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Abstract

Transverse Slot Antenna with a Stepped Groove Gap Waveguide Feeding Network
Amirmohammad Chitsaz
Concordia University

This thesis investigates the performance enhancement of transverse slot antennas using Groove
Gap Waveguide technology. It focuses on improving bandwidth, gain, and radiation characteristics
for modern wireless communication systems, particularly in the sub-6 GHz and millimeter-wave
bands for 5G and beyond. The study begins with a comprehensive review of GGW technology,
Electromagnetic Band Gap structures, and slotted antenna designs, highlighting their significance
in overcoming challenges such as high path loss, limited penetration, and narrow bandwidth in

high-frequency applications.

A simple single GGW slotted antenna is designed and analyzed, operating in the 3.1-4.6 GHz
range with an impedance bandwidth of 38%, achieving a highest gain of 7 dBi. To enhance
performance, rectangular corrugations are incorporated into the top layer, extending the matching
impedance bandwidth to 54% and a highest gain of 10.3 dBi is achieved by introducing a step
under the slot at the GGW-to-slot transition, resulting in a remarkable 77% impedance bandwidth
while maintaining a gain of 10.3 dBi. The measurement results closely align with simulations,
demonstrating a 73% matching impedance bandwidth. The scalability of the stepped design is also
explored, showing that the 77% impedance bandwidth is preserved when scaled to center

frequencies of 30 GHz and 60 GHz, making it highly suitable for mm-wave applications.

Simulations using CST Studio and HFSS validate the designs, with detailed analyses of S, gain,
radiation patterns, and E-field distributions. The results underscore the effectiveness of GGW
technology, EBG structures, corrugations, and steps in addressing the limitations of traditional
slotted antennas, offering a robust solution for wideband, high-gain antennas in next-generation
wireless networks. This research contributes to advancing antenna design for 5G, radar, and
satellite communications, providing a foundation for future developments in scalable, high-

frequency antenna systems.
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Chapter I:

Introduction

1.1. Sub-6GHz band and Applications

Sub-6GHz bands and millimeter-wave (MMW) are essential in advancing wireless communication
technologies, especially in 5G and beyond. The mm-wave band, typically operating at frequencies
above 24 GHz, offers a significant bandwidth, which is crucial for supporting the high data rates
and large-scale connectivity required by modern applications. However, mm-wave signals
encounter major challenges, such as high path loss and limited penetration abilities, requiring
advanced methods like beamforming and the deployment of dense small cell networks to ensure

sufficient coverage and performance [1], [2], [3].

Conversely, the sub-6GHz band, which includes frequencies below 6 GHz, is characterized by
better propagation characteristics, including lower path loss and better penetration through
obstacles. This makes it ideal for providing reliable coverage over larger areas and supporting

mobility.

The coexistence and integration of sub-6GHz and mm-wave bands are essential for achieving the
desired balance between coverage and capacity in next-generation networks. Techniques such as
hybrid beamforming leverage the spatial similarities between these bands to enhance system

performance and reduce overhead costs [2], [4], [5].

The integration of these bands is crucial for enhancing the performance of 5G networks and paving
the way for future 6G networks. This integration allows for the development of compact, dual-
function antennas and advanced network architectures that can dynamically allocate resources
based on user demand and network conditions [3], [6], [7]. As the demand for higher data rates

and more reliable connections continues to grow, the strategic use of both mm-wave and sub-6GHz



bands will be instrumental in meeting these challenges and driving the evolution of wireless

communication technologies.

This thesis focuses on developing transverse slot antennas using Groove Gap Waveguide (GGW)
technology, primarily for use in advanced wireless communication systems. These antennas are
designed to operate in the sub-6 GHz and MMW frequency bands, addressing essential needs in

5G networks, radar systems, and satellite communications. The designs aim to improve bandwidth,
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Figure 1.1. The heterogeneous mm-Wave and sub-6GHz network [2]

increase gain, and optimize radiation patterns, making them suitable for high-data-rate
applications, dense urban network deployments, and scalable MMW systems vital for future-proof
communication infrastructure. Furthermore, the technology has potential for integration into
automotive radar for autonomous vehicles, aerospace navigation systems, and emerging Internet
of Things (IoT) platforms, where compact, high-performance antennas are becoming increasingly

important.

1.2. Motivations and Problem Statement

The rapid advancement of wireless communication technologies, particularly the deployment of
5G networks, necessitates the development of antennas with enhanced performance
characteristics, such as increased bandwidth, higher gain, and improved radiation efficiency. The
sub-6 GHz frequency band is exciting due to its favorable propagation characteristics and
widespread use in mobile communications. However, achieving optimal performance in this band

presents several challenges, including managing sidelobe levels, minimizing grating lobes, and

2



enhancing bandwidth and gain. These challenges are compounded by issues related to scalability,
cost-effectiveness, and precise control over electromagnetic field distributions, which are critical

for modern systems such as 5G networks, satellite communications, and radar.

Recent studies have demonstrated the potential of GGW technology in addressing these
challenges. For instance, using corrugations in GGW has effectively reduced sidelobes and
enhanced radiation efficiency by suppressing grating lobes, as evidenced by the development of
compact slot array antennas with improved gain and sidelobe levels [8]. Additionally, GGW
technology has been successfully applied in multibeam antennas to achieve high gain and radiation

efficiency, further underscoring its suitability for advanced antenna designs [9].

Moreover, the integration of innovative feeding networks, such as those based on ridge gap
waveguides, has been shown to enhance bandwidth and gain significantly in various antenna
configurations. These networks provide low-loss pathways and enable efficient power distribution,

critical for achieving the desired performance enhancements in slotted antennas [10], [11].

In this context, the proposed thesis explores groove gap waveguide feeding networks in
conjunction with corrugations to enhance the performance of linear polarized sub-6 GHz slotted
antennas. By leveraging the unique properties of GGW technology, the research seeks to address
the existing limitations in antenna design and contribute to developing high-performance antennas

for next-generation wireless communication systems.

Moreover, integrating innovative features like corrugations and stepped structures into antenna
designs, while promising, introduces complexities in fabrication and performance consistency.
Current designs often suffer from suboptimal sidelobe levels, reduced directivity, and sensitivity
to manufacturing tolerances, which can degrade overall system reliability. This gap in achieving a
balance between theoretical performance and practical implementation underscores the need for a
systematic approach to designing and validating GGW slotted antennas with enhanced

characteristics to meet the evolving requirements of next-generation wireless technologies.

1.3. Objectives
The primary aim of this thesis is to design, build, and assess simple, corrugated, and stepped GGW
slotted antennas to improve bandwidth and radiation qualities. This involves developing

innovative antenna structures that can effectively operate within the 3—8 GHz range, addressing



the limitations of traditional designs by adding novel features like corrugations and stepped
configurations to boost performance. A key focus is to validate the simulated performance of these
antennas through thorough experimental measurements, ensuring that the theoretical
improvements are practical. This includes examining their reflection coefficients and radiation
patterns to confirm enhanced performance metrics, while also noting any discrepancies that might
occur due to manufacturing tolerances or environmental factors, providing a comprehensive
evaluation of their real-world potential. Additionally, the study aims to assess the suitability of
these antennas for actual deployment in advanced communication systems such as 5G and radar,
offering insights into their manufacturability and scalability for future uses. This involves
exploring the feasibility of mass production methods, analyzing cost-effectiveness, and
considering their adaptability to higher frequency bands, such as MMW ranges, to meet emerging
technological demands in telecommunications. Furthermore, the research intends to contribute to
the wider field of antenna engineering by establishing a solid framework for designing and testing
GGW-based antennas. This includes documenting the challenges faced during design and
fabrication, proposing solutions to overcome these hurdles, and laying the groundwork for future
versions that might incorporate advanced materials or hybrid designs to optimize performance

further.

1.4. Methodology

The research methodology outlines a systematic approach to designing, simulating, fabricating,
and experimentally validating the proposed GGW slotted antenna structures. This process
integrates computational tools, precision manufacturing, and rigorous testing to achieve a robust

antenna design.

Simulation

The design process begins with the development of an Electromagnetic Bandgap (EBG) cell,
leveraging insights from previous works and their semi-analytical expressions. This initial EBG
cell is optimized using CST Studio's Eigen mode solver, configured with a periodic or unit cell
boundary box within the Brillouin Zone. This setup enables the determination of a suitable
electromagnetic field configuration that confines waves within the desired frequency band,

ensuring effective bandgap properties.



Next, the GGW is designed to feed the slot antenna, utilizing the optimized EBG cells as its
foundation. This step employs CST's frequency solver with an open and Perfect Electric Conductor
(PEC) boundary box to accurately model the waveguide's electromagnetic behaviour and its
interaction with the slot. Following this, the slot antenna is independently studied and simulated

in an open-space environment to evaluate its radiation characteristics and performance.

To enhance the reliability of the simulation results, the entire antenna structure—comprising the
EBG cells, GGW, and slot—is verified using HFSS, a second computational tool. This cross-
verification step ensures consistency between the two software platforms and increases confidence

in the design before prototyping.

Fabrication

The antenna is fabricated using high-precision CNC milling techniques, with aluminum chosen as
the material for its excellent conductivity, lightweight properties, and suitability for high-
frequency applications. The fabrication process meticulously shapes the EBG pins, grooves, slots,
and other structural features, adhering to the simulated design specifications. Quality control is
maintained through inspections using a coordinate measuring machine (CMM) to verify

dimensional accuracy.

Experimental Validation

After prototyping, the antenna undergoes experimental validation in a state-of-the-art anechoic
chamber. A Vector Network Analyzer (VNA) is used to measure the reflection coefficients across
the operating frequency range of 3-8 GHz, providing insight into the antenna's impedance
matching. Additionally, the radiation patterns are recorded, capturing the co-polar and cross-polar
components of both the E-plane and H-plane. This measurement process employs standardized
probe antennas and a motorized turntable to ensure precise and automated data collection. The
experimental results are compared with the simulation outcomes to validate the design and identify

any discrepancies introduced by real-world conditions.

This integrated methodology—spanning design, simulation, fabrication, and measurement—
provides a comprehensive framework for evaluating the GGW slotted antenna's performance,

bridging theoretical predictions with practical implementation.



1.5. Overview of Thesis

This thesis is structured to comprehensively explore GGW slotted antennas, progressing from
theoretical foundations to practical implementation. Chapter 2, "Literature Review," examines the
evolution and key principles of Electromagnetic Band Gap (EBG) structures, gap waveguides, and
slotted antennas, comparing their designs, propagation characteristics, and applications. It also
explores the impact of slot thickness and corrugations on performance. Chapter 3, "Design and
Simulation of GGW using EBG," details the design process of GGW structures, including EBG
unit cell optimization, mode analysis, and the development of a coaxial-to-GGW transition,
supported by dispersion diagrams and field distribution studies using CST Studio and HFSS.
Chapter 4, "Proposed Slot Antenna Based on GGW," presents the design, simulation, and analysis
of simple, corrugated, and stepped GGW slotted antennas, including a 1x4 array configuration,
with performance metrics such as impedance bandwidth, gain, and radiation patterns, validated
through manufacturing and measurement results. Chapter 5, "Conclusion and Future Works,"
summarizes the findings on bandwidth and gain enhancements, reflecting on the scalability of the
designs for 5G and radar applications, and proposes future research directions, including

optimization and integration with advanced technologies.



