, and (c) the second stage sub-structure.

where €.; and kg are the effective permittivity of the perforated region and the free-space
wave-number. Since the structure is considered to have dielectric and conductor losses, the
extracted propagation constant k, is a complex number that provides phase and attenuation
constants along the y direction. Consequently, the extracted effective permittivity (i.e., €.1)
is a complex number that includes the effective permittivity and dissipation factor. Here
it is worth mentioning that since the SIIG has two different substrate sections (i.e., £; and
€9), the effective permittivity of the guiding channel (i.e., €.2) should be calculated through

repeating the same procedure.

Through the aforementioned procedure, the effect of the top free-space layer was studied and
considered in the calculated .. In this stage, the dielectric layer and the free-space layer
are replaced with a single uniform dielectric layer having a relative permittivity equal to
the calculated effective permittivity (see Fig. 3.4c). The eigenvalue equation (3.10) for k,

will be achieved after applying the boundary conditions and executing some mathematical



46

manipulations, as:

cosh (€uw,) <T3 + ZZT4> + sinh (¢w,) @Tg + kiT“) ~0 (3.10)
where
T, = cosh (€w,) + 7760 sinh (€w,) (3.11a)
Ty = sinh (€w,) + socosh (€w,) (3.11D)
Ty = T cos (kyw,) — Tg.kg sin (kow,) (3.11¢)
Ty = Th.sin (kaw,) + TQ.kg cos (ksw,) (3.11d)

§, wp, wy, and k, are the propagation constant in the perforation region, the width of the
perforation region, the width of the guiding channel, and the propagation constant in the
guiding channel along the x—direction, respectively. The propagation constant along the
x—direction in the guiding channel can be achieved by finding the eigenvalue solutions of
(3.10). The lowest value of k, corresponds to the fundamental mode EY,, the second value
corresponds to the E3 mode and so on. The relation between propagation constants in

different regions can be expressed as:

Mo = \/(€e2 — co)kg — k2 (3.12a)
£ = \/(662 —€e1)ki — k2 (3.12b)

Finally, the propagation constant k, can be calculated as:
k2 = eokp 4+ mp = caky + & = ki — k2 (3.13)

The same procedure can be followed to extract the propagation constant k. for the horizon-
tally polarized modes (i.e., E]‘fq). In order to provide a better insight into the behavior of
the SIIG structure, an alumina substrate with a thickness of d = 254 um, which has relative
permittivity equal to ¢’ = 9.4 and loss tangent of tand = 6 x 1073 is considered to be placed
on an aluminum ground plane which has electric conductivity equal to o, = 3.56 x 107 S/m,
relative permeability equal to w,, = 1, and relative permittivity equal to ¢, = 1.000021.
The aforementioned materials were used to create two different SIIG structures: one with

a guiding channel of w, = 450 um, and five rows of circular perforations with a periodicity
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equal to a = 290 um and a diameter of b = 264.6 um, and the other with a guiding channel
of w, = 330 pwm, and five rows of circular perforations with a periodicity equal to a = 170 um
and a diameter of b = 144.6 um. The phase constant () and attenuation constant (a) of
different propagating modes of the above SIIG structures are extracted and shown in Figs.

3.5 and 3.6, respectively.
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Figure 3.5 Extracted normalized phase constant of a few first modes of mentioned SIIG
structures.
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3.3 SIIG Design Parameters And Procedure

As shown in Fig. 3.1a, the SIIG structure includes several design parameters which can be
controlled independently. A large number of design parameters provide enormous flexibility
for the SIIG structure while making the design procedure more complicated. In the follow-
ing sections, we study the effects of these parameters on the bandwidth, attenuation, and

substrate leakage of the SIIG waveguide.

To avoid mode conversion and disturbing interference, it is usually a good idea to operate in
the frequency range where only the fundamental mode of the waveguide propagates. Field
confinement in the guiding channel determines the lower frequency limit. Weak field con-
finement produces high radiation levels at discontinuities and must be avoided. The cut-off
frequency of the next higher-order mode (i.e., EY;) determines the upper frequency limit. It

is worth mentioning that the transition from divergence to guidance is not sharp.

The operating frequency range of the SIIG strongly depends on the substrate’s permittivity
and thickness, along with the width of the guiding channel. According to [84], the substrate’s
permittivity determines all modes’ cut-off frequencies, which defines the lower bandwidth
limit. To demonstrate this effect, a dielectric substrate with a thickness of d = 254 um,
which has a loss tangent of tand = 6 x 1073, is considered to have a relative permittivity
that varies from 6 to 14. The circular perforations with a periodicity of a = 290 um and
diameter of b = 264.6 um were added to the substrate. As demonstrated in Fig. 3.7, the
cut-off frequency of the fundamental mode decreases by increasing the permittivity of the
substrate. The thickness of the substrate (i.e., d) is another parameter that determines the
propagating modes’ cut-off frequency. As shown in Fig. 3.8, the cut-off frequencies increase

by decreasing the substrate’s thickness.

The upper limit of the single-mode bandwidth can be defined by the cut-off frequency of
the next higher-order mode. The width of the guiding channel (i.e., w,) is the parameter
that strongly affects this cut-off frequency. As shown in Fig. 3.9, a wider guiding channel
gives the next higher-order mode a lower cut-off frequency while the fundamental mode’s
cut-off frequency remains the same. Ideally, a narrower guiding channel provides a wider
usable single-mode bandwidth. The unloaded line @-factor is another parameter that can
provide useful information on the cut-off frequencies of the propagating modes. Fig. 3.10
demonstrates the unloaded @-factor of the first and second modes. When the () factor for the
fundamental mode has nearly reached its quasi-constant value, the lower bandwidth limit is

reached. As the @ factor for the second mode starts to increase rapidly, the upper bandwidth
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Figure 3.7 Extracted normalized phase constant of the fundamental mode of the mentioned
SIIG structure with different substrate permittivity.

limit is reached. This indicates that the mode has crossed the divergence frequency.

The loss tangent of the substrate (i.e., tand) is one of the primary sources of attenuation in
the SIIG waveguide. As shown in Fig. 3.11, according to equation (3.7), the total attenuation
of the SIIG structure increases by increasing the dielectric loss tangent. However, due to the
material availability, we have limited options in selecting the substrate materials. Conductor
loss is another source of attenuation in the SIIG structure. As shown in Fig. 3.12 and
according to (3.7), the total attenuation of the SIIG waveguide decreases by increasing the
conductivity of the ground plane (i.e., 0,,). It is worth mentioning that the dielectric loss
of the substrate and conductor loss of the ground plane have no impact on the operating
bandwidth of the SIIG waveguides.

Typically, high contrast of permittivity of the guiding channel and the adjacent regions should
be realized to achieve the highest possible power transmission along dielectric waveguides [33].
As mentioned before, in the SIIG waveguide, this contrast is realized by adding periodic air
perforations in the bilateral regions. Periodicity, size, and pattern of the perforations (i.e.,
a and b) are set to define the resulting permittivity and the consequent field leakage into
the bilateral regions. To be specific, lower effective permittivity for the perforation region
(which is a function of the a, and b) allows higher power transmission along the SIIG’s
guiding channel. Accordingly, based on the fabrication limitation, the maximum achievable

size should be considered for the perforations.
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Figure 3.8 Extracted normalized phase constant of the fundamental mode of the mentioned
SIIG structure with different substrate thickness.
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Figure 3.9 Extracted normalized phase constant of the second order mode of the mentioned
SIIG structure with different guiding channel width.

The presence of periodic perforations in the guiding direction of the SIIG waveguide results
in an electromagnetic band gap (EBG) caused by the distributed Bragg reflection of the
guided mode [85]. The lowest EBG occurs when the guided wavelength A, equals twice the
periodic interval a (i.e., A\, = 2a). Accordingly, the perforations’ periodicity must be cho-

sen small enough to avoid the aforementioned stopband in the operating frequency range of



51

1000
Rt
S 800
(5]
2
"
o
o 600 ,
£ Single Mode
2 Bandwidth
:2 400 - &
£
2]
5
= 200 s
= ——Fundamental Mode (Ei’l)
——Second Mode (Eil)
0 P/ SD SR SE ‘ ‘ ‘
50 100 150 200 250 300 350

Frequency [GHz]

Figure 3.10 Extracted usable single mode bandwidth based on the unloaded Q-factor of the
fundamental and second mode.

T T
—120 —*—tan 0 = 2e-3 |
g —=—tan J = 3e-3
g —>—tan § = 4e-3
Z ——tan § = 5e-3 ||
3 tan 0 = 6e-3
Sos- >
[72]
=
S
Q
= 0.6 *
L
=
=
S04 1
=

0.2

| | | | | | | |
75 100 125 150 175 200 225 250 275 300
Frequency [GHz]

Figure 3.11 Extracted attenuation constant of the fundamental mode of the mentioned SIIG
structure with different substrate dissipation factor.

the SIIG waveguide. Undoubtedly, the perforation periodicity could always be chosen finer
than required, which would, however, increase the fabrication complexity and decrease the
mechanical stability. A regular triangular perforation pattern and maximum obtainable per-
foration diameter (i.e., b) should be considered, which allows the highest substrate removal.

This way, the maximum permittivity contrast can be achieved, thus yielding the best guiding
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Figure 3.12 Extracted attenuation constant of the fundamental mode of the mentioned SIIG
structure with different ground plane’s conductivity.

properties possible.

3.4 Fabrications And Measurements

According to the above parameters study and based on the material available at the Poly-
Grames Research Center, an alumina (g, = 9.4 and tand = 6 x 1073) substrate with a
thickness of d = 254 um is utilized to create two SIIG structures. The circular perforation
and the regular triangular pattern are chosen as the most efficient pattern to achieve the
highest possible substrate removal. For the first prototype, the operating frequency range of
the proposed SIIG waveguide is considered to be in the WR-5.1 band (i.e., 135 to 225 GHz).
To have the Brag electromagnetic bandgap accrued far away from the operating region, the
perforation periodicity is considered to be equal to a = 290 pum, which leads the lowest EBG
to have a central frequency of 245 GHz. Larger perforations provide a higher permittivity
contrast between the perforated regions and the guiding channel, which leads to higher power
transmission. However, due to the fabrication limitation, a minimum 1 mil (i.e., 25.4 pum)
wall should be kept between adjacent perforations to ensure the mechanical stability of the
fabricated structure. According to the analytical model, these perforation properties lead
the bilateral regions to have effective permittivity and dissipation factor equal to the values
shown in Figs. 3.2 and 3.3. The proposed SIIG structure is considered to have a guiding
channel width of w. = 450 pm. Although the SIIG is a planar waveguide, as shown in Fig.



93

3.13, the structure is fed with a WR-5.1 rectangular waveguide.