Chapter II:

Literature Review

2.1. Groove Gap Waveguide (GGW)

This section delves into the fundamental principles governing the operation of Gap Waveguide
structures. It begins with a historical overview and explores their diverse applications in various
fields. Furthermore, it concisely summarizes the key characteristics of Groove Gap Waveguide
structures, including their unique properties and limitations. Finally, it examines different types of

element shapes and their impact on the performance of Gap Waveguide structures.

Gap waveguide technology has evolved significantly since its inception, primarily driven by the
need for efficient MMW transmission systems. Initially, the focus was on overcoming the
limitations of traditional waveguides, such as high losses and complex manufacturing processes.
The introduction of electromagnetic bandgap (EBG) structures, particularly those with glide-
symmetric designs, marked a significant advancement in this field. These structures have been
instrumental in reducing manufacturing costs and improving performance at high frequencies [12],

[13], [14].

Gap waveguides are utilized in various applications, including antennas and circuits for MMW
bands, crucial for next-generation wireless communication and radar systems. They offer robust
solutions for signal transmission, even in the presence of defects and bends, making them suitable
for automotive radar, 5G communication, and synthetic-aperture radar for imaging [15].
Additionally, their integration with classical transmission lines enhances their applicability in

diverse electromagnetic applications [15], [16].

Groove gap waveguide (GGW) structures are characterized by their ability to confine

electromagnetic waves within a groove, effectively creating a stopband that prevents wave



propagation outside the desired path. This is achieved through the use of periodic structures, such
as glide-symmetric holey designs, which enhance the waveguide's performance by reducing losses
and improving transmission efficiency [12], [14], [17]. However, these structures can be sensitive

to fabrication errors, which may impact their performance [15].

The unique properties of GGW structures include their high structural strength and tunable
stopband frequencies, which are advantageous for high-frequency applications. Glide-symmetric
designs allow for larger periodicity, leading to higher accuracy and easier manufacturing processes
[12], [17]. Despite these advantages, challenges such as reflection and scattering losses at sharp

bends remain, necessitating innovative design solutions to mitigate these issues [15].

The shape of elements within gap waveguide structures significantly influences their performance.
For instance, glide-symmetric holey structures can be implemented in one or two dimensions,
affecting the dispersion and bandgap properties. A 1D glide symmetry is often sufficient for
practical applications, while a 2D glide symmetry may be required for greater attenuation of lateral
waves [18]. Additionally, using different element shapes, such as petal-shaped scatterers, can
enhance vibration isolation and expand the bandgap width, offering new insights into waveguide

design [19].

Artificially Soft and Hard Surfaces

Artificially soft and hard surfaces are engineered to control electromagnetic wave propagation
[20], as shown in Figure 2.1. Soft surfaces, such as transversely corrugated surfaces, suppress
surface wave propagation, making them useful in applications like patch antennas to improve

radiation patterns by reducing edge diffraction [21], [22]. Hard surfaces, characterized by
N PEC HE STOP (Soft surface)

Figure 2.1. Artificially Soft and Hard Surface [18]



longitudinal corrugations filled with dielectric material, are designed to support strong radiation
fields along the surface for any polarization [22]. These surfaces are advantageous due to their
polarization-independent reflection coefficients, maintaining the polarization state of circularly

polarized waves upon reflection [22].

Periodic Structures (Electromagnetic Band Gap)

Periodic structures, such as Electromagnetic Band Gap (EBG), have garnered significant [20]
attention due to their unique ability to manipulate electromagnetic waves. These structures exhibit
fascinating properties, including frequency stop bands, passbands, and band gaps, which make
them highly applicable in various technological domains. EBG structures are particularly valuable
in antenna engineering, where they enhance antenna performance by suppressing surface wave
propagation, thereby reducing mutual coupling and improving directivity and bandwidth [23],
[24].

The versatility of EBG structures extends to numerous applications, including filter designs,
frequency-selective surfaces, and photonic crystals [25], [26]. In antenna arrays, EBG structures
can achieve significant mutual coupling reduction, which is crucial for maintaining high
performance in compact designs [23], [27]. Additionally, EBG structures are employed in
waveguide technologies, offering cost-effective solutions with improved accuracy and

manufacturing ease [12].

Moreover, EBG structures are instrumental in developing advanced materials with tailored
electromagnetic properties, such as negative permittivity and permeability, essential for creating
novel devices with unique functionalities [25], [28]. Integrating EBG structures in communication
technologies, particularly for MMW and submillimeter waves, further underscores their

importance in modern engineering applications [29].

Mushroom-Type EBG: These structures are high-impedance surfaces effective at low-frequency
bands but suffer from narrow bandwidths. Glide symmetry can be applied to increase their

bandwidth significantly without additional manufacturing costs [30].

Corrugated and Strip-Type Soft Surfaces: By optimizing the placement of vias, these surfaces can
have bandgaps at lower frequencies compared to mushroom-type EBGs [31]. They offer better

miniaturization properties and improved decoupling performance in dense arrays [32].
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Groove Gap Waveguide (GGW) EBG: This structure combines soft and hard surfaces with
perpendicular ridges. It offers increased structural strength and tunable stopbands, making it

suitable for high-frequency applications [17].

In summary, artificially soft and hard surfaces and various EBG structures offer significant
advantages in controlling electromagnetic wave propagation and enhancing antenna performance.
However, they also present challenges regarding manufacturing complexity and bandwidth

limitations, which can be addressed through innovative design approaches.

Brillouin Zone and Its Role in Dispersion Analysis of EBG Structures

The Brillouin Zone (BZ) is a fundamental concept in the study of wave propagation in periodic
structures, such as Electromagnetic Bandgap (EBG) structures. It is crucial for understanding the
dispersion characteristics, which describe how wave frequencies vary with wave vectors within
these structures. The irreducible Brillouin zone, a reduced portion of the BZ, is often used to

simplify calculations and analyses of these dispersion relations [33], [34].

In EBG structures, the dispersion diagram is a key tool for visualizing and optimizing the bandgap
properties, which are essential for applications like antenna efficiency improvement. The
dispersion characteristics within the irreducible Brillouin zone help control the surface wave band
gap, which is critical for suppressing unwanted surface waves in microstrip antennas [33]. The
methodology for unwrapping dispersion curves using spatial Fourier transforms further enhances
the understanding of wave behavior in periodic media, providing insights into the physical

meaning and amplitudes of aliased wave components [35].

Moreover, the edges of the Brillouin zone are significant in determining the fundamental features
of wave propagation through periodic lattice structures. However, caution is advised when plotting
dispersion relations around these edges, as important modes can be missed if not handled carefully
[34]. The concept of high-frequency homogenization also plays a role in analyzing the dispersion
properties at the edges of the Brillouin zone, particularly in the presence of Dirac points where two

branches of the dispersion diagram intersect [36].

For a rectangular or hexagonal periodic EBG lattice, the key high-symmetry points (e.g., I', X, M
for a square lattice or I', K, M for a hexagonal lattice) define the principal paths along which

dispersion curves are computed. These curves illustrate the presence of stopbands and passbands,
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which directly influence the EBG and gap waveguide performance by determining whether

unwanted modes are effectively suppressed.

By tailoring the periodicity and unit cell geometry of the EBG structure, the Brillouin Zone-based
dispersion analysis enables the optimization of the transition’s performance, ensuring minimal
reflection, wideband operation, and efficient mode conversion. This understanding is crucial for
designing next-generation low-loss, high-frequency waveguides in the MMW and sub-terahertz

regimes.

In summary, the Brillouin Zone is integral to analyzing and optimizing EBG structures, providing
a framework for understanding and controlling wave propagation characteristics. This

understanding is crucial for designing and applying these structures in various technological fields.

Quasi-TE Modes of GGW

The quasi-TE mode in GGW arises due to the stopband properties of the EBG units, which prevent
EM wave leakage outside the groove at frequencies within the stopband (e.g., 61.3 to 95.5 GHz,
as observed in [16]). This confinement ensures that the wave propagates efficiently along the
groove channel, mimicking the behavior of a conventional waveguide while benefiting from the
air-filled, all-metal structure that eliminates dielectric losses. At lower frequencies, where the EBG
units are in their passband (e.g., 0 to 61.3 GHz), the structure transitions to support a TE;,-like
mode across the entire rectangular waveguide region, highlighting the dual-band capability of the
extended Band Gap Waveguide (BGW) concept, which integrates GGW within a broader

framework.

The quasi-TE mode's geometric parameters of the GGW, such as the pin height, periodicity, air
gap, and groove width, influence the quasi-TE mode's characteristics. Dispersion diagrams,
simulated using tools like CST and HFSS, reveal that the phase constant () of the quasi-TEj
mode increases with frequency, aligning closely with the TE mode of a rectangular waveguide at
higher frequencies (e.g., above 70 GHz). This behaviour is further validated through electric field
distributions, which demonstrate a concentrated transverse field near the EBG structure, ensuring

single-mode operation with minimal distortion.

The significance of quasi-TE modes in GGW extends to their application in dual-band systems,

enabling seamless transitions between microwave and MMW bands with large frequency ratios
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(e.g., 6.8-8.05 GHz and 71-86 GHz in the prototype). This is particularly relevant for the thesis,
which focuses on enhancing a sub-6 GHz slotted antenna using GGW feeding. The quasi-TE
mode's ability to support wide bandwidths and low insertion losses (e.g., 0.55 + 0.25 dB at high
frequencies and 0.67 dB at low frequencies) provides a foundation for improving antenna
performance metrics, such as bandwidth and gain. Moreover, the fully aperture-reused design of
BGW, where the high-frequency GGW is embedded within the low-frequency structure, offers a
novel approach to antenna feeding that can be adapted to incorporate corrugations and steps, as

explored in this work.

In this thesis, the quasi-TE modes of GGW serve as a critical enabler for the proposed antenna
enhancements. By leveraging the mode's confinement properties and tunable dispersion
characteristics, integrating GGW with a slotted antenna and corrugations aims to optimize
radiation patterns, increase bandwidth, and improve gain. The analytical and experimental insights
from the work of [16] provide a robust theoretical backdrop, guiding the design and validation of

your antenna system within the sub-6 GHz spectrum.

Comparison of Gap Waveguide and Rectangular Waveguide

Gap waveguides, such as the groove gap waveguide (GGW) and ridge gap waveguide, are
designed to operate without the need for electrical contact between their components, which is a
significant advantage over traditional rectangular waveguides (RWG) [37], [38], [39]. This feature
simplifies the manufacturing process and reduces the need for precise assembly, which is
particularly beneficial at high frequencies where ensuring proper metal contact is challenging [39],

[40].

Gap waveguides, such as the GGW, have been shown to have different propagation characteristics
compared to rectangular waveguides, particularly above the cutoff frequency [41]. This can lead
to more efficient transmission and reduced losses in specific frequency bands. Additionally, gap
waveguides can be designed to support dual-band applications, providing versatility in their use

[16].

2.2. Slotted Antennas

This section explores the fundamental principles that govern the operation of Slotted antennas. It

provides a historical overview of their development and explores their diverse applications in
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various fields. Furthermore, this section examines the key characteristics of slotted antenna
structures, including their radiation patterns, impedance characteristics, and bandwidth limitations.
It also discusses the various types of slot geometries and their influence on the overall antenna

performance.