To achieve an efficient transition between these two waveguides, it is essential to design a
well-optimized interface that seamlessly connects the SIIG structure and the rectangular
waveguide. To minimize return loss, a smoothly tapered dielectric section can be employed.
The taper can be considered as a special case of stepped transformers, where the number of
steps is infinite, and their individual reflections are infinitesimally small. The design objective
is to achieve the widest possible bandwidth with the shortest possible tapers. Accordingly,
the SIIG waveguide is tapered with a length of 3.07 mm at both ends. It is worth mentioning
that most parts of the losses in the fabricated prototype are due to the feeding mismatch.
To remove this loss and accurately measure the transmission loss, the dual-line technique is
used [4]. Two SIIG structures differing in length (i.e., 20mm and 30mm) are fabricated, and
the propagation constant is extracted subsequently from the pair of measured S-parameters,

as:

5 _ |ZSQl,long - ZSQI,ShOI“D|

.14
N (3.14a)
o — —1In (‘82171012‘[/ ‘S21,short|> (314b)

where Al is the length difference, £S91 jong and £S91 short denote the absolute phase (in radians)
of the measured complex S-parameters of the long and the short fabricated SIIG sections,
respectively. As shown in Fig. 3.14, the mentioned SIIG waveguide was fabricated and
tested at the Poly-Grames Research Center. The measured S-parameters of the fabricated
SIIG structures are shown in Fig. 3.15, which demonstrates an excellent agreement with
the simulation results. The CST Studio Suite 2022 software was employed to simulate the
aforementioned SIIG structure. The simulations were performed in the frequency domain
using a broadband sweep with 5000 data sample points. To maintain precision, a tetrahedral
meshing technique combined with activated adaptive mesh refinement was adopted. Since
the measurement equipment (i.e., WR-5.1 waveguide and measurement extender) has a rec-
ommended operating frequency band of 135 GHz to 225 GHz, the frequency range plotted
in Fig. 3.15 is thus limited. Taking into account that the simulated reflection coefficient
(i.e., S11) remains consistently below -17 dB across the bandwidth of interest, this value has
been omitted from this figure to enhance the visibility of other depicted parameters. It is
worth mentioning that the measured results include feeding mismatch losses. However, it is
important to note that in the context of substrate-integrated circuit (SIC) applications for

which the SIIG does not require rectangular waveguide feeding, the feeding mismatch losses
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Figure 3.13 a) The fabricated SIIG structure fed by WR-5.1 waveguide, b) the fabricated
alumina substrate having 5 rows of circular perforations, c¢) zoomed view of the guiding
channel and adjacent perforated regions.

can be eliminated. According to the measurement and based on the dual-line technique, the
fabricated SIIG has a mean insertion loss of IL = 0.578 dB/cm in the WR-5.1 band. Here
it is worth mentioning that the achieved insertion loss can be reduced by using a substrate
with smaller dielectric losses. Through careful selection of appropriate dimensions, the WR-
5.1 rectangular waveguide, which serves as the feeding mechanism for the investigated SIIG
structures, has been tailored to possess specific cut-off frequencies for its first and second
modes (i.e., 115.714 GHz and 231.429 GHz) [86]. As a result, this waveguide operates in a
single mode consistently within the specified frequency range (i.e., 135GHz to 225 GHz). To
ensure optimal performance, we meticulously adjusted the parameters of the SIIG structure
(i.e., w. and d), aligning its first and second mode cut-off frequencies with those of the WR-
5.1 rectangular waveguide. This alignment effectively prevents the excitation of higher-order
modes, promoting reliable and accurate operation. Furthermore, in line with the dual-line
technique, identical feeding structures (i.e., WR-5.1 rectangular waveguide and taper) for
both SIIG structures were employed. This strategic choice offers the advantage of eliminat-
ing return losses caused by any potential misalignment between the rectangular waveguide
and the investigated SIIG.

To demonstrate a true potential of the SIIG waveguide for use in the THz applications, the
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Figure 3.14 Measurement setup used to extract the S-parameters of the SIIG waveguide in
WR-5.1 Band.
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Figure 3.15 Simulated and measured insertion loss and return loss of the SIIG prototype in
the WR-5.1 band.

other STIG prototype structure is fabricated for the WR-3.5 frequency band (i.e., 215 GHz to
335 GHz). The same alumina substrate (¢, = 9.4 and tand = 6 x 1073) with a thickness of
d = 254 pm is utilized to create this prototype. As shown in Fig. 3.16, five rows of circular
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perforation with a periodicity of a = 170 um are added to the bilateral regions which makes
the lowest EBG to have a central frequency of 410 GHz. Based on the fabrication limitation
a minimum 25.4 pum wall is considered between the perforations which forces a maximum
size of b = 144.6 pm for the air holes. According to the analytical model, these perforation
properties lead the bilateral regions to have effective permittivity and dissipation factor equal
to the values shown in Figs. 3.2 and 3.3. The proposed SIIG structure is considered to have a
guiding channel width of w. = 330 um. The SIIG waveguide is tapered with a length of 2.72
mm at both ends for impedance matching between the air-filled standard WR-3.5 rectangular
waveguide and the SIIG section. Similar to the previous fabrication, the same SIIG structures
with two different lengths (i.e., 15mm and 25mm) are fabricated to remove the feeding loss
from the measurement using the aforementioned dual-line technique. S-parameters of the
SIIG prototypes measured using the same measurement setup and WR-3.5 waveguide and
measurement extender and shown in Fig. 3.17. It is worth mentioning that, since the WR-
3.5 measurement extender has a recommended operating frequency range of 215 GHz to 335
GHz, the frequency range of this figure is limited to these values. It is worth mentioning
that the measured results include feeding mismatch losses. According to the measurement
and based on the dual-line technique, the fabricated SIIG has a mean insertion loss of IL =

1.431 dB/cm over the WR-3.5 band.

Figure 3.16 a) The fabricated SIIG structure fed by WR-3.5 waveguide, b) the fabricated
alumina substrate having 5 rows of circular perforations, c¢) zoomed view of the guiding
channel and adjacent perforated regions.
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Figure 3.17 Simulated and measured insertion loss and return loss of the SIIG prototype in
the WR-3.5 band.

3.5 Comparison

In this section, a comparison between the achieved results from the proposed SIIG and other
existing technologies at THz bands is conducted and reported in TABLE 3.1. Although con-
ventional rectangular waveguides (RW) provide low-loss wave transmission, they suffer from
a lack of compactness which is critical for integrated circuit applications. Additionally, due
to the strict requirement of electrical contacts between the waveguide blocks, RWs require a
precise and costly manufacturing process [60]. Another low transmission loss THz technology
is Gap waveguides. However, similar to rectangular waveguides, gap waveguides suffer from
a lack of compactness. Furthermore, a small air gap of A/4 needs to be maintained all over
the parallel plates, which becomes extremely small and very difficult to realize at such fre-
5]. Cavity-backed Coplanar Waveguide (CBCPW) proved to have an acceptable

transmission loss in the THz regime, however, similar to the RW and Gap waveguides, it suf-

quencies [6

fers from bulkiness and lack of compactness [87]. Pure dielectric waveguides exhibit excellent
potential for developing THz circuits and antennas due to their relatively low transmission
losses. As shown in TABLE 3.1, Silicon Dielectric Ribbon [44], Effective-Medium-Clad Di-
electric Waveguides [43], Silicon-on-Glass Dielectric [88], and Narrowed Dielectric Microstrip
Line [45] provide low-loss wave transmission. However, the aforementioned dielectric waveg-
uides suffer from complex and costly fabrication which prevents them from being used for

large-scale industrial production. These waveguides are extremely fragile, and their low
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field confinement yields considerable leakage around the guiding channel. Since no metal-
lic ground plane is used in their structure, their integration with other circuit components
will be challenging to realize. Due to its planar structure, the Substrate-Integrated Hybrid
Metallo-Dielectric (STHMD) [81] waveguide offers excellent alignment precision, compromised
loss performance, and simplified interconnection with other SIC components. However, its
fabrication process is complex, expensive, and time-consuming. Additionally, the STHMD
waveguide experiences challenges such as potential mode conversion and disturbing interfer-
ence at the SIDW and SINRD interfaces. It is important to highlight that the SINRD sec-
tion exhibits significantly higher transmission losses in comparison to the SIDW section [81].
This discrepancy in insertion losses primarily arises from the conductor losses, which esca-
late with the length of the SINRD section. Consequently, the length of the SINRD section
has intentionally been kept short to ensure that the total insertion loss remains within an
acceptable range. When evaluating waveguides, it is crucial to consider diverse trade-offs
they offer in terms of performance, fabrication complexity, compactness, and cost. In the
realm of substrate-integrated circuit (SIC) applications, where the integration of multiple
circuit components and overall system compactness are of paramount importance, certain
factors become particularly important. Despite its higher loss, the investigated SIIG waveg-
uide emerges as a practical and cost-effective solution that aligns well with the requirements
of SIC technology.

3.6 Conclusion

Substrate-Integrated Image Guide (SIIG) can deliver the highest performance for the THz
applications when properly designed. Due to its low-loss wave transmission, planar structure,
and shared ground plane, the SIIG is an excellent candidate for THz integrated circuits
and systems. Through structural analysis, we realized that high performance in the THz
regime can be achievable by choosing proper values for the structural design parameters. In
this work, we presented two wide-band and low-loss SIIG designs for the WR-5.1 and WR-
3.5 frequency bands. The experimental results indicate that the first fabricated prototype
exhibits a mean insertion loss of 0.578 dB/cm over a frequency range of 135 GHz - 225 GHz
using the dual-line parameter extraction technique. The second fabricated prototype of SIIG
achieved an average insertion loss of IL = 1.431 dB/cm in the frequency range of 215 GHz
- 335 GHz. The results demonstrate a true potential of the SIIG waveguides for use in the
THz applications.
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CHAPTER 4 SUBSTRATE-INTEGRATED HYBRID
DIELECTRIC-METALLIC IMAGE GUIDE (SIHDMIG) ARCHITECTURE
AND ITS APPLICATIONS IN DEVELOPING SUB-THZ/THZ POWER
DIVIDER

4.1 Introduction

The demand for rapid data transfer in modern telecommunications and data communication
systems, the need for enhanced precision and sensitivity in scientific research [27], medical
imaging [28,29], and industrial applications, as well as the requirement for high-capacity
wireless communication in densely populated areas, collectively drive the utilization of THz
signals, emphasizing their vital role in meeting these critical needs [89]. Moreover, the THz
spectrum offers an exceptionally integrated system framework, a crucial element for develop-
ing smart devices that require the installation of a multitude of sensors and communication

components.

While THz communication shares several foundational principles with its microwave counter-
part, it grapples with a range of unique challenges. Notably, one of these challenges concerns
the substantial transmission loss experienced in frontends, a challenge that is particularly
pronounced in the THz spectrum. It’s crucial to emphasize that as frequency increases,
conductive losses escalate significantly, and the skin effect exacerbates these losses. Conse-
quently, attenuation can extend to several tens of dB/cm [30-32]. Owing to this limitation,
conventional metal-based technologies, such as microstrip, co-planar, and substrate inte-
grated waveguide (SIW), prove unsuitable for high-frequency THz band circuit, antenna,

and system applications.

Dielectric waveguides, well-established in photonic circuits, hold substantial promise for de-
veloping THz circuits and antennas thanks to their freedom from metallic losses. Various
photonic-inspired guiding structures, such as hollow-core [36, 39], solid-core [40, 41], and
porous-core waveguides [42,43,46], have demonstrated impressively low attenuation, ranging
from 1.0 to 0.1 dB/cm in the THz region. Typically, metallic waveguides rely on field in-
teractions with conducting currents to guide waves. However, in dielectric waveguides, wave

guidance hinges on total internal reflections at the dielectric-dielectric (or air) interface.

It’s worth noting that the hollow and porous-core waveguides inherently have larger ge-
ometries, limiting their utility in highly integrated THz systems. In contrast, the planar

variants of solid-core waveguides, including silicon-on-insulator (SOI) waveguides [47,48], di-
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electric microstrip lines (DMLs) [49, 50|, and dielectric photonic crystal waveguides [51-53],
represent promising candidates for THz system applications. Nonetheless, these waveguides
exhibit extreme fragility, and their low field confinement leads to considerable leakage around

the guiding channel.

To enhance their structural stability, planar dielectric waveguides can be reinforced by adding
a metallic ground plane. Beyond providing mechanical support, this metallic ground plane
serves as one-sided shielding, capable of dissipating heat generated by active devices. More-
over, it expands the usable single-mode bandwidth by shifting higher-order modes to higher

frequencies.

In the work detailed in [90], Knox et al. proposed a hybrid guiding structure named "Image
Guide." This structure involves placing a high-permittivity rectangular dielectric line on a
metallic ground plane and is among the simplest and most commonly employed dielectric
waveguides. Image guide technology has been instrumental in the realization of a wide array
of passive and active circuit components, underscoring the advantages of integrated dielec-
tric technology [56,58,91]. While image guide structures offer the advantage of very low
transmission losses, they do present certain challenges related to fabrication and integra-
tion. Particularly at high frequencies, the single dielectric strip possesses extremely small
dimensions, necessitating a precise fabrication process. Additionally, ensuring the precise
alignment of this small dielectric strip with other circuit components is crucial in integrated

circuit applications.