Slotted antennas are characterized by slots cut into a conductive surface, which influence their
radiation patterns, impedance characteristics, and bandwidth. They have evolved significantly and

are used in various applications, including wireless communication and MMW technologies.

Slotted antennas have been developed to enhance bandwidth and radiation patterns for various
applications, including wireless communication systems, 5G, and terahertz applications [42], [43],
[44]. They are particularly valued for providing stable radiation patterns and high gain across wide

frequency ranges [45], [46].

Radiation Patterns: Slotted antennas can achieve stable and omnidirectional radiation patterns,

which is crucial for consistent signal coverage [45], [46], [47].

Impedance Characteristics: Optimizing slot shapes and feed methods can significantly enhance the
impedance bandwidth of slotted antennas, which is crucial for achieving wideband performance

[42], [45], [48].

Bandwidth Limitations: While slotted antennas can achieve wide bandwidths, the design must

carefully consider slot geometry and feed mechanisms to optimize performance [42], [45], [49].

Slot Geometries and Their Impact

e Slot Shapes: Different slot shapes, such as E-shaped, cross-slotted, and non-uniform slots,
can significantly affect the antenna's radiation characteristics and bandwidth. Proper
selection and tuning of these shapes are essential for optimal performance [45], [46], [50].

e Feed Methods: The choice of feed methods, such as microstrip lines or coplanar
waveguides, also plays a critical role in determining the antenna's impedance matching and

bandwidth [45], [46].
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Slot Thickness

This section delves into the fundamental principles governing slot thickness in antenna design. It
begins with a brief historical overview and explores the practical implications of varying slot
thickness on antenna performance. Furthermore, this section concisely summarizes the key
characteristics of thick slots, highlighting their unique advantages and exploring their diverse

applications in antenna systems.

The concept of slot thickness in antenna design has evolved significantly over time. Initially, the
zero-thickness approximation was commonly used, often leading to inaccuracies in antenna
performance predictions. For instance, in the design of radial line slot array antennas, it was found
that even a small slot thickness, such as one-thirtieth of the wavelength, could lead to significant
deviations from expected performance [51]. This realization prompted further research into the
effects of slot thickness and the development of more accurate numerical techniques for antenna

design.

Varying the slot thickness in antennas can have profound effects on their performance. For
example, in terahertz slot antennas, reducing the thickness below 10 nanometers can enhance light-
matter interaction, although it poses fabrication challenges [52]. Similarly, the package thickness
significantly influences bandwidth in U-slot patch antennas beyond 5 G applications, with optimal
performance achieved at specific thickness ranges [53]. Additionally, in leaky-wave slit antennas,
substrate thickness variations can transform the antenna's characteristics, affecting gain and

bandwidth [54].

Thick slots in antennas offer unique advantages, such as enhanced bandwidth and improved
radiation patterns. For instance, introducing more slots in microstrip antennas can enhance
bandwidth and reduce the effective area, making the design more compact and efficient [55].
Increasing substrate thickness can be achieved without compromising performance in tapered-slot
antennas, allowing for more robust designs [56]. Furthermore, thick slots can improve the radiation
characteristics of antennas, as seen in slotted array substrate integrated waveguide antennas, where
non-uniform slot designs maintain gain and radiation patterns while achieving significant

bandwidth [50].
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Thick slots find diverse applications across various antenna systems. They are particularly
beneficial in high-frequency applications, such as MMW and terahertz frequencies, where precise
control over electromagnetic wave manipulation is crucial [57]. In phased array applications
beyond 5 G and 6G technologies, thick slots contribute to achieving the desired bandwidth and
performance [53]. Additionally, they are used in compact designs for SG applications, where space

and efficiency are critical [55].

In summary, the evolution of slot thickness in antenna design has led to significant advancements
in performance and application diversity. By understanding and optimizing slot thickness,
designers can enhance antenna capabilities, making them suitable for various modern

communication technologies.

2.3.  Corrugations

This section investigates the fundamental principles governing the use of corrugations in antenna
design. It traces the historical development of this technique and explores its diverse applications
in modern antenna systems. Furthermore, it provides a concise overview of the key properties of

corrugated surfaces and discusses their significant advantages and practical applications.

The use of corrugations in antenna design is a well-established technique that has evolved
significantly over time. Initially, corrugations were introduced to improve the performance of horn
antennas by reducing cross-polarization and enhancing bandwidth. This technique has since been
adapted and optimized for various modern applications, including satellite communications and

MMW technologies.

Corrugated antennas have been developed to address specific challenges in antenna design, such
as impedance matching and radiation pattern control. For instance, the integration of corrugations
in horn antennas has been shown to reduce cross-polarization and improve bandwidth, making
them suitable for satellite applications [58]. Similarly, using corrugations in Vivaldi antennas has
enhanced their gain and bandwidth, making them practical for microwave imaging and 5G MMW

applications [59], [60].

Corrugated surfaces are characterized by their ability to manipulate electromagnetic waves,
resulting in improved antenna performance. The design of corrugated antennas often involves

optimizing the dimensions and arrangement of the corrugations to achieve desired properties such
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as gain, bandwidth, and directivity. For example, using elliptical slots in Vivaldi antennas has
significantly increased gain without increasing the antenna size [61]. Additionally, incorporating
Meta surface corrugations can reduce mutual coupling in MIMO systems, enhancing isolation and

efficiency [62].

There are numerous advantages to using corrugated surfaces in antenna design. They include
improved gain, reduced back radiation, and enhanced bandwidth. These benefits make corrugated
antennas suitable for various applications, from radar systems to satellite communications. For
instance, using corrugations in substrate-integrated waveguide antennas has led to compact designs
with excellent isolation and gain characteristics, suitable for radar applications [63]. Moreover,
groove gap waveguide technology has demonstrated the ability to suppress grating lobes and

enhance radiation efficiency [8].

In summary, integrating corrugations in antenna design offers significant advantages in terms of
performance enhancement and application versatility. This technique continues to be a critical area

of research and development in modern antenna systems.

2.4. Coaxial to GGW Transition

This section focuses on the fundamental principles governing the transition from coaxial to groove
gap waveguides. It provides a historical context, explores its practical applications, and

summarizes this transition's key characteristics and advantages.

The transition from coaxial to groove gap waveguides represents a significant advancement in
high-frequency waveguide technology. Coaxial lines were widely used due to their simplicity and
effectiveness in various applications. However, as the demand for higher-frequency applications
increased, the limitations of coaxial lines, particularly in bandwidth and loss, became apparent.
The development of groove gap waveguides (GGWs) emerged as a solution to these challenges,

offering improved performance in terms of bandwidth and reduced losses [64], [65], [66].

Groove gap waveguides have found numerous applications in modern high-frequency systems.
They are particularly useful in environments where space is constrained, as they can be designed
in compact configurations without the need for dielectric materials, which simplifies the design
and reduces losses [65]. GGWs are also employed in rotary joints, crucial in systems requiring

rotational movement without signal degradation, such as radar and satellite communications [66].
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Additionally, GGWs are used in high-gain antenna arrays, where their ability to maintain low

insertion loss and high efficiency is critical [67].

Several key advantages characterize the transition from coaxial to groove gap waveguides. GGWs
can achieve wide bandwidths, which is essential for modern communication systems. For instance,
some designs achieve bandwidths covering significant portions of the frequency spectrum, such
as 55% bandwidth from 11 to 19.5 GHz [66]. Also, GGWs exhibit low insertion loss, crucial for
maintaining signal integrity over long distances. For example, some transitions maintain insertion
losses better than 0.05 dB [65]. The design of GGWs often eliminates the need for complex
electrical connections, reducing mechanical complexity and fabrication costs [67]. Moreover,
Many GGW designs achieve high return loss, indicating excellent impedance matching and
minimal signal reflection. Some configurations achieve return losses better than 20 dB over their

operational bandwidths [68], [69].

Summary

The transition from coaxial to groove gap waveguides marks a pivotal development in high-
frequency waveguide technology. They offer significant improvements in bandwidth, loss, and
mechanical simplicity. These advancements have enabled many practical applications, from
compact antenna arrays to rotary joints, making GGWs a versatile and efficient choice for modern

communication systems.
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Chapter III:

Design and Simulation of GGW using EBG

3.1. Introduction

Groove Gap Waveguides (GGWs), as shown in Figure 3.1, have emerged as promising
transmission lines for high-power microwave applications due to their unique characteristics,
including high power handling capacity, low dispersion, and low loss. However, challenges such
as surface wave propagation and mode degeneration can limit their performance. Electromagnetic
Bandgap (EBG) structures, artificially engineered materials with periodic structures, offer a

promising solution to mitigate these limitations.

Figure 3.1. Groove gap waveguide using metal pins EBG

This chapter explores the integration of EBG structures within GGWS to enhance their
performance. We begin by reviewing the fundamental principles of EBG structures, including their
types, design considerations, and applications. Subsequently, we explore the challenges and
opportunities of incorporating EBG structures into GGWS. This includes discussing the potential

benefits of EBG integration, such as suppressing surface waves, improving mode purity, and
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enhancing bandwidth. Finally, we explore various implementation techniques for integrating EBG
structures into GGWs, such as embedding EBG structures within the walls of the GGW. This
chapter aims to provide a comprehensive overview of integrating EBG structures into GGWs,
emphasizing their potential to significantly enhance the performance of these vital transmission

lines for high-power applications.

3.2. Unit Cell EBG

Figure 3.2 illustrates the individual unit cells of the pin structure, which are then periodically
arranged to form the complete EBG structure. To determine the frequency range where wave
propagation is prohibited (the stopband), we analyzed the dispersion characteristics of the unit
cells using the eigenmode solver within CST Studio Suite. The initial dimensions of the unit cell
were chosen based on established design guidelines [70], [71]. Specifically, the pin height (d) and
period (p) were set to 14.7 mm (equivalent to 0.25A at 5.1 GHz), and the pin width (a) was set to
0.1A at 5.1 GHz. The air gap height (ag) was minimized to 0.588 mm to ensure a wide stopband.

CST’s Eigenmode Solver analyzes the EBG structure by solving Maxwell’s equations as an
eigenvalue problem using FEM, applying periodic boundary conditions and phase sweeps across
the Brillouin Zone. It computes the eigenfrequencies and field distributions of the modes,

generating a dispersion diagram to identify the stopband.

o »
) »

I —
4
d

Figure 3.2. Metal Pin EBG Structure
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Figure 3.3. EBG Dispersion Diagram
Figure 3.3 depicts the dispersion diagram, illustrating the variation of the propagation constant
with frequency. This diagram reveals a bandgap between 2.99 and 9.57 GHz where no modes can

propagate.

The air gap in EBG structures, such as those used in GGW designs, plays a critical role in
determining the electromagnetic behaviour, particularly the stopband characteristics, wave

confinement, and overall performance of the structure.

Figure 3.4 presents the dispersion diagrams for the first three modes of the EBG structure. The
effect of varying the air gap size (ag) on the bandgap characteristics and modal behaviour is
examined. Each subplot represents the dispersion curves for different values of “ag”, where the
stopband (bandgap region) is highlighted in gray. The normalized phase constant (8 /m) is plotted

against frequency.

The investigation into the air gap “ag” reveals significant effects on the EBG structure's

performance. As “ag” increases, the stopband widens, which proves beneficial for GGW
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applications by enhancing mode suppression—a critical requirement for effective wave
confinement. While the lower cut-off frequency of the bandgap remains relatively stable, the upper
limit extends with larger "ag" values, broadening the operational range. Regarding mode evolution,
the fundamental mode remains largely unchanged across all cases, ensuring consistent
performance. However, higher-order modes become more pronounced as ‘“ag” increases,
indicating a shift in the structure's modal behaviour that must be carefully managed to maintain

desired antenna characteristics.
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Figure 3.4. Dispersion Diagram, Effect of Air Gap size reduction a) ag=0.588 mm, b) ag=3 mm, and c)
ag=>5.88 mm

The cell size in an Electromagnetic Bandgap (EBQG) structure, typically defined by the periodicity
of the unit cell (e.g., the spacing between metallic pins), significantly influences the
electromagnetic properties, including the stopband, dispersion characteristics, and wave

confinement.

Based on the results presented in Figure 3.4, an air gap size of 0.588 mm was selected for further

investigation as it exhibited the highest bandgap among the tested configurations. Subsequently,
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Figure 3.5 illustrates the effect of reducing the unit cell size on the band gap. The results

demonstrate that a decrease in cell size also leads to a reduction in the bandgap.

The results indicate that optimizing for a higher bandgap requires a combination of design choices.
This suggests that carefully balancing these two parameters is crucial for achieving the desired

bandgap characteristics.
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Figure 3.5. Dispersion Diagram, Effect of Cell Size reduction a) p=14.7 mm, b) p=12.25 mm, and c)
p=10.4 mm

Figure 3.6 presents the dispersion diagrams for an EBG structure with different pin sizes (a). The

first three modes are analyzed.

The analysis of varying pin sizes in the EBG structure reveals that the overall dispersion
characteristics remain largely unchanged, indicating a limited impact on the structure’s behaviour
across different configurations. Specifically, Modes 2 and 3 exhibit minimal variation, suggesting
that pin size has a negligible effect on the bandgap frequency and width, thereby maintaining
consistency in the stopband region. This stability implies that while adjustments to pin size may

offer minor refinements, other parameters—such as the air gap or periodicity—are likely more
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critical for tuning the EBG performance to meet the specific requirements of the GGW application

in this antenna design.

Since the pin size does not significantly affect the bandgap, alternative design parameters should

be explored to further optimize EBG structures.
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Figure 3.6. Dispersion Diagram, Effect of Pin Size reduction a) a=5.8 mm, b) a=4.8 mm, and c) a=3.8
mm

These dispersion diagrams illustrate the effect of varying the pin height (d) on the EBG structure's

first three modes. The three subfigures correspond to:

e (a)d=14.7d = 14.7d=14.7 mm
e (b)d=15.8d =15.8d=15.8 mm
e (¢)d=16.9d =16.9d=16.9 mm

Analyzing pin height variations in the EBG structure reveals distinct effects on its modal behaviour
and stopband characteristics. The fundamental mode (Mode 1, blue line) remains unchanged
mainly across different pin heights, exhibiting a low-frequency band that indicates minimal impact

from these variations. For the higher-order modes (Modes 2 and 3, red and yellow lines), the
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stopband (shaded region) shows stability, with only minor shifts in its upper and lower bounds;
increasing the pin height (d) slightly adjusts the cut-off frequency of these modes but does not
significantly alter their overall behaviour. The stopband, defined by the gap between the first and
second modes, experiences no dramatic shifts with changes in “d”, suggesting that other

parameters, such as pin width or spacing, may substantially influence the EBG effect in this GGW

design.
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Figure 3.7. Dispersion Diagram, Effect of Pin Height Reduction: a) d=14.7 mm, b) d=15.8 mm, and c)
d=16.9 mm

The results indicate that pin height variations have a minor effect on the overall dispersion
characteristics, particularly for the fundamental mode. However, adjusting “d” alongside other

parameters may be necessary for precise tuning of the stopband.

Figure 3.8 illustrates three pin shapes — square, octagonal, and cylindrical — which will be

investigated through simulations to determine their influence on the bandgap.
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(a) (b) ()
Figure 3.8. Various shapes of Nails: a) Cylindrical, b) Octagonal, and c) Square

CST simulations reveal that the bandgap characteristics exhibit no significant variation across the

three pin shapes: square, octagonal, and cylindrical, as depicted in Figure 3.9.

Based on the results, square pins were selected for subsequent simulations to simplify the

manufacturing process.
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Figure 3.9. Dispersion Diagram, Different Shapes: a) Square, b) Cylindrical, and c) Octagonal
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3.3.  GGW Design
Figure 3.10 illustrates the geometry of a GGW. A key characteristic of the GGW is the elimination

of direct electrical contact between the upper and lower metal plates. Instead, a periodic array of
metal pins is introduced on the lower plate, creating a soft surface that effectively functions as an
artificial magnetic conductor (AMC). This AMC suppresses wave propagation in lateral directions

within a specific frequency range, known as the stopband [67].

(a) (b)
Figure 3.10. Groove Gap Waveguide: a) Front View, b) Perspective View
The GGW, analogous to a rectangular waveguide, facilitates the propagation of TE and TM modes.
The waveguide's cross-sectional dimensions determine the specific modes that it supports.

However, the TE;, mode is generally favoured in most practical applications [72].

The starting point for designing a GGW involves understanding its resemblance to conventional

waveguides and defining key parameters such as effective width and propagation constants.

The design process often begins by defining an adequate width for the groove gap waveguide,
which can be directly correlated to a rectangular waveguide. This allows conventional equations
to be used for designing components, ensuring good impedance matching and desired performance

characteristics [73].

The geometry of conventional hollow ridge or rectangular waveguides can serve as a good starting
point for designing groove gap waveguide components by comparing the dispersion characteristics
and field distributions of groove gap waveguides with traditional waveguides using numerical
analysis. This is due to the similarity in dispersion diagrams and characteristic impedances within

the stopband of parallel-plate modes [74].
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Once the effective width and propagation constants are established, design equations can be
applied to optimize the waveguide for specific applications, such as antennas or filters, ensuring

efficient performance [73], [75].

The design of a groove gap waveguide starts with defining its effective width and understanding
its resemblance to conventional waveguides. This foundational understanding allows for applying
traditional design equations and optimization techniques, facilitating the development of efficient

and well-matched waveguide components.

For a frequency range starting from 3 GHz, the cut-off frequency should be 25% lower, which
means it needs to be set at 2.4 GHz. The TE;, mode cut-off frequency of the waveguide can serve

as the initial reference. Using this approach, the waveguide width can be determined from:

=5 @ 6

where a represents the waveguide's width and b its height. For the TE;, mode with a cut-off
frequency of 2.4 GHz, the calculated waveguide width is 62.5 mm. Therefore, our initial estimate

for the GGW width is also 62.5 mm.

To determine the propagating modes, we employ an eigenmode solver to simulate a unit cell of

the GGW, guided by Figure 3.11and the Brillouin Zone geometry.

Figure 3.12 illustrates the propagating modes within the EBG cell's bandgap for three distinct
widths: 62 mm, 58 mm, and 52 mm. A notable observation is that as the GGW's width increases,

the cut-off frequency experiences a decrease.

The diagrams reveal that the changes between the I' and X points (x-axis) in the Brillouin Zone do
not align with the propagation direction. In contrast, the wave propagation between the X and M
points (y-axis) is critical for our analysis. The green line, representing Mode 35, is the first mode to

emerge within the gray region, indicating the EBG stopband.
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Figure 3.11. GGW Unit Cell
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Figure 3.13. Modes of Electric Field Distribution a) Mode 5, b) Mode 6, and c) Mode 7

The GGW exhibits propagation characteristics similar to a conventional rectangular waveguide,
supporting similar TE and TM modes. However, the periodic array of pins significantly influences
wave propagation. These pins act as an artificial magnetic conductor (AMC), effectively confining

the majority of the wave energy within the groove region. This confinement guides the wave along

the desired direction.

Figure 3.14 depicts the port mode of the designed GGW. As evident from the figure, the grooves
are oriented along the Y-direction, while the top and bottom surfaces of the GGW are perfectly
electrically conducting (PEC) planes along the z-axis.
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Figure 3.14. Electric Field Distribution a) From the port b) Field Distribution along GGW (Top layer is
hidden)

The GGW, with its array of lateral pins, effectively mimics a magnetic conductor, theoretically
confining the wave propagation within the groove direction. However, in reality, perfect magnetic
surfaces are unattainable. Consequently, some field components will inevitably propagate
transversely to the groove direction. Figure 3.15 illustrates the field distribution behavior of the
GGW for the first mode across a frequency range of 2 to 10 GHz. The figure clearly demonstrates
that the field experiences rapid attenuation beyond the initial row of pins within the EBG stopband,
spanning 2.99-9.57 GHz [67].

30



(a) 2 GHz (b) 3 GHz (c) 6 GHz (d) 7.5 GHz (e) 10 GHz
Figure 3.15. GGW Field Distribution from 2 to 10 GHz (Top view)

Several analytical and numerical methods can be employed to obtain the characteristic impedance
of a groove gap waveguide. The characteristic impedance is a crucial parameter for understanding

waveguide transmission properties.

The characteristic impedance can be derived by solving an eigenvalue problem, which involves
analyzing the dispersion characteristics of the waveguide. This approach is used to understand the
modes propagating in the waveguide and their associated impedance [76]. The dispersion equation
and coupling impedance can also be obtained through approximate field theory, which considers
the influence of various circuit dimensions on these parameters [77]. The Characteristic Basis
Function Method combined with the parallel-plate dyadic Green's function method can be used to
calculate the impedance characteristics of electrically large gap-waveguide structures. This method
offers reduced computation times while maintaining accuracy [78]. Numerical solutions to the
Wiener—Hopf equation, derived from boundary value problems, can also provide insights into the
impedance characteristics. This involves numerically solving an infinite system of linear algebraic
equations [79]. Fabrication and measurement of prototypes, such as bandpass filters or other
components using groove gap waveguides, can verify the theoretical and numerical predictions of

characteristic impedance [80], [81].

The characteristic impedance of a groove gap waveguide can be obtained through a combination
of analytical and numerical methods supported by experimental validation. Analytical approaches
focus on solving eigenvalue problems and dispersion equations, while numerical methods, such as

the Characteristic Basis Function Method, provide efficient computation. These methods
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collectively ensure accurate determination of impedance, which is crucial for the design and

application of groove gap waveguides in various technologies.

The field distribution similarity between rectangular waveguides (RWG) and GGW is a topic of
interest due to the potential advantages of GGW in high-frequency applications. Both waveguide
types can support similar modes, but there are distinct differences in their construction and field
distribution characteristics. The GGW and RWG can support the TE10 mode, the dominant mode
in rectangular waveguides. However, GGW confines the electromagnetic wave within the groove

using a stopband created by the bed of nails, which is not present in RWG [16], [82].

The dispersion diagrams of GGW and RWG show similarities within the stopband of the parallel-

plate modes, indicating that they can be used interchangeably in specific frequency ranges [74].

GGW offers a unique advantage by not requiring electrical contact between the upper and lower
plates, which is beneficial at high frequencies. This design leads to a different field distribution

than RWG, which relies on metal contact for field confinement [39], [82].

GGW does not require the precise metal contact needed in RWG, which can lead to differences in
field distribution, especially at high frequencies where metal contact is challenging to maintain
[37], [39]. The GGW and RWG exhibit different propagation characteristics above the cutoff
frequency due to GGW's unique structure, which affects how the fields are distributed and confined

[41].