The recently investigated "Substrate-Integrated Image Guide (SIIG)" takes inspiration from
the "substrate-integrated circuit" concept and represents a streamlined adaptation of the
image guide [84]. Much like the traditional image guide, the SIIG comprises a planar high-
permittivity substrate positioned above a continuous metallic ground plane. To create the
desired permittivity contrast between the guiding channel and the surrounding areas, periodic
air perforations are introduced in these regions, effectively reducing the effective permittivity
of these sections. Consequently, the SIIG achieves a guiding effect similar to the standard
image guide, with the exception of specific characteristics attributed to the periodic perfora-
tions. The planar substrate simplifies the fabrication process, enhancing alignment precision
with other integrated circuit components. Additionally, it streamlines the interconnection

with other waveguide technologies on the same substrate.

While the SIIG waveguide demonstrates exceptional performance in straight-line configura-
tions, it experiences issues with leakage at sharp bends. When the guided wave encounters
these sharp turns, it begins to leak into the perforated regions, resulting in a degradation of

performance, particularly with respect to insertion loss. These issues may limit the applica-
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tions of SIIG technologies, especially in applications requiring sharp discontinuities, such as

compact power dividers/combiners.

In this paper, a solution is presented to tackle the leakage challenges at sharp bends in
SIIG waveguides. This solution involves the integration of a hybrid waveguide, formed by
introducing a Substrate-Integrated Metallic Image Guide (SIMIG) waveguide into the SIIG
structure. This innovation effectively prevents the guided wave from leaking into the perfo-
rated regions and enhances the overall performance of SIIG at sharp bends. Consequently,
this breakthrough allows for the creation of a highly compact power divider/combiner using
SIIG technology.

Accordingly, the rest of the paper is organized as follows: Section 4.2 conducts a compre-
hensive examination of the integration feasibility of the SIIG section and SIMIG section,
employing mode matching, impedance matching and field matching techniques. Section 4.3
introduces the resultant hybrid waveguide and showcases its performance in handling sharp
bends within the frequency bands of WR-5.1 and WR-3.5. Section 4.4 provides insights into
the designed power divider/combiner prototypes and the corresponding extracted results.

Finally, a brief conclusion is presented in Section 4.5.

4.2 Feasibility of Substrate-Integrated Hybrid Dielectric-Metallic Image Guide

4.2.1 Substrate-Integrated Image Guide (SIIG) Structure

As shown in Fig. 4.1a, the SIIG waveguide consists of a high-permittivity planar substrate
placed on a metallic ground plane. Wave guidance happens in this waveguide due to the
total internal reflections at the dielectric-air interface. To realize the permittivity contrast
between the guiding channel and the bilateral sections, some air perforations are added to
these regions, which artificially reduces their effective permittivity. It is worth mentioning
that the size, shape, and pattern of these perforations are set to define the realized effec-
tive permittivity. This configuration exhibits excellent wave-guiding performance for the
SIIG structure [92]. The field distribution of the fundamental mode (i.e., E{;) of the SIIG

waveguide along the guiding channel and at the cross-section is presented in Fig. 4.2.

As illustrated in Fig. 4.1a, the SIIG structure encompasses several design parameters that
can be adjusted independently. While these parameters offer considerable flexibility for
the SIIG structure, they also introduce complexity to the design process. These variables
encompass substrate material (¢, and tand), substrate thickness (d), guiding channel width
(w,), perforation size (b), perforation pattern, perforation periodicity (a), and the ground

plane material (0,,). It is crucial to emphasize that the selection of these design parameters
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must be carried out with meticulous consideration to optimize the bandwidth, minimize

attenuation, and mitigate substrate leakage in the SIIG section.
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Figure 4.1 Exposed view of (a) Substrate-Integrated Image Guide (SIIG) structure and (b)
Substrate-Integrated Metallic Image Guide (SIMIG) structure.
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Figure 4.2 Field distribution of the fundamental mode (i.e., EY;) of the SIIG structure at the
frequency of 150 GHz, (a) magnitude of the electric field along the guiding channel and (b)
electric field distribution on the cross-section.
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As studied in [92], an alumina substrate with a thickness of d = 254 pm, which has relative
permittivity equal to ¢’ = 9.4 and loss tangent of tand = 6 x 1073 is considered to be placed
on an aluminum ground plane which has electric conductivity equal to o, = 3.56 x 107 S/m,
relative permeability equal to u,, = 1, and relative permittivity equal to &, = 1.000021. The
aforementioned materials were used to create an SIIG structures with a guiding channel of
w, = 480 um, and five rows of circular perforations with a periodicity equal to a = 185 um
and a diameter of b = 159.6 um. Following the methodology outlined in reference [84],
the phase constant () and wave impedance of different propagating modes within the SIIG
structure mentioned above are extracted and shown in Fig. 4.3, and 4.4, respectively.
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Figure 4.3 Extracted normalized phase constant of a few first modes of mentioned SIIG
structures.
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Figure 4.4 Wave impedance of a few first modes of mentioned SIIG structures.
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4.2.2 Substrate-Integrated Metallic Image Guide (SIMIG) Structure

As illustrated in Fig. 4.1b, by filling the air perforations with a highly conductive material,
such as good conductors, a novel waveguide type known as the Substrate-Integrated Metallic
Image Guide (SIMIG) Structure will be produced. In contrast to the guiding mechanism in
dielectric waveguides, these conductive vias serve to efficiently maintain the guided wave’s
trajectory, preventing any leakage into the perforated region. This results in outstanding
performance. The field distribution of the EY, mode of the SIMIG waveguide along the

guiding channel and at the cross-section is presented in Fig. 4.5.

0000000000C

Figure 4.5 Field distribution of the E}; mode of the SIMIG structure at the frequency of
190 GHz, (a) magnitude of the electric field along the guiding channel and (b) electric field
distribution on the cross-section.

As depicted in Fig. 4.1b, much like the SIIG waveguide, the SIMIG structure features
various design parameters that can be independently adjusted. While these parameters
offer substantial flexibility for the SIMIG structure, they simultaneously introduce a level
of complexity similar to that of the SIIG waveguide. In addition to the shared structural
parameters with the SIIG structure, such as w,, d, and others, the SIMIG introduces an
additional design parameter: the material of the filled vias. It is paramount to underscore that

the selection of these design parameters must be undertaken with meticulous consideration to
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optimize bandwidth, minimize attenuation, and alleviate substrate leakage within the SIMIG

section.

While it is feasible to create an analytical model for the investigated SIMIG structure by
substituting the air perforation with metallic material and applying a similar procedure as
used for SIIG modal development, the utilization of commercial EM simulation software,
namely CST Studio Suite 2022, for extracting the initial set of propagating modes in the
SIMIG structure offers greater convenience. The previously mentioned SIIG structure was
utilized to create an SIMIG structure. In this process, the perforation rows were considered to
be filled with a conductive material having an electric conductivity equal to o, = 2x10° S/m,
relative permeability equal to u,, = 1, and relative permittivity equal to ¢,, = 1. The
investigated structure was designed in CST software, and the frequency domain solver was
used to extract a subset of its initial propagating modes. The phase constant(3) and wave
impedance of different propagating modes within the SIMIG structure mentioned above are

extracted and shown in Fig. 4.6 and 4.7, respectively.
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Figure 4.6 Extracted normalized phase constant of a few first modes of mentioned SIMIG
structures.
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Figure 4.7 Wave impedance of a few first modes of mentioned SIMIG structures.

4.2.3 Substrate-Integrated Hybrid Dielectric-Metallic Image Guide

We prioritize SIIG technology as the primary technology for developing our substrate-integrated
circuit. Consequently, we carefully select structural parameters to optimize the performance
of the SIIG sections. To achieve a seamless transition, the SIMIG structure should accu-
rately replicate the field distribution of the SIIG section. A thorough examination of the
obtained results indicates that the fundamental mode propagating in the SIIG structure is
the EY, mode, which exhibits a similar distribution to the EY, mode in SIMIG. This resem-
blance provides an opportunity to seamlessly connect the SIIG and SIMIG, thereby creating
a Substrate-Integrated Hybrid Dielectric-Metallic Image Guide (SIHDMIG) structure.

Upon examining the results displayed in Figs. 4.3, and 4.6, it becomes apparent that a
disparity exists in the cut-off frequencies of the E}, modes between the SIIG and SIMIG
structures. To ensure the widest possible bandwidth and prevent mode convergence, it is
imperative to conduct a thorough modal analysis on both the SIIG and SIMIG sections
after matching their field distributions. This analysis is essential for implementing effective
mode matching. To facilitate a smooth transition and simplify the fabrication process, it’s
crucial to use the same substrate and ground plane for both the SIIG and SIMIG sections.
Furthermore, the perforation size and periodicity should be determined based on fabrication
limitations [84]. Considering the preceding discussion, the width of the guiding channel (i.e.,
w,) stands out as the primary design parameter that can be adjusted to achieve the most

effective transition.
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To find the optimal width for the guiding channel in the SIMIG section, one that can yield
the smoothest transition and the broadest achievable operating range, the same SIMIG struc-
ture as in the previous example was employed. The width of the guiding channel (i.e., w.)
was considered to vary from 400 um to 560 pum, and the resulting phase constants of the
fundamental mode and the second mode are illustrated in Figs. 4.8 and 4.9, respectively.
As evident in these figures, the change of the guiding channel’s width exhibits no discernible
impact on the cut-off frequency of the fundamental mode. However, it does exhibit a notable
impact on the second mode, with a decrease in the width of the guiding channel resulting in
an increment of the cut-off frequency for the second modes. After a thorough analysis of the
results obtained from the simulated SIIG and SIMIG structures, it was determined that the
width of the guiding channel in the SIMIG section should be set at w, = 510 um.

w

g
wn
T

(%]
T

Normalized Phase Constant ( ,B/ko)
[9)]

~W = 400 pm

1- -W = 440 pm||
>W = 480 pm

05+ W = 520 pmf
o o | | | W = 560 pm

20 40 60 80 100 120 140 160 180 200
Freauencv [GHzI

Figure 4.8 Extracted normalized phase constant of the fundamental mode of mentioned
SIMIG structure.

To offer a more thorough insight into these transitions, we interconnected a SIIG waveguide
with an SIMIG waveguide. The width of the guiding channel gradually expanded from
480 pum in the SIIG section to 510 pm in the SIMIG section. The transition performance was
evaluated in terms of return loss and field distribution, as depicted in Figs. 4.10 and 4.11,
respectively. These figures clearly illustrate a seamless transformation of the propagated field
from the SIIG section to the SIMIG section, with no notable reflections at the interface. A
comparison of the insertion loss and return loss of this combined structure with the original

SIIG waveguide [92] further underscores the absence of significant reflections at the interface.
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Figure 4.11 Extracted S-parameter of mentioned SIIG/SIMIG transition.

4.3 Substrate-Integrated Hybrid Dielectric-Metallic Image Guide Performance
at Sharp Bends

While the SIMIG exhibits commendable performance, it is associated with higher conductor
losses compared to the SIIG structure. To keep the overall attenuation of the guiding struc-
ture within an acceptable range, a hybrid approach is suggested. This approach involves the
integration of the SIIG waveguide with the SIMIG waveguide. In this combination, the use of
metallic vias is primarily limited to sharp bends, effectively reducing conductor losses within
the resulting structure. Following an examination of the feasibility of achieving a smooth
transition from the SIIG waveguide to the SIMIG waveguide, this configuration can now be

applied to sharp bends.