While GGW and RWG can support similar modes and have comparable dispersion characteristics
within specific frequency ranges, their field distributions differ due to structural differences and
the absence of metal contact in GGW. This makes GGW a suitable alternative for high-frequency

applications where maintaining metal contact is challenging.

To compare the wave propagation characteristics of an RWG and a GGW, their propagation
constants were simulated using an Eigenmode solver in CST, as illustrated in Figure 3.16. The
green and orange walls are clearly marked to indicate the electric (E; = 0) and periodic boundaries,

respectively, providing a visual representation of the simulation setup.
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(a RWG (b) GGW
Figure 3.16. Simulated (a) RWG and (b) GGW with the boundary conditions in the Eigenmode Solver

The resulting data is plotted in Figure 3.17 and Figure 3.18, where the graphs are positioned closely
to enable a direct visual comparison. This analysis reveals how structural variations influence
guided-wave properties. The RWG, which serves as a standard reference, has a well-defined cutoff
frequency, and its propagation constant increases monotonically with frequency. The TE;4 mode,
represented by the blue line, is the dominant mode of the RWG. Similarly, the GGW exhibits a

comparable propagation trend when analyzed relative to the light line.
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Figure 3.17. Propagation Constant of an RWG
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Figure 3.18. Propagation Constant of a GGW

As discussed in previous sections, the primary mode of the GGW is mode 5 (green line), which
also corresponds to TE;,. Comparing these two structures highlights their respective advantages
and constraints in terms of dispersion properties and frequency-dependent wave confinement.
Given their similarities, the established relations of the RWG can be used as an initial

approximation for further analysis.
The GGW and RWG simulations were conducted using the dimensions specified in Table 3.1.

Table 3.1. GGW and RGW Dimensions.

RWG GGW
Parameter | Description | Value (mm) | Parameter | Description | Value (mm)
a Broad Wall 54 a Pin Size 5.88
b Narrow Wall 5.8 d Pin Height 14.9
t Wall Thickness 1 ag Air Gap Size 0.3
1 RWG Length 5 p Unit Cell Size 14.7
w GGW Width 54
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3.4. Vertical Transition from Coaxial Cable to GGW:

Efficient transitions between coaxial cables and GGWs are essential for integrating conventional
microwave components with modern gap waveguide technology. In this study, a vertical coaxial-
to-GGW transition is designed and analyzed, operating within the 3.18—7 GHz frequency range
(75 % bandwidth). Unlike conventional horizontal transitions [65], this design leverages a vertical
structure to optimize wave coupling while maintaining a compact footprint. The transition aims to

minimize reflection losses and ensure impedance matching with a 50-ohm coaxial feed.

Figure 3.19 illustrates the proposed transition, which consists of a coaxial inner pin extending
vertically into the GGW, coupled with a metallic plate to enhance impedance matching and wave

guidance. The key design parameters include:

e d;: Distance from the coaxial inner pin to the back wall
e [,: Length of the vertical plate on top of the inner pin

e t,: Thickness of the metallic plate
e hy & h,: Distances of the lower GGW plate to the bottom and top side of the plate

e d,: Distance between the transverse groove and the inner pin conductor

* wy,lg &d,: Width, length, and Depth of the groove
Most of these dimensions play a crucial role in impedance matching and efficient wave
propagation. To optimize performance, a parametric sweep is conducted using CST Studio’s

Frequency Domain Solver to evaluate their impact.

The design incorporates impedance equations to match the 50-ohm system between. The

impedance of the coaxial cable is calculated using the equations presented in [83]:

60 Tout (3.2)
Zcoaxial = Eln ( Ton )

where &, represents the relative permittivity of the dielectric filling, 7,,,,; denotes the inner radius

of the outer conductor and r;,, represents the radius of the inner conductor of the coaxial cable.
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(a) Schematic of the transition (Top layer is removed)
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(b) Cross-sectional view of the transition.
Figure 3.19. 3D schematic of the transition structure (a) removed-top-layer view and (b) cross-sectional
view

The transition is simulated in CST Studio using electric (E; = 0) boundary conditions, ensuring no
field exists outside the GGW and coaxial cable, thereby optimizing simulation efficiency. A
coaxial wave port is assigned to the input, while a waveguide port is used at the GGW output to
monitor transmitted power. The simulation employs a frequency domain solver suitable for

broadband analysis and capturing complex field interactions.
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Figure 3.20. Port Electric Field Distribution (a) Coaxial and (b) GGW port

To analyze and compare the port modes excited by this transition, Figure 24(a) and Figure 24(b)
depict the port modes of the coaxial cable and GGW, respectively. The structure is designed to
naturally excite the TEM mode at the coaxial port and the TE;, mode at the GGW port, ensuring

efficient mode conversion and minimal reflection.

The TEM mode is the fundamental mode of wave propagation in coaxial cables, where both the
electric and magnetic fields are entirely transverse to the direction of propagation. Unlike
waveguides, which support higher-order modes with longitudinal field components, the TEM
mode ensures uniform energy distribution and non-dispersive propagation across a wide frequency
range. This mode is characterized by radial electric field lines extending from the inner conductor
to the outer conductor, while the magnetic field forms concentric loops around the inner conductor,

governed by Maxwell’s equations.

Figure 3.20(a) above illustrates the electric field distribution at the coaxial cable port, clearly
depicting the TEM wave characteristics. The radial orientation of the electric field vectors between
the inner and outer conductors confirms the expected TEM mode behavior, ensuring efficient
power transfer. The symmetry of the field lines minimizes modal distortion, leading to consistent
impedance matching. This uniform field distribution is crucial for ensuring a smooth transition

from the coaxial port to the GGW while reducing reflection losses. Proper excitation of the TEM
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mode at the coaxial port is essential for achieving high-performance coupling into the GGW, as it

facilitates seamless mode conversion with minimal energy dissipation.

Given the frequency range of 3 to 7 GHz, the center frequency is determined to be 5 GHz,
corresponding to a wavelength (4;) of 60 mm. The performance of the transition is simulated based

on Table 3.2:

Table 3.2. Coax-to-GGW transition dimensions

Parameter Description Value Parameter Description Value
(mm) (mm)
a Pin Size 5.88 dg, Groove Depth 0.034,
d Pin Height 14.9 h, Heightof the lower 10 082,
ag Air Gap Size 0.3 h, Height ?Z;Ze upper 0.1754,
p Unit Cell Size 14.7 L, Plate Length 0.1772,
w GGW Width 54 Wy Groove Width 0.0754,
dq Distance to the Back wall 0.2641, ly Groove Length 0.764,
dz Distance to the transverse 0.463 /10 tp Plate Thickness 0.16 /10
groove

The reflection coefficient (S;;) and transmission coefficient (S,;) are extracted to assess
impedance matching and power transfer efficiency. Ideally, S;; should be minimized (< -10 dB)
over the operating frequency range while S,; should remain close to 0 dB. Figure 3.21 illustrates
the scattering parameters of the coaxial-to-GGW transition over a frequency range of 3 to 8 GHz.
The S;1 (blue curve) represents the reflection coefficient at the input port (Coaxial Cable Port),
indicating how much power is reflected because of impedance mismatch. Ideally, S;; should be
below -10 dB for good impedance matching, and in this case, it reaches values below -40 dB
around 4 GHz and 6 GHz, suggesting highly efficient energy transfer at these frequencies. The
operating bandwidth spans from 3.18 GHz to 7 GHz, covering 75% of the center frequency. The
S,1 (red curve) represents the transmission coefficient, showing the power successfully transmitted
to the GGW. Since S, remains close to 0 dB across most of the frequency range, demonstrating
excellent power transmission with minimal loss. The two deep nulls in S;4 indicate frequencies

where near-perfect impedance matching occurs, making these regions optimal for operation.
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Figure 3.21. S-parameter plot showing S11 and S,4 over frequency.

The transition region's electric and magnetic field distributions are analyzed to visualize wave

propagation and identify potential losses or mismatches.
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Figure 3.22. Electromagnetic Field Distribution

Figure 3.22 presents the cross-sectional view of the magnetic and electric field distributions in the

coaxial-to-GGW transition. The field vectors illustrate the magnetic and electric field intensities
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and directions, revealing the interaction between the coaxial feed and the GGW structure. The
arrangement of the periodic pins (EBG structure) suggests the presence of artificial magnetic
conductors (AMCs), which help confine and guide the electromagnetic waves within the GGW.
The circular magnetic field patterns around the central region indicate strong coupling between the
coaxial pin and the GGW, ensuring efficient mode conversion. The gradient in the field intensity,
transitioning from stronger near the coaxial port to weaker toward the outer regions, highlights the
gradual energy transfer into the GGW mode. This visualization confirms the proper excitation of
the desired mode and provides insight into possible field leakage or confinement issues in the

design.

Parametric Analysis

A parametric sweep is conducted to study the effect of each dimension (dy, [y, hq, h;) on the

transition performance. This analysis helps fine-tune the design for optimal broadband response.

Figure 3.23 represents the Sy, for different values of d;, which is the distance from the inner pin
to the back wall within the 3 to 8 GHz frequency range. As indicated in the legend, each curve

corresponds to a different value of d,, ranging from 6 mm to 20 mm.

The distance d; significantly influences impedance matching in the coax-to-GGW transition. The
plot reveals that certain d; values achieve improved matching with reduced reflections, while
others result in increased reflections, signalling suboptimal matching. Specifically, a shorter d,
range of 6-10 mm leads to a considerable mismatch, as indicated by elevated reflection levels
across the frequency band. However, as d; extends to 12—-18 mm, the matching enhances
noticeably, with marked reductions in reflection at specific frequencies, demonstrating better

performance.

Optimal impedance matching is achieved when d; = 15 mm, corresponding to roughly 4,/4 at
the center frequency of 5 GHz. At this 4,/4 distance, the reflected wave at the inner pin aligns in-
phase, resulting in constructive interference that maximizes power transfer and significantly

reduces return loss.
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Figure 3.23. 511 of Sweep Parameter d4

When d; exceeds 15 mm, reflections rise as the transition deviates from the optimal impedance
transformation point. This indicates that surpassing A, /4 alters the phase relationship between the

incident and reflected waves, resulting in increased reflections.

Although optimal matching at approximately 15 mm minimizes reflection at specific frequencies,
practical applications often demand a broadband response with consistently low reflection across
the entire frequency range. The findings suggest that a moderate range of d; (14 — 16 mm) may

be more suitable for achieving effective broadband performance.

This sweeping analysis highlights that the distance from the inner pin to the back wall (d;) has a
significant impact on impedance matching in the coaxial-to-GGW transition. The best matching
occurs at approximately A¢/4 (~15 mm), where the reflected wave at the pin is in phase,
minimizing return loss. Adjusting d; properly is crucial to optimizing the transition for both

narrowband and broadband applications.
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Figure 3.24 presents the S;; for various values of the plate length (L,) at the tip of the inner
conductor, covering a frequency range of 3 to 8 GHz. Each curve represents a different L, value,

ranging from 3 mm to 15 mm, as indicated in the legend.
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Figure 3.24. S11 of Sweep Parameter ,,

The plate length (L,) is crucial in impedance matching, as evidenced by the varying reflection
levels across frequencies. Certain L, values substantially lower reflection, signifying enhanced
impedance matching and more efficient energy transfer. Conversely, other L, values result in

increased reflections, indicating mismatched conditions that hinder performance.