According to the above discussion and based on the material available at the Poly-Grames
Research Center, an alumina (g, = 9.4 and tand = 6 x 107%) substrate with a thickness of
d = 254 pm is utilized to create two SIIG structures featuring a 60-degree bend along its
transmission direction. The circular perforation and the regular triangular pattern are chosen
as the most efficient pattern to achieve the highest possible substrate removal. For the first
prototype, the operating frequency range of the proposed SIIG waveguide is considered to
be in the WR-5.1 band (i.e., 135 to 225 GHz). To have the Bragg electromagnetic bandgap
accrued far away from the operating region, the perforation periodicity is considered to be
equal to a = 185 um, which leads the lowest EBG to have a central frequency of 380 GHz.
Larger perforations provide a higher permittivity contrast between the perforated regions
and the guiding channel, which leads to higher power transmission. However, due to the

fabrication limitation, a minimum 25.4 um wall should be kept between adjacent perforations
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to ensure the mechanical stability of the fabricated structure. The proposed SIIG structure is
considered to have a guiding channel width of w, = 480 um. Although the hybrid structure
is a planar waveguide, the structure is fed with a WR-5.1 rectangular waveguide. To achieve
an efficient transition between these two waveguides, it is essential to design a well-optimized
interface that seamlessly connects the SIIG structure and the rectangular waveguide. To
minimize return loss, a smoothly tapered dielectric section can be employed. The taper
can be considered as a special case of stepped transformers, where the number of steps is
infinite, and their individual reflections are infinitesimally small. The design objective is to
achieve the widest possible bandwidth with the shortest possible tapers. Accordingly, the
SIIG waveguide is tapered with a length of 3.53 mm at both ends.

It is worth mentioning that most parts of the losses in the designed prototype are due to the
feeding mismatch. To remove this loss and accurately measure the transmission loss, the dual-
line technique is used [4]. Two SIIG structures differing in length (i.e., 23.3mm and 12.21mm)
are designed and fabricated, and the propagation constant is extracted subsequently from the
pair of measured S-parameters. The mentioned SIIG waveguide was fabricated and tested at
the Poly-Grames Research Center and the extracted S-parameters are shown in Fig. 4.12.
To provide a better insight about the SIIG performance, the simulated field distribution
is shown in Fig. 4.13. Since the measurement equipment (i.e., WR-5.1 waveguide and
measurement extender) has a recommended operating frequency band of 135 GHz to 225

GHz, the frequency range plotted in Fig. 4.12 is thus limited.
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Figure 4.12 Extracted performance of the different technologies at a 60-degree bend. (a)
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Figure 4.13 Field distribution of different technology at a 60-degree bend at the frequency of
180 GHz, a) SIIG waveguide, b) proposed SIHDMIG waveguide along with tapering opening.

As depicted in Fig. 4.14, the same SIIG structure was employed to construct a hybrid
dielectric-metallic image guide structure, incorporating an identical 60-degree bend along its
transmission direction. To ensure a seamless transition, the guiding channel smoothly tapers
from 480 pm in the SIIG section to 510 gm in the SIMIG section. As shown in Fig. 4.15, the
mentioned SIIG waveguide was fabricated and tested at the Poly-Grames Research Center.
The field distribution and measured S-parameters of the designed SIHDMIG structure are
illustrated in Figs. 4.12 and 4.13, respectively.
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Figure 4.14 a) The fabricated hybrid waveguide featuring a 60 degree bend fed by WR-5.1
waveguide, b) the fabricated alumina substrate having 5 rows of circular perforations, c)
zoomed view of the guiding channel and adjacent perforated regions.

Figure 4.15 Measurement setup used to extract the S-parameters of the STHDMIG waveguide
in WR-5.1 Band.

As depicted in Fig. 4.12a, the SIIG structure exhibits a substantial average insertion loss
of 3.478 dB/cm when subjected to a 60-degree bend within the WR-5.1 frequency band,
indicating poor performance. However, the integration of the SIMIG structure at this bend
enhances the SIHDMIG waveguide’s performance, achieving an average insertion loss of 0.834
dB/em, which is considered highly favorable. Notably, when comparing the insertion loss
of the straight SIIG waveguide (IL = 0.578 dB/cm) with that of the proposed SIHDMIG
waveguide (IL = 0.834 dB/cm), the difference is primarily attributed to conductor losses
within the SIMIG section and minor reflection/leakage at sharp bends.

As depicted in Fig. 4.13, the underperformance of the SIIG structure at sharp bends is

attributed to significant leakage into the perforated regions. In contrast, the metallic vias
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in the SIMIG section effectively confine the guided wave, preventing it from leaking into the
perforated region and maintaining it on the intended path. Consequently, the SIMIG section
demonstrates superior performance. To further enhance the architecture’s performance, the
metallic vias’ patterns at the beginning and end were designed to create a horn-like guiding
shape, facilitating improved guidance and direction of the guided wave into the SIMIG sec-
tion. It is important to note that a closer examination of the extracted insertion loss reveals
a reduction in the operating bandwidth of the proposed hybrid waveguide. The original
straight SIIG structure had an operating bandwidth spanning from 135 GHz to 225 GHz,
whereas the proposed hybrid waveguide’s operating bandwidth now ranges from 140 GHz to
200 GHz.

To assess the applicability of the proposed waveguide in THz applications, as shown in
Fig. 4.16, we designed and fabricated an additional set of prototypes for both the SIIG
waveguide and the proposed hybrid waveguide on an alumina substrate, with the ground
plane constructed from aluminum. These structures featured identical 60-degree bends in
their transmission direction, tailored for the WR-3.5 frequency band. The periodicity of
the perforations was consistently set at a = 150 pum, and the perforation size remained
constant at b = 124.6 pm. In this design, the SIIG section possessed a guiding channel with
a width of w, = 330 um, which gracefully expanded to w. = 370 pum in the SIMIG section.
Measured S-parameters is depicted in Fig. 4.17, while Fig. 4.18 displays the simulated
field distribution of the designed SIIG and SIHDMIG structures. A comparative analysis
of the results demonstrates that the guided wave is efficiently contained and directed along
the guiding channel and at the sharp bend, with no observable leakage into the substrate.
Notably, when comparing insertion losses, it is evident that the proposed hybrid waveguide
has achieved a notable 2.8 dB/cm improvement in insertion loss. However, the operating
bandwidth has been reduced to a range of 215 GHz to 275 GHz.

(@) (b) (c)

Figure 4.16 a) The fabricated hybrid waveguide featuring a 60 degree bend fed by WR-3.5
waveguide, b) the fabricated alumina substrate having 5 rows of circular perforations, c)
zoomed view of the guiding channel and adjacent perforated regions.
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Figure 4.18 Field distribution of different technology at a 60-degree bend at the frequency of
180 GHz, a) SIIG waveguide, b) proposed SIHDMIG waveguide along with tapering opening,.

4.4 Developing Compact Power/Divider for SIIG Technology

A compact power divider/combiner is instrumental in advancing highly integrated THz sys-
tems. Within the terahertz technology field, the primary objective is achieving compactness
and seamless integration to effectively address the increasing demands of emerging appli-
cations. The power divider/combiner assumes a pivotal role in these systems, streamlining
the efficient management and distribution of high-frequency signals. By reducing the foot-
print of this essential component, it becomes possible to design and deploy compact THz
systems that are both space-efficient and deliver enhanced performance. These capabilities

align seamlessly with the intricate demands of advanced applications across diverse sectors.

Principally, sub-THz/THz technologies often present challenges in achieving satisfactory per-
formance at sharp discontinuities, such as sharp bends. Their effectiveness tends to be more
pronounced when navigating extended, gradual curved bends. Nevertheless, these extended
curved bends impose limitations on their utility within highly compact system development
endeavors. As demonstrated in the preceding section, the examined substrate-integrated
hybrid metallic-dielectric image guide structure excels in its performance at sharp bends.
This exceptional performance has spurred the utilization of this hybrid architecture for the
creation of a significantly compact power divider/combiner for the SIIG technology within

the context of substrate-integrated circuits (SICs).

Consequently, as shown in Fig. 4.19, an alumina substrate with material properties ¢, = 9.4
and tand = 6 x 1073, and possessing a thickness of d = 254 um, has been chosen for

the design of the power divider/combiner prototype. In order to optimize the removal of
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substrate material, a circular perforation design along with a regular triangular pattern
has been selected as the most effective configuration. The perforation periodicity chosen
is a = 185 wm, which leads to the electromagnetic band gap (EBG) centering around 380
GHz. The SIIG section is designed with a guiding channel width of w. = 480 pum, while the
SIMIG section features a guiding channel width of w. = 510 pum. Just as in our previous
fabrication process, this prototype is intended to be fed with a WR-5.1 rectangular waveguide.
The total length of the guiding channel in the designed power divider/combiner considered
to be equal to 21.46mm. Its performance, encompassing factors such as insertion loss and

return loss, is visually represented in Fig. 4.20.

Figure 4.19 a) The fabricated power divider/combiner fed by WR-5.1 waveguide, b) zoomed
view of the guiding channel and adjacent perforated regions.
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From Fig. 4.20, it is evident that the operating bandwidth of the power divider/combiner
design has been narrowed down to two distinct segments: one spanning from 135 GHz to
165 GHz and the other from 185 GHz to 200 GHz. Input signals originating from Port 1 are
evenly distributed to both Port 2 and Port 3. Taking into account the inherent insertion loss
of the hybrid structure and the splitting ratio, the output signals at Ports 2 and 3 exhibit
practically identical amplitudes, affirming the suitability of the designed power divider.

Figure 4.21 displays the field distribution of the designed divider at various frequencies. A
comparative analysis of the field distribution and the extracted S-parameters reveals that at a
frequency of 150 GHz, the divider excels in efficiently splitting the input signal. Conversely,
at 175 GHz, nearly no signals traverse the divider, with the majority of the signal being
reflected to the input port. Furthermore, at 190 GHz, the power divider adeptly partitions

the input signals.
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Figure 4.21 Field distribution of the designed power divider/combiner at, a) 150 GHz , b)
175 GHz, and c¢) 190 GHz.

To demonstrate the applicability of the proposed hybrid waveguide in the THz regime, as
shown in Fig. 4.22, we utilized the same alumina substrate and aluminum ground plane to
design two compact power divider/combiners within the WR-3.5 frequency band. The chosen
perforation periodicity was set at a = 150 um, with a guiding channel width of w, = 330 um
for one structure, while the SIMIG section featured a guiding channel width of w, = 370 um.
Similar to our previous design process, this prototype is intended to be fed with a WR-
3.5 rectangular waveguide. The total length of the guiding channel in the designed power
divider/combiner considered to be equal to 19.71mm. Its performance, encompassing factors

such as insertion loss and return loss, is visually represented in Fig. 4.23.
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Figure 4.22 a) The fabricated power divider/combiner fed by WR-3.5 waveguide, b) zoomed
view of the guiding channel and adjacent perforated regions.
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Figure 4.23 Extracted performance of the designed power divider/combiner in term of inser-
tion/return loss.

As shown in Fig. 4.23, the operating bandwidth of the power divider/combiner design has
been constrained to two distinct segments: one ranging from 225 GHz to 250 GHz and the
other from 295 GHz to 315 GHz. Input signals originating from Port 1 are evenly distributed
to both Port 2 and Port 3. Considering the inherent insertion loss of the hybrid structure and
the splitting ratio, the output signals at Ports 2 and 3 exhibit nearly identical amplitudes,
confirming the effectiveness of the designed power divider.

Figure 4.24 illustrates the field distribution of the designed divider at different frequencies. A
comparative examination of the field distribution and the extracted S-parameters indicates
that at a frequency of 235 GHz, the divider excels at efficiently splitting the input signal.

Conversely, at 260 GHz, minimal signal transmission occurs through the divider, with the
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majority of the signal being reflected back to the input port. Moreover, at 310 GHz, the

power divider adeptly partitions the input signals.
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Figure 4.24 Field distribution of the designed power divider/combiner at, a) 235 GHz , b)
260 GHz, and c) 310 GHz.

4.5 Conclusion

While the substrate-integrated image guide (SIIG) waveguide demonstrates outstanding per-
formance in straight-line configurations, it encounters challenges related to leakage at sharp
bends. These limitations can restrict the practical applications of SIIG technologies, particu-
larly in scenarios demanding sharp discontinuities, such as compact power dividers/combin-
ers. In this paper, we introduce a novel waveguide, the Substrate-Integrated Metallic Guide
(SIMIG), which, when combined with SIIG, enables the creation of a hybrid waveguide known
as the Substrate-Integrated Hybrid Dielectric-Metallic Image Guide (STHDMIG) technology.
SIHDMIG effectively mitigates wave leakage into the substrate and exhibits exceptional per-
formance at sharp bends. The experimental results reveal that the proposed SIHDMIG
structure enhances SIIG performance at sharp bends by 3 dB. Subsequently, we leverage
this innovative technology to design a highly compact power divider/combiner. Based on
the obtained results, the designed power divider/combiner demonstrates good performance

across various frequency bands within the WR-5.1 frequency range.
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CHAPTER 5 CONCLUSION AND RECOMMENDATION

5.1 Conclusion

In the course of this doctoral thesis, we have delved into three distinct projects, each con-
tributing significantly to the advancement of high-frequency technology, with a particular
focus on the demanding sub-THz/THz regime. These projects collectively have deepened
our comprehension of dielectric waveguides, Substrate-Integrated Image Guide (SIIG) struc-

tures, and the challenges they confront in practical applications.

In the first project, we introduced a novel analytical model for accurately analyzing dielectric
waveguides in the sub-THz/THz spectrum. Recognizing the importance of dielectric losses,
we departed from existing analytical methods that considered the substrate as a lossless pure
dielectric. Our innovative approach encompassed a comprehensive consideration of dielectric
losses in the substrate, treating the perforations as a periodic structure. We applied the
Floquet theory and Fourier series expansion to develop an eigenequation that accurately
modeled the effective permittivity of the structure. This modification allowed us to account

for dielectric losses in our analysis and greatly enhanced the accuracy of the obtained results.

Moreover, we extended our analysis to include conductor losses, a crucial consideration in
the sub-THz/THz regime. This led to the development of a modified modal analysis that
could accurately extract the propagation constants of propagating modes within dielectric
waveguides. Our method’s accuracy and efficiency were demonstrated through rigorous com-
parisons with commercial electromagnetic simulation software and validated through exper-
imental testing of a fabricated SIIG waveguide prototype. This project has contributed a
valuable analytical tool for the precise modeling of dielectric waveguides in high-frequency

applications.

In the second project, we applied the analytical model developed in the first project to study
the effects of structural parameters on SIIG waveguide performance. Recognizing that the
SIIG waveguide, with its low-loss wave transmission, planar structure, and shared ground
plane, held tremendous potential for sub-THz/THz applications, we sought to optimize its
design. By choosing the most suitable structural parameters, we designed, fabricated, and
tested two prototypes for the WR-5.1 and WR-3.5 frequency bands.

The results of these experiments were highly promising. The first prototype exhibited a mean
insertion loss of 0.578 dB/cm over a frequency range of 135 GHz to 225 GHz, demonstrat-
ing the SIIG waveguide’s suitability for high-frequency applications. The second prototype
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achieved an average insertion loss of IL = 1.431 dB/cm in the frequency range of 215 GHz
to 335 GHz, further affirming the potential of SIIG waveguides for sub-THz/THz applica-
tions. This project showcased the practicality of optimized SIIG waveguide designs and their

significance in future high-frequency technology.

In our third and final project, we addressed a significant challenge faced by SIIG waveguides
- leakage at sharp bends. We introduced an innovative solution through the integration of a
hybrid waveguide that incorporated Substrate-Integrated Metallic Image Guide (SIMIG) into
the SIIG structure. This innovation effectively prevented guided wave leakage and enhanced
SIIG’s performance at sharp bends. This breakthrough not only addressed a longstanding
issue but also enabled the development of highly compact power divider/combiner devices

using SIIG technology.

To accomplish this, we conducted a comprehensive investigation to achieve field, impedance
and mode matching between the SIIG and SIMIG sections. Additionally, a detailed study of
structural parameters led to the selection of optimal values for the width of the guiding chan-
nels in both sections. Subsequently, we designed and simulated two power divider structures
for the WR-5.1 and WR-3.5 frequency bands, followed by successful prototype fabrication.
The measured performance of these prototypes closely aligned with our simulation results,

validating the effectiveness of our innovative approach.

5.2 Recommendation

In my quest to harness the full potential of SIIG technology for developing Substrate-
integrated circuits (SICs), I strongly recommend that fellow researchers explore the develop-
ment of other essential circuit components using this technology, such as couplers and filters.
Given that SIIG technology inherently employs perforations to form the guiding channel,
these perforations can serve as discontinuities suitable for developing filters tailored for the
sub-THz/THz regime. The open structure of the investigated SIIG waveguide provides an
ideal platform for designing efficient feeding mechanisms for dielectric antennas and even the

creation of leaky-wave antennas.

To further enhance the practicality and versatility of the investigated technology, I highly en-
courage other researchers to work on developing efficient transitions to existing technologies in
the sub-THz/THz regime, including Substrate-Integrated Nonradiative Dielectric (SINRD),
gap waveguide, rectangular waveguides, and pure dielectric waveguides. The ease of integra-
tion will facilitate the utilization of this technology alongside other established technologies,

thereby increasing its applicability and expanding its utility in the field. This collaborative



83

effort holds the potential to revolutionize the way we approach high-frequency technology

and its myriad applications.
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APPENDIX A

Detailed Information on Developing Eigenvalue Equation

For the T'M, modes, based on the orthogonal property of complex exponential functions, the

orthogonal function of (2.7) can be considered as:
21k - 27l

f(k,l) = GJTIGJTZJ (A].)

by multiplying (A.1) to (2.7) and calculating the integral over a unit-cell [91], we have:
2mn 2 2mq 2
— + ks —+k n
anzq:[(aJr 0)+<C+y0>]aq

5 (277[ B 271'q>(S <27Tk; _ 27?71) _
c c a a

2rl 2 2 (A4.2)
T ™ Tq
koD DD > ngbmy0 <C - C)
m p n q
5 2k _ 2mm 2mp
a a a
where d, is the Kronecker Delta function, which is defined as:
1 n=>0
Ony = (A.3)
0 n+0
The convolution in equation (A.2) leads to:
2 2 2 2
G [(m + k) + (M + kyo) 1 -
“ ¢ (A.4)

koD D (mp)bin-m.a-p)
m p

A careful review of the above equation reveals it is identical to (2.7). The unknown variable

b(n,g) is the Fourier Series coefficient, which for the rectangular perforation (as shown in Fig.
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2.1a) can be calculated as:

a/2 2 ,jmw ,jQL‘Zy
bin,g) = / / eqe e TeTI e Ydady
ac a/2 —c/2

b/2 pd/2 P
/ g6 e % ydmdy
b/2 d/2

b/2 d/2 2n
b/2/ /2

= &r0(nq) — (Er — 1)%smc <7Tnb>sjnc <7qu>

ac a Cc

(A.5)

where b and d are the perforation sizes along the x, and y directions, respectively. For the

circular perforations (as shown in Fig. 2.1b), b(,q) can be calculated as:

2m [a 2 2 2 2
e = [ (5) ¢ (5 )
0 a a
b/2 2 2
272T €rJo(\/(27TnT) n (277(17") )rdr
a? Jo a a
b/2 2 2
+ 277; Jo ( \/(27rm’> + (27rqr) )rdr (A.6)
a?Jo a a
2mnb) 2 2mgb )2
T
SCCORICTY

where a is the perforation size. It is worth mentioning that the eigenvalue equation for the

:Era(n,q) - (57’ -

TE, modes (i.e., (2.18)) can be achieved by following the same procedure.
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APPENDIX B

Refining Insights into Analytical Methods Solutions with MATLAB and MAPLE

Software

In this section, we furnish comprehensive details on the generation and resolution procedures

for the eigen-equations developed in Chapter 2.

Extracting the effective properties of periodic perforations for TMz mode:
To begin, Equation (2.11) can be transformed into an ordinary eigen-equation as follows:
-1

ky?|a =| A B a (B.1)

ngx1 ngxng ngxmp mpx1

C

As indicated in the above equation, calculating matrix [C] requires to first calculate matrix
[A] and matrix [B]. Careful review of (2.8) reviles that developing these matrices requires
first defining the number of summed terms. Accordingly, we considered m, n, p, and ¢ to
be an integer ranging from N to —N which make the [A] and [B] to have the size equal to
(2N +1)® by (2N +1)>. By having the size of the unit-cell (a and ¢), size of the perforation
(b and d), and the substrate material (e,) we can develop matrix [B]. Developing matrix
[A] requires definition of k,, and k,,. One way to define these values is considering the
propagated field has a phase shift of A¢, and A¢, along the unit-cell and calculate the

corresponding k;, and k.

Accordingly, the procedure for extracting eigenvalues can be summarized as follows:

 Defining the phase shift along the unit-cell (A¢, and A¢,)

+ Calculating the propagating constant along z— and y—direction (k,, and k,,) and

consequently kg

e Sweeping m, n, p, and ¢ from N to —N and developing the [A] and [B] matrices
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Calculating matrix [C]

Calculating eigen-value and eigen-vector of matrix [C]

Calculating elg and €/

Repeating the above steps for another value of phase shift (A¢, and A¢,)

MATLAB Code for Analyzing the Investigated Unit-Cell

In this section, we present MATLAB code employed for extracting the effective permittivity
and effective loss of a unit-cell. We considered a rectangular unit-cell made of Alumina
substrate, which has relative permittivity equal to ¢ = 9.4 and loss tangent of tand =
6 x 1073. The perforations have periodicity equal to a = ¢ = 290 wm and dimensions of
b =d = 200 um. The following MATLAB code is utilized, and Figs. B.1 and B.2 display

the real and imaginary parts of the cut-off frequency for various propagating modes.

AYUMATLAB CODE
clear;

clc;
4% Defining the Variables

ARANL. Defining the Floquet and Foruior series
Numbers

N
1;
P

o v R =
Il

b

AX%%% Defining Structural Parameters

a = 290e-6;
b = 200e-6;
c = 290e-6;
d = 200e-6;
eps_.r = 9.4 + 5.6e-3%j;

AA%%% First Region GAMMA to X




phi_x_ 1 = 0.01:0.01:pi;
kx 1 = phi x 1 ./ a;
phi_y_1 = 0;

ky_ 1 = phi_y_ 1 ./ c;

AAKNRYL Second Region X to M
phi_x_2 = pi;

kx 2 = phi_x 2 ./ a;
phi_ y_ 2 = 0.01:0.01:p1i;
ky 2 = phi_y 2 ./ c;

AX%4% Third Region M to GAMMA
phi x 3 = (pi - 0.01):-0.01:0.01;
kx 3 = phi_ x 3 ./ a;

phi_y 3 = (pi - 0.01):-0.01:0.01;
ky 3 = phi_y_ 3 ./

(@]

I

ARANLE Defining the Coeficient Matriz
A mat = zeros((2.xN + 1).*x(2.xQ + 1),(2.%M
H(2.%P + 1))
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1)

B mat = zeros((2.*N + 1) .*x(2.*%Q + 1) ,(2.xQ + 1)

x(2.%xQ + 1))

AKAAL Defining the Results Matricz

freq _norm_1 = zeros ((2.*N+1) .*x(2.xQ+1), (size(

kx_1,2)));

freq _norm_2 = zeros ((2.xN+1) .x(2.%xQ+1), (size(

ky_2,2)));

freq_norm_3 = zeros ((2.*%N+1) .*x(2.xQ+1), (size(

kx 3,2)));