Optimal impedance matching is achieved with L,, values ranging from approximately 9.8 mm to
13.2 mm, where the S;; exhibits deep nulls, indicating low reflection. Notably, the light blue curve
(L, = 9.8 mm) and the red curve (L, = 13.2 mm) demonstrate the lowest reflections, signifying

that the structure is effectively matched at these lengths. These pronounced dips reflect minimal

energy reflection, ensuring efficient energy transfer to the GGW.
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For shorter plate lengths (L, = 3 — 6.4 mm), such as L,, = 3 mm and 4.7 mm, the corresponding
curves exhibit elevated reflection levels across the frequency range. This indicates that shorter L,
values fail to achieve sufficient impedance transformation, resulting in a significant portion of the
energy being reflected back into the coaxial port. For longer plate lengths, such as L, = 15 mm,
the corresponding curve indicates a rise in reflection at higher frequencies. This implies that overly
extended plate lengths may cause unwanted resonances or phase mismatches, thereby decreasing

the efficiency of the transition.

The reflection minima exhibit a slight shift across frequencies, indicating that the impact of L,, on
impedance matching is frequency-dependent. Optimal broadband performance is achieved with
L,, values ranging from 9.8 mm to 13.2 mm, where the return loss remains consistently low across

a broader frequency range.

The sweep results highlight the significant impact of the plate length (L) at the inner conductor’s
tip on impedance matching. Optimal matching is achieved with L,, values between 9.8 mm and
13.2 mm, where reflection is minimized, thereby enhancing power transfer efficiency. Conversely,
very short (L, = 3 — 6.4 mm) or very long (L, = 15 mm) plate lengths result in higher reflections
and diminishing performance. Selecting an appropriate L,, is essential for ensuring a well-matched
broadband transition to the Groove Gap Waveguide (GGW). This analysis informs the transition
design by guiding the optimization of L,, to minimize return loss and maximize energy transfer
efficiency. The figure consists of two subplots showing the S, for different values of h; (lower
side height of the plate) and h, (upper side height of the plate), with frequency varying from 3
GHz to 8 GHz.

Figure 3.25(a) illustrates the S;; for h; values ranging from 0.1 mm to 10 mm. As h, increases,
the impedance-matching behavior shifts, altering the frequency at which the minimum reflection
occurs. Optimal impedance matching is achieved at h; = 8.5mm (red curve), exhibiting a deep
null around 3.5 GHz with a reflection level below -40 dB. Conversely, when h; is either too small
(0.1 mm, blue curve) or too large (10 mm, dark blue curve), the reflection levels rise significantly,

indicating poor impedance matching.

The sweep of h; reveals distinct impedance-matching trends across its range. For very small h;

values (0.1-2.9 mm), the matching is poor, resulting in high reflection across the frequency band.
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In contrast, moderate h; values (4.3—8.5 mm) exhibit good matching with significantly reduced
reflections, with the best performance observed at h; = 8.5 mm. However, when h; becomes too

large (e.g., 10 mm), the matching degrades, leading to increased reflection levels.

Figure 3.25(b) displays the S;4 for h, values ranging from 7 mm to 15 mm. As h, increases, the
dips in the S;; shift across frequencies. Optimal matching is achieved at h, = 10.4 mm (purple
curve), where deep nulls are observed around 6 GHz, with a reflection level below -40 dB.
However, larger h, values, such as 15 mm (blue curve), result in elevated reflections at lower

frequencies.

The sweep of h, reveals varying impedance-matching performance across its range. For smaller
h, values (7-9.2 mm), the reflection reduction is moderate but falls short of optimal performance.
At h2 = 10.4 mm, the structure exhibits strong impedance matching, characterized by a deep null
in reflection. However, larger h, values (13.8-15 mm) lead to increased reflection, which

diminishes the overall performance of the transition.
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Figure 3.25. S11 of Sweep Parameters hy & h,
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The heights h; and h, play a critical role in impedance matching by shaping the electromagnetic
field distribution within the transition. Optimal values of h; = 8.5 mm and h, = 10.4 mm yield
the best impedance matching, effectively minimizing reflections and enhancing power transfer.
Deviations to either excessively small or large values lead to suboptimal impedance matching,

resulting in increased signal reflection.

This study underscores the importance of precisely tuning h; and h, to ensure efficient energy
transfer in the coaxial-to-GGW transition. Optimal impedance matching is achieved at h; =
8.5 mm and h, = 10.4 mm, resulting in a substantial decrease in the S;;. Deviations from these
values lead to diminished performance, highlighting the critical role of proper height selection in
the design process. Figure 3.26 presents three subplots showing the S;4 as a function of frequency.
The impact of different geometric parameters on the impedance matching and bandwidth of the
coaxial-to-GGW transition is studied: As d, (Distance of the transverse groove to the inner pin of
the coaxial cable) increases, the resonance exhibits a slight shift, influencing the S;;. While the

depth of the notch varies with this change, there is no notable improvement in bandwidth observed.

Variations in [, exhibit a slight impact on the S;4, with the lowest reflection levels observed at

intermediate values. However, these changes do not significantly affect the bandwidth.

Changes in dg have a noticeable effect on impedance matching, with variations impacting the
reflection characteristics. Nevertheless, the bandwidth remains relatively consistent across

different dg values.

None of these parameters significantly enhances bandwidth individually. However, they can
improve impedance matching and bandwidth performance when optimized together. The
interaction between these parameters must be considered carefully to achieve a better trade-off

between matching quality and bandwidth expansion.
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Figure 3.26. S11 of Sweep Parameters dy,l; & dg,
Discussion and Comparison

While horizontal coaxial-to-GGW transitions have been explored in previous studies, vertical
transitions remain under investigation [65]. The proposed design offers advantages such as
compact size and enhanced mode coupling, making it a promising candidate for practical
implementations. Future work could compare it with existing horizontal designs to highlight the

trade-offs.

Conclusion

This section presents a vertical coaxial-to-GGW transition that has been optimized using CST
simulations. The parametric analysis provides insights into the influence of key design parameters,
ensuring efficient impedance matching and minimal reflection losses. Future work can focus on

experimental validation and further miniaturization.
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Chapter IV:

Transverse Slot Antenna Based on GGW

4.1. Introduction

Slot antennas based on GGW technology have emerged as a promising solution for high-frequency
applications, particularly in MMW communications. GGW technology offers several advantages,
including reduced manufacturing complexity, high radiation efficiency, and maintaining
performance despite fabrication tolerances. These features make GGW-based slot antennas highly

suitable for 5G and other advanced communication systems.

GGW technology facilitates low insertion losses and high radiation efficiency, which are critical
for achieving optimal signal transmission and reception [84], [85]. Using metal pin arrays in GGW

slot antennas further enhances gain, improving symmetry in radiation patterns [85].

Moreover, GGW technology simplifies the fabrication process by eliminating the need for
electrical contact between metal layers, thus reducing costs and mechanical complexity [67]. This
contactless feature is particularly advantageous in the design of complex antenna structures, such
as multi-layered arrays and power dividers, which are essential for high-gain applications [67],
[86]. The ability to achieve wide operational bandwidths and maintain high radiation efficiency
across a broad frequency range further underscores the versatility of GGW-based slot antennas

[67], [87].

In summary, GGW-based slot antennas offer a robust and efficient solution for modern
communication systems, providing high gain, wide bandwidth, and ease of fabrication. These
attributes make them attractive for applications ranging from 5G networks to satellite
communications and radar systems. This chapter comprehensively analyzes the GGW slot antenna
with the coax-to-GGW transition, including its structure, operation, and performance

characteristics.
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4.2. Design and Analysis of a Simple Single-Groove Gap Waveguide Slotted
Antenna

The implemented coax-to-GGW transition functions as the feeding mechanism for the slot

antenna, as depicted in Figure 4.1(a) and (b), which present the 3D model and cross-sectional view,

respectively. The S;;, gain, and the front-to-back ratio of the proposed antenna are illustrated in

Figure 4.1(c).

The top panel shows a 3D rendering of the GGW antenna, depicted in yellow to represent a metallic
structure (Copper). The design includes an upper flat plate with a single transverse slot, labelled
“L,” (slot length), positioned centrally over the groove and the plate, W, (Upper plate width), and
[; (Upper Plate Length).

Figure 4.1 (b) presents a cross-sectional view, illustrating key components: the transverse slot
width w,., the distance from the coax inner pin to the front wall (d5), and the distance from the slot
center to the front wall (d4). The EBG structures, consisting of pins on both sides of the groove

(at the back and front walls), effectively maintain the stopband to suppress unwanted modes.

The transverse slot, centrally aligned over the groove, disrupts the quasi-TE mode currents to
facilitate radiation. This view also underscores the contactless design of the GGW, with the upper
and lower plates separated by an air gap, simplifying fabrication. A coaxial feed is also inferred,

likely transitioning into the GGW via a probe or aperture at the groove’s input.

Figure 4.1 (c) presents simulated results for the antenna’s performance, plotted versus frequency
3-8 GHz. The black curve depicts the S;; in decibels (dB), reflecting the antenna's impedance
matching with the feed. It reveals a minimum Sy, of approximately -23 dB at around 3.3 GHz and
4 GHz, signifying effective matching at these frequencies. The bandwidth where S;; < —10dB
extends from approximately 3.1 GHz to 4.6 GHz, yielding a 39% bandwidth, which indicates a
narrowband design well-suited for targeted applications in the microwave or low-MMW frequency

range.

The red curve represents the antenna gain in decibels (dBi), rising from approximately 4.6 dBi at
3 GHz to about 7 dBi at 4.6 GHz. This consistent gain increase with frequency indicates enhanced
radiation efficiency at higher frequencies within this range, likely attributed to improved aperture

efficiency.
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The 1-dB gain bandwidth and the impedance matching bandwidth effectively overlap, indicating
a cohesive operating frequency band of 21.6%. This operating frequency range is clearly
delineated by the gray shaded area in the provided plot from 3.7 GHz to 4.6 GHz, where the

antenna achieves a maximum gain of 7 dB at the end of the matching impedance bandwidth.

The 3-8 GHz range suggests this design targets low-MMW or high-microwave applications,

possibly for 5G sub-6 GHz bands or extended C-band systems. The resonance at 3.2 GHz aligns
with the slot length (L, = 4¢/2 at 3.2 GHz, where A, = fi = 93.75mm, so L, = 46.875 mm).
0

The dimensions of the simulated model are listed in Table 4.1.

Table 4.1. Transverse slotted GGW antenna dimensions (Figure 4.1)

Parameter Description Value Parameter Description Value
(mm) (mm)
Inner Pin’s Center to the 36.92 146.52
ds front wall l; Upper layer Length
, 5 . y 4.65 Upper layer 2
d, Slot’s center to the front wall t; Thickness
w,. Slot Width 18.5 w; Upper layer Width 60
L. Slot Length 46

The coaxial probe or aperture at the groove’s input transitions the coax's TEM mode to the GGW's
quasi-TE mode. Using the dimensions from the previous chapter, this transition must be optimized
to minimize reflections. The EBG structures (pins) ensure mode confinement, reducing leakage

and enabling the high front-to-back ratio observed.
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Figure 4.1. (a) Simulated 3D of the GGW slotted antenna, (b) Cross-sectional view, and (c) S11, Gain,
and the front-to-back ratio of the antenna
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4.3. Design and Analysis of a Groove Gap Waveguide Slotted Antenna with

Rectangular Corrugations
Building on the simple GGW slotted antenna, this section explores a modified design incorporating
rectangular corrugations on the top layer to enhance performance, targeting the frequency range
of 3.2-7.2 GHz. The GGW structure retains the same groove dimensions and EBG parameters as
those in Section 4.2, which are optimized for the target frequency band. The single transverse slot
remains unchanged, with dimensions L,, = 46 mm and W,. = 18.5 mm, ensuring continuity with

the baseline design.