A% Calculating the Eigenvalue and Cut-off

Frequency

AX%A% First Region GAMMA to X

counter = 1;




for kx 0 = kx_1
ky 0 = ky_1;

n_count = O0;
for n = -N:N
for q = -Q:Q
i = ((2.%N).* n_count) + (n + N + q + Q + 1);
m_count = 0;
for m = -M:M
for p = -P:P

j = ((2.%M).* m_count) + (m + M + p + P + 1);
A mat(i,j) = b_nmqp_TMz(n,m,p,q,a,b,eps_r);

if 1 == j

B mat(i,j) = (((2.*%pi.*n./a) + kx 0).72) +
(((2.xpi.*q./c) + ky_0).72);

end

end

m_count = m _count + 1;

end

end

n_count = n_count + 1;

end

C_mat = inv(A _mat) * B_mat;

eigen_value = sort((eig(C_mat)));

freq _norm_1(:,counter) = sqrt(eigen_value) ./
(2.%pi);

counter = counter+1;

end

AAX%%Y% Second Region X to M
counter = 1;

for ky_ 0 = ky_2

kx 0 = kx_2;

n_count = O0;

-N:N

-Q:Q

for n

for q
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i = ((2.%N).* n_count) + (n + N + g + Q + 1);

m_count = 0;
for m = -M:M
for p = -P:P

j = ((2.%M) .*x m_count) + (m + M + p + P + 1);
A mat (i, j)

b_nmgp_TMz(n,m,p,q,a,b,eps_r);

if 1 == j

B_mat(i,j) = (((2.%pi.*n./a) + kx_0).72) +
(((2.%xpi.*q./c) + ky_0).72);

end

end

m_count = m_count + 1;

end

end

n_count = n_count + 1;

end

C_mat = inv(A_mat) * B_mat;

eigen_value = sort((eig(C_mat)));

freq_norm_2(:,counter) = sqrt(eigen_value) ./
(2.*%pi);

counter = counter+1;

end

AX%4% Third Region M to GAMMA
counter = 1;

for kx 0 = kx_3

ky 0 = kx _O0;

n_count = O0;
for n = -N:N
for q = -Q:Q
i = ((2.%N).* n_count) + (n + N + q + Q + 1);
m_count = 0;
for m = -M:M
for p = -P:P

j = ((2.%M) .* m_count) + (m + M + p + P + 1);
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A mat(i,j) = b_nmqp_TMz(n,m,p,q,a,b,eps_r);

if i == j

B mat(i,j) = (((2.%pi.*n./a) + kx 0).72) +
(((2.%pi.*q./c) + ky_0).72);

end

end

m_count = m_count + 1;

end

end

n_count = n_count + 1;

end

C_mat = inv(A _mat) * B_mat;

eigen_value = sort((eig(C_mat)));

freq_norm_3(:,counter) = sqrt(eigen_value) ./
(2.%pi);

counter = counter+1;

end

4% Attaching the Data's together

freq_norm_total [freq_norm 1, freq_norm_2,
freq_norm_3];

ka_total = 0.01:0.01:((3.%pi)-0.01);

4% Plotting the Data

figure;

grid on

hold on

plot (ka_total ,real(freq_norm_total),'LineWidth'
,2)

xlabel ('\fontname{Times New Roman} \fontsize
{16} \bf k \times a')

ylabel ('\fontname{Times New Roman} \fontsize
{16} \bf Real Part of Normalized Frequency')

xlim([min(ka_total) max(ka_total)l])
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4% Plotting the Data

figure;

grid on

hold on

plot(ka_total ,imag(freq _norm_total),'LineWidth'
,2)

xlabel('\fontname{Times New Roman} \fontsize
{16} \bf k \times a')

ylabel ('\fontname{Times New Roman} \fontsize
{16} \bf Imaginary Part of Normalized
Frequency')

xlim([min(ka_total) max(ka_total)])

function [out_putt] = b_nmgqp_TMz (nn,mm,pp,qq,aa
,bb,eps_rr)

if (nn==mm) &&(pp==9qq)

out_putt = (eps_rr .* my_delta(nn-mm,qq-pp)) -
(Ceps_rr - 1) .x (pi .x (bb .7 2) ./ (aa .~
2)));

else

out_putt = (eps_rr .* my_delta(nn-mm,qq-pp)) -
(Ceps_rr - 1) .x (pi .*x (bb .~ 2) ./ (aa .~
2)) .*x (2 .*x besselj(l, sqrt(((2 .x pi .x (
nn - mm) .* bb ./ aa).”2) + ((2 .x pi .*x (qq
- pp) .*x bb ./ aa)."2)))) ./ sqrt(((2 .x pi
¥ (nn - mm) .*x bb ./ aa)."2) + ((2 .*x pi .x
(qq - pp) .* bb ./ aa)."2)));

end

end
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Figure B.1 Computed real part of the cut-off frequency for the initial propagating modes.
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Figure B.2 Computed imaginary part of the cut-off frequency for the initial propagating
modes.

Following the computation of cut-off frequencies for propagating modes, we employed the
subsequent code to derive the effective permittivity and dissipation factor for each mode.

The results are presented in Figs. B.3 and B.4.
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4% Defining wvariables

C_0 = 299792458;
eps_eff 1 = zeros ((2.*N+1) .*x(2.xQ+1), (size(
phi_x_1,2)));

A% Calculating Effective Permittivity

for i = 1:(2.%N+1) .*x(2.%xQ+1)

eps_eff 1(i,:) = (sqrt((phi _x_ 1 .7 2) + (
phi_ y_ 1 .7 2)) ./ (2 .* pi .* real(
freq _norm_1(i,:))))."2;

loss_eff_1(i,:) = (sqrt((phi_x 1 .7 2) + (
phi_y_1 .7 2)) ./ (2 .x pi .x imag(
freq _norm_1(i,:))))."2;

end

A% Plotting the Results

figure

grid on

hold on

xlabel ('\fontname{Times New Roman} \fontsize
{16} \bf Normalized Frequency')

ylabel ('\fontname{Times New Roman} \fontsize
{16} \bf Effective Permittivity')

x1im ([0 8001])

for i = 1:(2.%xN+1) .*x(2.*xQ+1)
plot(real(freq norm_1(i,:)),eps_eff 1(i,:),"
LineWidth',2)

end




W
figure
grid on
hold on

xlabel ('\fontname{Times New Roman} \fontsize

{16} \bf Normalized Frequency')

ylabel ('\fontname{Times New Roman} \fontsize

{16} \bf Effective Dissipation Factor')
x1lim ([0 800])

for 1 = 1:(2.%xN+1) .*x(2.%xQ+1)
plot(real(freq_norm_1(i,:)),loss_eff 1(i,
LineWidth',2)

end

),
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Figure B.3 Extracted effective permittivity of fundamental mode.
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Figure B.4 Extracted effective dissipation factor of fundamental mode.

Integrating MATLAB and MAPLE Software for Enhanced Solutions in Modified
Modal Analysis

In this section, we offer comprehensive guidance on employing MATLAB and MAPLE soft-
ware for implementing modified modal analysis and extracting the propagation constant

along the guiding channel. To achieve this, follow the procedure outlined below:

1. The following code is employed to import the extracted effective permittivity and effective

loss into MAPLE software and compute the £y values.

c_0:= 299792458 :
€ 0:=8.8542e—12:

erf):=1:
n_0:=376.7303 :
uo0:=4mnle—7:
erm:==22:

u_rm = 1.000000065 :

o_m = 35600000 :

& rl := Matlab|getvar|(“eps_loss_alumina”):
& r2 := Matlab|getvar|("eps_loss_eff"):

d = 300e—6:

f= Vector(200) :

k_0 := Vector(200) :

n_m := Vector(200) :

k_y_sol 1 := Matrix(7, 200, fill=1¢€9) :

k_y sol_2 := Matrix(13, 200, fill=1e9) :
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for jj from 1 by 1 to 200 do:
SUil =Jj-1e9:
o= 2-mf[jj]:
LAV

k 0[jj]=2m 20"

o Iou 0-urm
nmLy] /O'_m-f-l-m-e_o-e_rm '

func_1:= (e rl-n 0+ ¢ r0-c rl-n_m[jj]) -k y 1-cos(k y I-d) + (e rI’-n_0-n_m[jj] — & r0-k y I*)-sin(k y _I-d):
k_y sol temp 1 := solve(func_ 1=0,k y 1):
for ii from 1 by 1 to nops([k_y_sol_temp_1]) do:
k_y_sol_I1[ii, jj] :== k_y_sol_temp_I[ii] :

end do:

func_2 = (er2:n_0+ & r0-&_r2-n_m[jj]) -k_y_2-cos(k_y_2-d) + (£_r22-n_0'n_m[jj] — & r0-k y 2*)-sin(k_y_2-d):
k_y_sol _temp 2 := solve(func_ 2=0,k y 2):

for iii from 1 by 1 to nops([k_y_sol_temp_2]) do:

end do:
end do:

k y sol 1
2085.659625 + 0.038278504241  2085.675480 + 0.054133389981  2085.687647 + 0.066299037331  2085.697904
—2085.659625 — 0.038278504241 —2085.675480 — 0.054133389981 —2085.687647 — 0.066299037331 —2085.697904
10928.72903 + 0.01233841811 1 10928.73414 + 0.01744914252 1 10928.73807 + 0.02137073302 1 10928.74137
—10928.72903 — 0.012338418111 —10928.73414 — 0.017449142521 —10928.73807 — 0.021370733021 —10928.74137
—62911.68325 — 0.002229008821 1 —62911.68417 — 0.0031522944091 —62911.68488 — 0.0038607563151 —62911.68548
62911.68325 + 0.002229008821 1  62911.68417 + 0.0031522944091  62911.68488 + 0.0038607563151  62911.68548 -
0. 0. 0.

k y sol 2
—3179.719105 — 0.087888432291 —3179.755511 — 0.12429048181 —3179.783447 — 0.15222175141 —3179.806998
3179.719105 + 0.087888432291  3179.755511 + 0.1242904818 1  3179.783447 + 0.15222175141  3179.806998 +
0. 0. 0. —31881.62207 -
11692.44487 + 0.032616863331  11692.45838 + 0.046127111901  11692.46875 + 0.056493851021  31881.62207 +
—11692.44487 — 0.032616863331 —11692.45838 — 0.046127111901 —11692.46875 — 0.05649385102 1
21625.34299 + 0.018741795501  21625.35075 + 0.026504882851  21625.35671 + 0.032461701891  21625.36173 +
—21625.34299 — 0.018741795501 —21625.35075 — 0.026504882851 —21625.35671 — 0.032461701891 —21625.36173 -
—63068.40511 — 0.006598546980 1 —63068.40785 — 0.0093317538111 —63068.40994 — 0.011429016841 11692.47749 +
63068.40511 + 0.0065985469801  63068.40785 + 0.0093317538111  63068.40994 + 0.011429016841 —11692.47749 -
1.x 10° 1.x 10° 1.x 10° 1.5

with(Matlab) :
setvar("ky_1_maple", k_y sol 1)
setvar("ky_2_maple", k_y sol _2)
setvar("eps_r1", & _rl)
setvar("eps_12", & r2)

setvar("k 0", k_0)

setvar("f", f)
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2. The following code is used to import the calculated &y values into MATLAB software for

post-processing the data and computing the effective permittivity of each substrate section.

clear;

clc;

4% loadong file from maple and sorting to find
the first modes

load ("ky_maple.mat");

ky_1 sorted = sort(ky_1_maple);

ky_2 sorted = sort(ky_2 maple);

/s removing the negative Troots

ky_1 final = [ky_1_sorted(3,:); ky_1_sorted
(6,:); ky_1_sorted(7,:)1];

ky_2_final = [ky_2_sorted(3,:); ky_2_sorted
(56,:); ky_2_sorted(7,:)1];

A% Calculating the effecctive permittivity

eps_eff 1 = zeros(size(ky_1_final,1),size(
ky 1 _final,2));

eps_eff_1(1,:) eps_rl - ((ky_1_ final(1l,:) .~
2) ./ (k_ 0(1,:) .7 2));

eps_eff_1(2,:) eps_rl - ((ky_1 final(2,:) .~
2) ./ (k_0(1,:) .7 2));

eps_eff 1(3,:) eps_rl - ((ky_1_final(3,:) .~
2) ./ (k. 0(1,:) .~ 2));

eps_eff 2 = zeros(size(ky_2_final,1),size(
ky 2 final,2));

eps_eff 2(1,:) = eps_r2 - ((ky_2 final(1l,:) .~
2) ./ (k_0(1,:) .7 2));
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eps_eff _2(2,:) eps_r2 - ((ky_2_ final(2,:)
2) ./ (k. 0(1,:) .~ 2));

eps_eff _2(3,:) eps_r2 - ((ky_2 final(3,:)
2) ./ (k_0C1,:) .7 2));

A% saving the data to use in maple
save('C:\Program Files\MATLAB\R2022a\bin\win64\

eps_eff .mat');

3. The following code is employed to import the calculated effective permittivity into MAPLE

software and determine the k2 values.

€ eff 1 := Matlab| getvar]("eps_eff 1") :
€ eff 2 .= Matlab| getvar]("eps_eff 2") :
k_0 :== Matlab| getvar]("k_0") :

w_c = 400e—6:

k x sol 1 := Matrix(9, 200, fill=1e9) :
k_x _sol 2 := Matrix(9, 200, fill=1e9) :
k_x_sol 3 := Matrix(9, 200, fill=1e9) :

for jj from 1 by 1 to 200 do:
func 1:=2- (e eff 2[1,ji] — e eff 1[1,ji]) -k O[jj]* —k x I* -k x I-cos(k x I-w c)
+ ((e_eff 2[1, i1 — e eff 1[1,jj]) k_O[jj 1> — 2+ (k_x_1*)) -sin(k_x_I-w_c) :
k x sol 1 temp = solve( func 1=0,k x 1) :
for ii from 1 by 1 to nops([k_x_sol I temp]) do:
k_x_sol 1[ii, jj] == k_x_sol_1_templ[ii]:
end do:
func 2 = 2-/ (e eff 2[2,ji] — € eff 1[2,ji]) -k O[jj]* —k x 2* -k x 2-cos(k x 2-w_c)
+ ((e_eff 2[2, i1 — e eff 1[2,jj]) k_0[jj1* — 2+ (k_x_2*)) -sin(k_x 2-w_c) :
k_x _sol 2 temp = solve( func_ 2=0,k x 2):
for ii from 1 by 1 to nops([k_x_sol 2_temp]) do:
k_x_sol 2[ii, jj] == k_x_sol_2_templii] :
end do:
func 3 = 2-\/ (e eff 2[3,ji] — € eff 1[3,j]) -k_0[jj]2 - k_)c_32 k_x_3-cos(k_x_3-w_c)
+ ((e_eff 2[3, i1 — e eff 1[3,)j]) *_0[jj1* — 2+ (k_x_3*)) -sin(k_x 3-w_c) :
k x _sol 3 temp = solve( func 3=0,k x 3):
for ii from 1 by 1 to nops([k_x_sol_3_temp]) do:
k_x_sol 3[ii, jj] == k_x_sol 3 templ[ii] :
end do:
end do:
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k x sol 1
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
1.x10° 1.x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° ...
1.x10° 1.x10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° ...
1.x10° 1.x 10° 1. x 10° 1.x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° ... )
1.x10° 1.x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° ...
1.x10° 1.x10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° ...
1.x10° 1.x10° 1.x10° 1. x 10° 1.x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° ...
| 1.x10° 1.x10° 1. x 10” 1. x 10° 1. x 10’ 1. x 10° 1. x 10° 1. x 10’ 1. x 10° 1. x 10° ...
9 x 200 Matrix
k x_sol 2
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
1.x10° 1.x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° ...
1.x10° 1.x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° ...
1.x10° 1.x10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° ... @
1.x10° 1.x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° ...
1.x10° 1.x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° ...
1.x10° 1.x10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10° ...
| 1.x10° 1.x10° 1.x 10° 1. x 10” 1. x 10° 1. x 10° 1. x 10° 1. x 10° 1. x 10 1. x 10° ...
9 x 200 Matrix
k x_sol 3
[ 0. 0. 0.

—7239.714123 + 0.00004320279318 I —7239.714954 + 0.00006109769006 I —7239.716354 + 0.00007482
7239.714123 — 0.00004320279318 1 ~ 7239.714954 — 0.00006109769006 1 ~ 7239.716354 — 0.000074828
—14470.66845 + 0.000088231235551 —14470.67015 + 0.00012477721901 —14470.67301 + 0.0001528:
14470.66845 — 0.00008823123555 1 14470.67015 — 0.0001247772190 1 14470.67301 — 0.00015281¢

0. 0. 0.
1. x 10° 1. x 10° 1. x 10°
1. x 10° 1. x 10° 1. x 10°
1. x 10° 1. x 10° 1. x 10°

with(Matlab) :

setvar("kx_mode_ 1",k x sol 1)
setvar("kx_mode 2", k_x_sol 2)
setvar("kx_mode_3", k_x_sol_3)
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4. The following code is used to import the calculated k£ z values into MATLAB soft-

ware, conduct post-processing on the data, and compute the propagation constants for each

propagating modes.

A% loadong file from maple and sorting to find
the first modes

load ("kx_maple.mat") ;

kx_mode_pl_sorted
kx_mode_p2_sorted
kx _mode_p3_sorted

sort (kx_mode_1);
sort (kx_mode 2);
sort (kx_mode_3);

/i removing the negative roots

kx _mode_pl_final = [kx_mode_pl_sorted(1,:);
kx _mode_pl_sorted(3,:);
(6,:)1;

kx _mode_p2 final = [kx_mode_p2_sorted(1l,:);
kx _mode_p2_sorted(3,:);
(5,:)1;

kx mode_p3_final = [kx_mode_p3_sorted(1l,:);
kx _mode_p3_sorted(3,:);
(56,:)1;

kx_mode_pl_sorted

kx_mode_p2_sorted

kx_mode_p3_sorted

/4 removing the added data for correct sorting

for i = 1:3

for j = 1:200

if kx_mode_pl_final(i,j) == 1e9
kx _mode_pl_final(i,j) = 0 ;

end

if kx_mode_p2_ final(i,j) == 1le9
kx_mode_p2_final(i,j) = 0 ;

end

if kx _mode_p3_final(i,j) == 1le9

kx _mode_p3_final(i,j) = 0 ;
end

end
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end

A% Calculating Kz

kz 11 = sqrt((eps_eff 2(1,:).*x(k_0.72)) - (
kx _mode_pl_final(l,:).72));

beta 11 = real(kz 11);

beta_11 n = beta_11 ./ k_O;

alpha 11 = imag(kz_11);

alpha_11_dB = 10*loglO(alpha_11);

kz 21 = sqrt((eps_eff 2(2,:) .*x(k_0.72)) - (
kx_mode_pl_final(l,:).72));

beta 21 = real(kz 21);

beta_21 n = beta_21 ./ k_0;

alpha_21 = imag(kz_21);

alpha_21_dB = 10*logl0(alpha_21);
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APPENDIX C

Extracting the Effective Properties of Periodic Perforated Lossy Dielectric Sub-
strate Using Ansys HFSS and CST Suite Studio Software

In this section, we present a detailed procedure for extracting the effective permittivity and

effective loss of a lossy dielectric substrate with periodic perforations.

Ansys HFSS Simulation

Extracting the effective permittivity and effective loss of periodic perforations in a lossy

dielectric substrate can be accomplished by following the procedure outlined below:

1. To begin, as shown in Fig. C.1, we initially draw a rectangular unit-cell made of Alumina
substrate, which has relative permittivity equal to ¢ = 9.4 and loss tangent of tand =
6 x 1073. The perforations have periodicity equal to a = ¢ = 290 wm and dimensions of
b=d =200 pm.

[ Ansys Electronics Desktop 2022 R1 - p290_r100.fine - HFSSDesign1 - 3D Modeler - [p290_r100,fine - HFSSDesign1 - Modeler]

- 8 x
W7 File Edit View Project Draw Modeler HFSS Tools Window Help -8 x
LCt Yundo | select Vertex - % [ 4> pan @, Fit A B0 £ B@|\ O|® | BMoe |fgAongline | D Unite [ Spiit @ Finet 3 surface ~ | &+ i@ Measure - 3 Grid M@ Model

= GacCopy (4Redo | @ Selectbyame | % % irotste - | Qritseiected § @ O [ @ A | U L | = | fFrotate | {7 around axs | [O subtract [@ imprint | @) | @ chonter | >sneet~ | L | [EmRued | x| gy vacum
Save Zoom - .
[ Paste > Delete ® - @ orient ~ @eRn| O S & | gl Miror | i Thru Mirror | [ Intersect = N Edge~ | %~ units 3D B A Material
Desktop. View Draw Model Simulation Results Automation Ansys Minerva oNn
Project Manager 2 x f54p Model A
p290_r100_fine* &7 Solids y4 nsys

149 alumina S6pct
& Substrate
4 vacuum
3 Sheets
1. Coordinate Systems
4 Planes
D Lists

PPy

0 015 0.3 (mm)

(5 S O esages |~ Shon P

Figure C.1 Proposed unit-cell design in HFSS software.
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2. As depicted in Fig. C.2, we opted for periodic boundary conditions along the y—direction.

The phase difference between the specified boundaries is set as a variable and denoted as

ler HESS Tooks Windew Help

Fas
¥

03 mm)

) Shom Obesssges |~ Show Pogss

Secondary X

General Data  Phase Delay | Defauits |

n Angles To Calculate Phase Delay

€ Use

r ndles
phi o deg
Theta: [0 deg

(&pplies to the whole model - in the global coordinate system)

& Input Phase Delay

Phase Delay: [phi_y >

(Applies to this boundary only)

Use Defaults

co

Figure C.2 Defining periodic boundary condition along y—direction.

3. As depicted in Fig. C.3, we opted for periodic boundary conditions along the x—direction.

The phase difference between the specified boundaries is set as a variable and denoted as

A
¥

03 mm)

Secondary X
General Data  Phase Delay | Defauits |

-

gles To Caleulate Phase Delay

b

Input Phase Delay

Phase Delay: [phi_x 5

(Applies to this boundary only)

Use Defaults

[ok | cance |

Figure C.3 Defining periodic boundary condition along x—direction.

4. As depicted in Fig. C.4, we opted for periodic boundary conditions along the z—direction.

The phase difference between the specified boundaries is set as a variable and denoted as 0.
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Secondary X
General Data  Phase Delay | Defauits |

(¢] Ar Calculate Phase Delay

(Applies to the whole model - in the global coordinate system)

@ Input Phase Delay

Phase Delay: [0 deg ¥

(Applies to this boundary only)

Use Defaults

Cancel

Figure C.4 Defining periodic boundary condition along z—direction.

5. As illustrated in Fig. C.5, we configured the Figenmode solver to extract 9 modes.

Subsequently, we employed the Sweep Analysis to sweep phi_x from 0 to 7.

Eigen Solution Setup X

General | Options | Advanced | Defauts | Expression Cache |

Setup Name: [Setup1
¥ Enabled
Minimum Frequency: 01 GH:
Number of Modes: g
Adaptive Solutions
Maimum Number of Passes: 5
Maximum Deta Frequency Per Pass:  [10 %

I~ Converge on Real Frequency Only

Use Defautts

HPC and Analysis Options...

Setup Sweep Analysis

Sweep Defintions | Table | General | Calcuiations | Options |

Sync # [ Variable |

Desaription ] Add... |

phi_x Linear Step from Odeg to 180deg, step=1deg
phiy  Single Value at Odeg

Sync UnSync

Operation

Description

Edt Variables ' | HPC and Analysis Options...

cos

Figure C.5 Defining the Figenmode solver and parameters sweep.