Rectangular corrugations are introduced on the upper plate, parallel to the transverse slot, to
increase the impedance bandwidth and antenna gain. Figure 4.2 provides a cross-sectional view of
the corrugated GGW slotted antenna, showing the groove, EBG pins, transverse slot, and the

rectangular corrugations on the top layer.

] 3 d EA Pc I o
v : i< ‘ :r ‘I 'i

Figure 4.2. Cross-Sectional View of the Corrugated antenna

The corrugation design is specified in Table 4.2:

Table 4.2. Corrugation Dimensions

Parameter Description Value Parameter Description Value
(mm) (mm)
d Slot center to Corrugation 22 h Corrugation 10
< Center & height
Corrugation periodicity 40 Corrugation 17
Pc We Width

These corrugations modify the surface current distribution and electromagnetic field patterns,

aiming to broaden the operational bandwidth and enhance radiation efficiency [75]. The design is
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simulated using CST Studio, following the same methodology as in Section 4.2, to evaluate the

antenna’s S;, gain, and radiation pattern over the 3.2—7.2 GHz range.

The simulated performance metrics, based on the provided radiation pattern, gain, and S;; plots
are analyzed as follows: The S;;, represented by a red curve in Figure 4.3, indicates that S;; <
—10 dB over the expanded bandwidth of 3.2-5.6 GHz, a significant improvement over the simple
slot's 3.1-4.6 GHz range. This 54% impedance bandwidth demonstrates the effectiveness of the

corrugations in mitigating impedance mismatches and broadening the operational frequency range.
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Figure 4.3. S11 and gain of the slotted GGW antenna.

The gain, depicted by a dashed blue curve in Figure 4.3, increases to 10.5 dBi at approximately
5.5 GHz (the midpoint of 3.2-7.2 GHz), surpassing the 7 dBi of the simple slot at 5.5 GHz.

The antenna's operational frequency range, depicted by the gray shaded area, spans from 4.7 GHz
to 5.6 GHz. This bandwidth is constrained at its lower and upper ends by the 1-dB gain bandwidth,

resulting in an overall operating bandwidth of 17.5%.

The radiation pattern of the GGW slotted antenna with rectangular corrugations, illustrated in

Figure 4.4(a) and (b), exhibits a broadside pattern with horizontal polarization, consistent with the
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transverse slot orientation. The corrugations contribute to a more directive pattern, reducing
sidelobes, which reach approximately 33 dB at 5.5 GHz, as shown by the solid blue curve in Figure
4.3.

Figure 4.4(a) shows the radiation pattern at ¢ = 0°, revealing a similar broadside characteristic
but with slight variations in beam shape due to the polarization orientation. The pattern maintains

high directivity with minimal back radiation at 5.5 GHz.
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Figure 4.4. Simulated Results of Corrugated Antenna: polar radiation pattern at (a) ¢ = 0" and (b) ¢ =
90° at different frequencies. (c) E-Field distribution at 3.9 GHz
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Figure 4.4(b) presents polar radiation patterns at ¢ = 90 for different frequencies within the 3.2—
7.2 GHz range, including 3.1724 GHz (blue), 3.8621 GHz (red), 4.5517 GHz (green), 5.2414 GHz
(purple), and 5.9310 GHz (black). These patterns demonstrate consistent broadside radiation with
maximum gain directed at & = 0°, and a gradual narrowing of the beamwidth as the frequency
increases, indicating improved directivity at higher frequencies. The maximum gain ranges from
approximately 5.6 dBi at 3.1724 GHz to 10.2 dBi at 5.9310 GHz, aligning with the gain curve in
Figure 4.3.

Figure 4.4(c) presents the E-field distribution at 3.9 GHz, illustrating the electromagnetic field

concentration within the GGW structure. The E-field is strongest around the slot and corrugations.

This distribution confirms the effective radiation from the slot and the role of corrugations in

shaping the field pattern, enhancing directivity and bandwidth.

Comparison of Simple and Corrugated GGW Slotted Antennas

This subsection compares the performance of the simple single GGW slotted antenna with the
corrugated version to assess the impact of the rectangular corrugations. The simple slot achieves
S11 < —10dB from 3.1-4.6 GHz, yielding a 38% bandwidth. In contrast, the corrugated design
extends this to 3.2-7.2 GHz, offering a 54% bandwidth—a substantial improvement due to the
corrugations’ effect on surface currents and field distribution, as evidenced by the S;; in Figure
4.3. The simple slot exhibits a gain of 7 dBi at 5.5 GHz, while the corrugated version achieves
10.3 dBi at 5.5 GHz, reflecting increased radiation efficiency from the corrugations’ focusing
effect, as shown in Figure 4.3. Both designs produce broadside radiation patterns, but the
corrugated version offers improved directivity and a higher gain, reducing back radiation and
enhancing performance for directional applications, as illustrated by the polar patterns in Figure

4.4(a) and (b).

This comparison highlights the effectiveness of rectangular corrugations in broadening the
operational bandwidth and increasing gain, making the corrugated GGW slotted antenna more

versatile for wideband, high-gain applications in the 3.2-5.6 GHz range.
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4.4. Design and Analysis of a Groove Gap Waveguide Slotted Antenna with a
Step Under the Slot

This section presents an advanced modification to the GGW slotted antenna with rectangular
corrugations. A step is introduced under the slot at the transition point from the GGW to the slot
to further improve the antenna's bandwidth. Building on the design described in Section 4.2, a step
is added to the lower plate beneath the transverse slot, as illustrated in Figure 4.6. This step
modifies the electromagnetic field distribution and impedance matching to enhance the operational

bandwidth.

T-PN
M

‘ | A ‘

Figure 4.6.Cross-sectional view of the GGW slotted antenna with a step under the slot.

Figure 4.5. Top view of the stepped GGW slotted antenna
(Top layer is hidden)

The step is integrated into the groove structure at the slot location, altering the groove height
locally to create a discontinuity that broadens the impedance bandwidth. Based on the cross-

sectional view in Figure 4.6, the step appears to reduce the groove height under the slot, potentially
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by 0.14,, depending on the specific design parameters. The GGW structure, slot dimensions (L, =
46 mm and W,. = 18.5 mm), and corrugations (height 10 mm, width 17 mm, periodicity 40 mm)
remain unchanged from Section 4.3, maintaining continuity with the previous design. The step

dimensions are [ = 41.16 mm,w, = 5.88 mm, hy = 6 mm, and d, = 3.59 mm.

Simulations using CST Studio demonstrate that adding the step significantly enhances the
impedance bandwidth. The S;4, represented by a black curve in Figure 4.7, achieves S;; < —10
over an impressive 77% impedance bandwidth, corresponding to approximately 3.2—7.2 GHz
within the 3—8 GHz range shown in the plot. This improvement is attributed to the step’s effect on

the field distribution, which reduces reflections and broadens the frequency response.

The gain, depicted by a red dashed curve in Figure 4.7, ranges from 5.5 to 10.3 dBi across the
bandwidth, maintaining performance comparable to the corrugated design, with a peak of about

10.3 dBi at 5.5 GHz.
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Figure 4.7.Simulated performance of the GGW slotted antenna with a step under the slot: S141 (black),
and gain (red) over the 3-8 GHz range

The antenna's operating frequency bandwidth, visualized by the grey shaded area, spans from 4.7
GHz, where it is limited by the 1-dB gain bandwidth, up to 6.9 GHz. This results in an overall
operating bandwidth of 38%.
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Figure 4.8 presents the E-field distribution at 3.9 GHz, illustrating the electromagnetic field
concentration within the stepped GGW structure. The E-field is strongest around the slot, step, and
corrugations. This distribution confirms the effective radiation from the slot and the role of the

step and corrugations in shaping the field pattern, further enhancing directivity and bandwidth.
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Figure 4.8. E-field distribution at 3.28 GHz for the stepped GGW slotted antenna with a step under the
slot.

4.5. Comparison of Simple, Corrugated, and Stepped GGW Slotted Antennas
This section compares the performance of the simple single GGW slotted antenna (Section 04.2),
the GGW slotted antenna with rectangular corrugations (Section 4.3), and the GGW slotted

antenna with a step under the slot (Section 4.4) to assess the incremental improvements as shown

in Figure 4.9.

The simple slot design achieves an S;; < —10 dB bandwidth from 3.1 GHz to 4.6 GHz, resulting
in a bandwidth of approximately 1.5 GHz, equivalent to a 38% impedance matching bandwidth.
The corrugated design expands this range to 3.2—-5.6 GHz, providing a 2.4 GHz bandwidth or a
54% impedance matching bandwidth. The stepped design further enhances this to a 77%
impedance matching bandwidth, spanning 3.2-7.2 GHz, while maintaining the gain with no
reduction and potentially improving matching across the range due to the step’s influence on

impedance, as demonstrated by the S;; results in Figure 4.7.
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All designs exhibit gains of 5-10 dBi for the simple slot, 5.5-10.3 dBi for the corrugated design,
and 5.5-10.3 dBi for the stepped design at their respective optimal frequencies, indicating that the

step primarily enhances bandwidth without significantly altering gain.

All designs produce broadside radiation patterns with horizontal polarization. Still, the corrugated
and stepped versions offer improved directivity, as shown in Figure 4.3 and Figure 4.7. The step
does not substantially alter the radiation pattern but supports the broadband performance, as

confirmed by the E-field distribution in Figure 4.8.

This comparison underscores the progressive enhancements: corrugations broaden the bandwidth
and increase gain. At the same time, the step sustains this bandwidth at 77%, making the stepped

GGW slotted antenna ideal for ultra-wideband applications in the 3.2—7.2 GHz range.