6. Following the completion of the simulation, as depicted in Fig. C.6, we formulated

the following expressions to extract values for effective permittivity and effective dissipation

factor.

eps_eff_x = ((phi_x*c0)/(2*pi*a*re(Mode(1)))) "2
loss_eff_x = eps_eff_x*im(Mode(1))/re(Mode(1))
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ort: p2
| Context Trace I Famiid [ Output Variables X
Solution: |Setup1 : LastAdaptive <
Primary Sweeg —Output Variables [
|~ validate output variables for selected context
X: v D¢ g
A Name Expression I ~
Y: re(vq | | ' |eps eff x ((ohi_x * c0)/(2"pi*p*re(Mode(1)))) 2 ’;;"?;m
[ [eps efix2 (@hi_x ™ )2 Prpre(Moce @)~
Category: | > |eps_eff x3 ((ohi_x * c0)/(2*pi*p*re(Mode(3)))) 2 R
Variables ! Iester OO D) TR Mode () a2 Y <none>
Output Varial ang_deg
- Nome? I | Add I Ipdate Delete | ang_deg_val
Egeﬂ Q ang_rad
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Expression C; cang_deg
Expression Ct cang_deg_val
Solution Con cang_rad
dB 10normalize
i~ Context Quantities dB20normalize
dB
Reprt <] | | categor:  [Bgentiodes o
ype‘. Quantity: dBu
Solution: ISelupl : LastAdaptive ] im
mag
Mode(2) normalize
Mode(3) [EE—
Mode(4)
Mode(5)
Mode(6)
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Insert Into Expression |
Update Report Function
( [V Realtme Lpdaie ¥ abs ] _ tsertinto Expression_| ‘ Import Export pone |
Output Variables... | Options... | New Report [ Apply Trace || Add Trace | Close

Figure C.6 Defining the formulation for effective permittivity and effective dissipation factor.

7. Subsequently, as depicted in Figs. C.7 and C.8, we generated plots for the variables

eps_eff _x and loss_eff x as defined.

Output Variables Plot 1

HFSSDesigni  Ansys

800

775

750

725

eps_eff_x

7.00

675

650

Curve Info

—— eps_eftx
Setup1 : Lastadapive|

625 ——
0.00E+00

T
2.00E+10

—T— T
4.00E+10 6.00E+10

T
1.00E+11
re(Mode(1))

T T —T—
8.00E+10 120E+11 140E+11

T
160E+11

— T
180E+11 2.00E+11

Figure C.7 Extracted effective permittivity of the fundamental mode.
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0.0046

0.0044

Curvelnfo

00036 — loss_efix
Setup - LastAdaptive

0.0034 T T T T T T T T T
0.00E+00 2.00E+10 4.00E+10 6.00E+10 8.00E+10 1.00E+11 120E+11 140E+11 160E+11 1.80E+11 2.00E+11

re(Mode(1))

Figure C.8 Extracted effective dissipation factor of the fundamental mode.
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Extracting the effective permittivity and effective loss of periodic perforations in a lossy

dielectric substrate can be achieved by following the procedure outlined below:

1. To begin, as shown in Fig. C.9, we selected the following templates.

MICROWAVES & RF/OPTICAL — Periodic Structures — FSS, Metamaterial - Unit-Cell

— Dispersion Diagram

CST Studio Suite

Create Project Template

Bl csTsudoseite

Choose an application area and then select one of the workflows:

EMc/EMI

ST StudioSute

Cancel

Create Project Template

Choose an application area and then select one of the workflows:

Micg,
O,
A,
Q3

L2

Antennas

‘ h Circuit & Components

{ ’} Radar Cross Section

EMc/Em!

Next >

{ Biomedical, Exposure, SAR

{- IV optical Applications

D R

Cancel

)
)
)
)
J

Create Project Template

B csTstudio Sute

MW & RF & OPTICAL | Periodic Structures

Please select a workflow:

FSS, Metamaterial — Unit {FSS - Full Structure l
Cell

Metamaterial - Full
Structure

< Back

Cancel

Create Project Template
MW & RF & OPTICAL | Periodic Structures | FSS, Metamaterial - Unit Cell

Please select a workflow:

Dispersion Diagram Phase Reflection
Diagram

< Back

Cancel

Figure C.9 CST Suite Studio template configuration
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2. As illustrated in Fig. C.10, we selected the Figenmode Solver.

CST Studio Suite <

Create Project Template

MW & RF & OPTICAL | Periodic Structures | FSS, Metamaterial — Unit Cell | Dispersion Diagram | Solvers | Units | Summary

The recommended solvers for the selected workflow are:

E° Eigenmode

< Back m Cancel

Figure C.10 Figenmode Solver selection.

3. We created a rectangular unit-cell composed of Alumina substrate with a relative per-
mittivity of & = 9.4 and loss tangent of tand = 6 x 1073. The perforations have periodicity
equal to a = ¢ = 290 pm and dimensions of b = d = 200 um. Then, as depicted in Fig.
C.11, we implemented periodic boundary conditions in all directions. The phase difference
between the defined boundaries is set as variables, denoted as phaseX, phaseY, and 0 along

x—, y—, and z— direction, respectively.
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Figure C.11 Configuration of periodic boundary conditions.

4. As illustrated in Fig. C.12, we configured the Figenmode solver to extract 9 modes.

Subsequently, we utilized the Sweep Analysis to sweep the PathPara from 0.001 to 1.1.

Eigenmode Solver Parameters X
Solver settings Start
Mesh type: | Tetrahedral v [ Close ‘ Parameter Sweep
Method: Defauit 9 Apply Simulation type: |Eigenmode Solver v check |
- Start
S Ch— S e S —— <] |
Choose number of modes i PathPara = 0.1, ) Close ]
automatically (0.1 ... 300 GHz) Par. Sweep... ‘ e PathPara ‘
Import...
Oremmimeia e [ 7] [t
Acceleration Result Template...
[Jstore all result data in cache From: 0.001 l Help
Spedials... l Options... ]
5 To: 11 R
Q-factor calculation Smpify Model. Acceleration... |
[JConsider ports Define using: | Numberiof samples - View Logfile...
. 3]
[ Consider material losses in post-processing only Hep Samples 50 = Help ‘
Adaptive mesh refinement
1 N . | |NewPar... || Edit.. Delete
Refine tetrahedral mesh Properties... ‘ S &t ‘ ‘
Sensitivity analysis
[Juse sensitivity analysis Properties...

Figure C.12 Configuring the Figenmode solver and parameter sweeps..

5. Following the completion of the simulation, as depicted in Figs.

C.13 and C.14, we

exported the values for the dispersion diagram and the Q-factor of each propagating mode.
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Figure C.14 Extracted Q-factor of the fundamental mode using the CST Suite Studio.

6. We imported the data into MATLAB software and applied the following formulation to

calculate the effective permittivity. The extracted effective permittivity is depicted in Fig.

C.15.

delta_x_1 = mode_1(:,1);
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f_real_1 = mode_1(:,2);
eps_eff_1 = ((delta_x_1*c0)/(2*pi*a*f_real_1))"2;
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Figure C.15 Extracted effective permittivity of the fundamental mode.

7. We employed the following formulation to calculate the effective dissipation factor. The

extracted effective dissipation factor is illustrated in Fig. C.16.
Q_Factor_1 = Q_1(:,2);
loss_eff_1 = eps_eff_1 * (1/2*Q_Factor_1);

3
42210

41 b

Effective Dissipation Factor

36 ]

35 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200

Frequency [GHz]

Figure C.16 Extracted effective dissipation factor of the fundamental mode.
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APPENDIX D

Measurement and Fabrication Challenges

In this section, we examine several challenges encountered during the fabrication and mea-

surement processes, elucidating the strategies employed to overcome these obstacles.

One of the most crucial challenges we encountered revolved around the selection of an ap-
propriate substrate material for developing the SIIG waveguide. As previously mentioned,
the WR-5.1 and WR-3.5 frequency bands exhibit significant dielectric losses. Consequently,
a substrate with high permittivity and low dielectric losses is essential. Our initial attempt
involved using a Silicon substrate, known for its lower dielectric loss compared to alumina.
However, due to limitations with our laser-cut machine, we explored an alternative approach
using Deep Reactive-Ion Etching (DRIE) to introduce perforations into the substrate. While
this DRIE process proved effective, it did require more time and incurred higher costs than

the laser-cutting method.

The designed SIIG structure incorporates extremely narrow tapers and guiding channels,
rendering the structure inherently fragile. During the DRIE etching process, high gas pressure
is applied to the Silicon wafer for cooling, posing a risk of breaking the SIIG structure. To
address this challenge, we introduced an additional layer of wafer beneath the main wafer
to enhance structural stability and prevent waveguide breakage. This modification proved
effective; however, a new issue arose during high-temperature operation. The two wafers,
subjected to elevated temperatures, inadvertently welded together. Subsequent attempts to
separate these wafers resulted in the fracture of the entire fabricated SIIG, as illustrated in
Fig. D.1.

In response to the challenges encountered, we opted to switch to the laser-cutting mechanism
as an alternative to DRIE etching. The material available at the Poly-grames Research Center
that met our criteria for high permittivity and sufficient firmness for laser-cutting was the
alumina substrate. Despite its higher dielectric losses compared to the Silicon wafer, alumina
was chosen due to the limited material options. Unfortunately, we faced further constraints
as only two thickness options were available, specifically 254 pm and 127 um. This restricted
range of thicknesses added complexity to the design process, limiting the achievable results,

given the significant impact of substrate thickness on the performance of the SIIG structure.

Another significant challenge we faced was the necessity of maintaining a 25.4 um wall

distance between adjacent perforations. This constraint was dictated by the available laser-
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Figure D.1 Difficulty encountered in fabricating SIIG waveguides on a Silicon wafer.

cutting machine, its operating power, and the characteristics of the laser beam. To ensure
the structural integrity and mechanical stability of the SIIG, a minimum distance of 25.4 um
between adjacent perforations was crucial. It’s important to note that larger perforations
would result in more substantial substrate removal, leading to a lower effective permittivity
in the perforated region. This, in turn, would enhance the contrast between the permittivity
of the guiding channel, offering improved performance for the SIIG structure. However, this
imposed limitation inherently restricted the achievable permittivity contrast, consequently

placing constraints on the overall performance potential of the designed SIIG structure.

Another challenge we encountered pertained to the ground plane. Our research indicated
that a ground plane with higher conductivity could minimize conductor losses in the overall
structure, leading to improved performance for the designed SIIG structure. However, due to
material constraints at the Poly-Grames Research Center, we were limited to using aluminum,

which inherently has higher conductor losses compared to gold and silver materials.

Furthermore, achieving optimal performance required the alumina substrate to be precisely
positioned atop a metallic ground plane. Unfortunately, the CNC machine used for fabri-
cating the feeding platform and ground plane couldn’t provide a perfectly flat surface. To
address this, we took the additional step of sanding the aluminum ground plane to ensure
a smooth, flat surface. Subsequently, as shown in Fig. , we introduced two screws to exert
pressure on the alumina substrate, eliminating any potential air gap between the substrate

and ground plane and enhancing the overall performance of the SIIG structure.
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Figure D.2 The fabricated SIIG structure fed by rectangular waveguide.
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APPENDIX E

Published and Submitted Articles

The Ph.D. thesis under consideration comprises the following resulting articles:

Peer-Reviewed Journals:

o Article 1: M. Moradi, M. S. Sharawi, and K. Wu, "Analytical Model of Guided
Waves in Periodically Perforated Dielectric Structures and Its Applications to Terahertz
Substrate-Integrated Image Guides (SIIG)," IEEE Transactions on Microwave Theory
and Techniques, vol. 71, no. 10, pp. 4236-4246, 2023. (Published)

o Article 2: M. Moradi, M. S. Sharawi, and K. Wu, "Exploring Low-Loss Wideband
Substrate-Integrated Image Guides (SIIG) for Terahertz Applications," IEEE Transac-
tions on Terahertz Science and Technology, 2023. (Accepted)

o Article 3: M. Moradi, M. S. Sharawi, and K. Wu, "Substrate-Integrated Hybrid
Dielectric-Metallic Image Guide (STHDMIG) Architecture and Its Applications in De-

veloping sub-THz/THz Power Divider," IEEE Transactions on Microwave Theory and
Techniques, 2023. (Submitted)
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