S, , (dB)

—Simple Slot
45 —With Corrugation |
! - - With Step
-50 \ \ \ \ | \ \ \ \
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Frequency (GHz)
Figure 4.9. Comparison of Simple, Corrugated, and Stepped GGW Slotted Antennas
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4.6. Prototyping and Measurement Results

During the prototyping of the stepped GGW slotted antenna, the specific size of the female SMA
port used for the feeding mechanism necessitated adjustments to the antenna’s dimensions to
ensure proper integration and performance. These modifications, driven by the physical constraints
of the SMA connector, resulted in revised dimensions for key components of the antenna,

including the slot and step. The updated dimensions are detailed in Table 4.3:

Table 4.3. The dimensions of the Prototyped Antenna

Parameter Description Value Parameter Description Value
(mm) (mm)
a Pin Size 5.88 d g Groove Depth 2
d Pin Height 14.9 hq Height of the lower side 2.75
ag Air Gap Size 03 h, Height of the upper side 11.5
p Unit Cell Size 14.7 lp Plate Length 967
W GGW Width 54 wg Groove Width 4.5
dq Distance to the Back wall 16 l g Groove Length 46
d, Distance to the transverse 2705 t, Plate Thickness 10
groove
ds Inner Pm s Center to the 36.92 l, Upper layer Length 146.52
front wall
d, Slot’s centvii; ltlo the front 4.65 t, Upper layer Thickness P
W, Slot Width 18.5 w; Upper layer Width 120
L. Slot Length 46 h, Corrugation height 10
d, Slot cente};j to C(frrugallon 2 w, Corrugation Width 17
enter
Corrugation periodicity Step’s center to the
Pc < dy front wall 204
hg Step Height 5 Wy Step Width 5.88
I Step Length 4116 r1 SMA Inner Conductor 0.635
Radius
SMA Outer Conductor
2 Radius 2.05

Manufacturing Process

The proposed simple, corrugated, and stepped GGW slotted antennas were fabricated to validate
the simulated performance in Section 4.4. The manufacturing process utilized high-precision CNC
milling to ensure the accurate replication of design dimensions, particularly for the EBG pins,
grooves, slot, corrugations, and step structures. Aluminum was selected as the primary material
due to its high conductivity, lightweight properties, and suitability for high-frequency applications.

The fabrication process involved the following steps.
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Aluminum blocks were prepared with dimensions exceeding the final antenna size to
accommodate machining tolerances. The blocks were polished to ensure a smooth surface finish,
minimizing surface roughness that could affect electromagnetic performance. A 5-axis CNC
machine was used to mill the lower plate, which includes the groove, EBG pins, and the step. The
upper plate was milled to incorporate the transverse slot and rectangular corrugations. The slot

dimensions and corrugation parameters were precisely machined according to Table 4.3.

A coaxial connector (SMA type) with an extended inner pin was integrated into the lower plate to
facilitate the transition from the coaxial TEM mode to the GGW quasi-TE mode. The transition
design followed the dimensions, with a probe inserted into the GGW to excite the quasi-TE mode.
The probe and surrounding geometry were machined with sub-millimeter precision to minimize

reflections.

(© (d)
Figure 4.10. The Prototyped Antenna: (a) Top View (b) Bottom View (c) Side View (d) Disassembled
Antenna
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The assembly was secured with screws at the edges, ensuring structural stability without
compromising electromagnetic performance. The fabricated components were inspected using a
coordinate measuring machine (CMM) to verify dimensional accuracy. The fabrication process
was optimized to strike a balance between precision and cost, making the design feasible for small-
scale production while ensuring repeatability. Challenges included maintaining tight tolerances for
the EBG pins and ensuring uniform air gap spacing, which were addressed through iterative

machining adjustments and rigorous quality checks.

Measurement Setup

The fabricated antennas were tested in an anechoic chamber at Concordia University to measure
their S;, and radiation patterns in the E-plane (¢p = 90") and H-plane (¢p = 0°). The measurement
setup included a Keysight N5227A PNA Microwave Network Analyzer, which was used to
measure the S;; over the 3-8 GHz range. To ensure accuracy, the PNA was calibrated using an
ECAL SOLT (Short-Open-Load-Thru) procedure. A shielded anechoic chamber was used to
minimize reflections and external interference. The chamber was equipped with pyramidal
absorbers rated for frequencies up to 40 GHz. A double-ridge horn antenna (ETS-3115) was used
as the receiver antenna for radiation pattern measurements. The horn antenna was positioned 2.5
meters from the antenna under test (AUT) to ensure the far-field conditions were satisfied. A
motorized turntable with 0.1° angular resolution was used to rotate the AUT for E-plane and H-
plane pattern measurements. The turntable was controlled via software synchronized with the
E8364B VNA for automated data collection. Measurements were conducted at three frequencies:
3.25 GHz, 5 GHz, and 7.25 GHz, selected to cover the operational bandwidth of the antennas,
particularly the stepped design (3.2-7.2 GHz).

The AUT was connected to the VNA via a low-loss coaxial cable, and the setup was verified to
ensure no cable-induced artifacts affected the measurements. Temperature and humidity were
maintained at 23°C and 50%, respectively, to ensure consistent material properties.

Measurement Results

The measurement results for the stepped GGW slotted antennas are presented below, focusing on

the S;; and the E-plane and H-plane radiation patterns at the specified frequencies.
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Figure 4.11. (a) Comparison of measured (blue line) and simulated (red line) S11 (b) The far-field setup
of the radiation pattern measurement.
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The results are compared with simulations to assess fabrication accuracy and real-world
performance. Based on the provided plots in Figure 4.11 (a), the measured and simulated S;; for
the stepped GGW slotted antenna are compared across the 3-8 GHz range. The measured S;,
(black line) and simulated S;; (red and dashed lines) exhibit a broad bandwidth, where for less
than -10 dB, covering approximately 3.4—7.2 GHz for the measurement and 3.2—7.23 GHz for the
CST simulation, aligning closely with the expected 72% impedance matching bandwidth. At lower
frequencies (3—4 GHz), both plots show a dip below -20 dB, with the measured curve reaching a
minimum around 4 GHz and the simulated curve slightly offset, indicating good agreement despite
minor fabrication variations. Around 5.5 GHz, both curves show a noticeable dip, with the
measured S;,dipping below -30 dB and the simulated plot following a similar trend, though the
measured curve exhibits more fluctuation, possibly due to the cable or connector losses. At higher
frequencies (6—8 GHz), the measured and simulated curves diverge slightly, with the measured
S11 showing a sharper drop below -40 dB around 6.9 GHz, while the simulated curve remains
above -30 dB, suggesting potential differences in high-frequency response due to machining
tolerances or measurement setup. To validate the stepped GGW slotted antenna’s performance,
the E-plane (¢ = 90°) and H-plane (¢p = 0°) radiation patterns were measured and compared with

simulations at 3.25, 5, and 7.25 GHz, spanning the 3.2—7.2 GHz bandwidth.

Figure 4.12 and Figure 4.13 present the normalized measured (red), simulated (black), and cross-
polarization (red dashed) patterns. In Figure 4.12, the E-plane radiation pattern at 3.25 GHz
displays a broadside configuration with dual lobes at +25°, a null at = 0°, a -2 dB gain level, and
cross-polarization below -20 dB. At 5 GHz, the main beam shifts to 8 = 0°, with cross-polarization
reduced to below -30 dB. At the higher end of the frequency band, the main lobe tilts by 17°, likely
due to the asymmetrical structure beneath the E-plane slot and its sensitivity to higher frequencies.
In Figure 4.13, the H-plane pattern exhibits a wider beamwidth compared to the E-plane and
maintains consistent alignment across the frequency band, attributed to the symmetrical structure
in this plane. Discrepancies between simulated and measured patterns at angles beyond +70° may
result from antenna mounting conditions and the influence of absorbers. The close agreement
between measured and simulated normalized patterns validates the stepped design’s consistent
broadside radiation across the bandwidth. Minor discrepancies are attributed to fabrication

imperfections or measurement setup limitations.
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E-Plane at 3.25 GHz
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Figure 4.12. Comparison of Measurement and Simulation of E-Plane pattern at (a) 3.25 GHz, (b) 5 GHz,
and (c) 7.25 GHz.

64



_
<)

)
S

Normalized Pattern (dB)
(n
[a=]

Normalized Pattern (dB)
b 1
S S S

o
S

<

)
S

Normalized Pattern (dB)

%
S

Figure 4.13. Comparison of Measurement and Simulation of H-Plane pattern at (a) 3.25 GHz, (b) 5 GHz,

<

H-Plane at 3.25 GHz

o
S

i
S

F e /'-‘\!‘-"'\ o i
‘\ '_’ \\\ LT e I
] ¥ . ’
1 B ) ]'
II \ 1
g " {——Sim Co-pol
f 1|l——Meas Co-pol
‘ . il = ~Meas X-pol
-50 0 50
Angle (degrees)
(a)

H-Plane at 5 GHz

/\
n "‘_.

B
S

&
S

¢ _z”\,\,‘_,\
‘ i
* o
LS | :
‘. [} e d
*'v | |—Sim Co-pol
', |7 Meas Co-pol
| _ Y |7 = ~Meas X-pol
-50 0 50
Angle (degrees)
(b)
H-Plane at 7.25 GHz
R LR N_am
by O N4 !
v, SREWANYE
'y v 1t
:, 1
y "
1 |——Sim Co-pol |
| |=——Meas Co-pol
- = =Meas X-pol
-50 0 50
Angle (degrees)

(©)

and (c) 7.25 GHz.
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The investigation of GGW slotted antennas in this chapter demonstrates the potential of simple,
corrugated, and stepped designs. The simple single GGW slotted antenna offers a narrowband,
moderate-gain solution for the 3.1-4.6 GHz frequency range, while the addition of rectangular
corrugations on the top layer significantly enhances the impedance bandwidth (3.2-5.6 GHz) and
gain (10.3 dBi).

CST Studio simulations validate that introducing a step under the slot further improves the
bandwidth to a 77% impedance matching bandwidth (3.2—7.2 GHz). The E-field distributions at
3.9 GHz (Figure 4.4 and Figure 4.8), cross-sectional views (Figure 4.1(b) Figure 4.2, and Figure
4.6), and radiation patterns in Figures Figure 4.4(a) and (b) provide visual and quantitative

confirmation of the designs’ effectiveness.

4.7. Design and Analysis of a 1x4 GGW Slotted Antenna Array with Stepped
Design

This section extends the stepped GGW slotted antenna design presented in Section 4.4 to a 1x4

array configuration, enhancing the antenna's gain while preserving its wideband characteristics for

sub-6 GHz applications. The array design utilizes the stepped GGW slotted antenna as the

fundamental element, incorporating a standard one-to-four power divider feeding network with

coaxial cables to ensure uniform power distribution and phase alignment, thereby improving

radiation performance.

The 1x4 array comprises four identical stepped GGW slotted antennas, each with the dimensions
and parameters specified in section 4.4. The elements are arranged linearly along the y-axis, with
a uniform inter-element spacing of 59.88 mm, as shown in Figure 4.14. This spacing corresponds
to slightly less than A, at the center frequency of 5 GHz (within the 3.2-7.2 GHz bandwidth). While
this spacing is less than the typical 4, range for minimizing grating lobes, it aligns with the design
constraints. It ensures constructive interference in the broadside direction, with potential sidelobe
considerations addressed in the performance analysis. Each antenna element retains the GGW
structure with EBG pins, rectangular corrugations, and the step under the slot, preserving the 77%
impedance matching bandwidth (3.2-7.2 GHz) observed in the single-element design to simulate
the array antenna without the feeding network, all elements are simultaneously excited in CST
Studio with an amplitude of 1 and a 0-degree phase, allowing the assessment of their mutual

interactions and impact on the radiation pattern and gain.
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Figure 4.14.Simulated 1x4 array antenna a) Perspective view b) top view (hidden top layer)

In Figure 4.15, the plot illustrates the performance of the 1x4 array antenna, highlighting key
characteristics across the frequency range of 3 to 8 GHz. As anticipated, the gain plot, depicted by
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the black line, exhibits an increase of approximately 6 dB, reflecting the contribution of each pair
of elements, which adds about 3 dB to the gain when optimally designed. The red line represents
the active S;; for outer ports 1 and 4, maintaining values below -10 dB from 3.3 to 7.2 GHz,
corresponding to a 74% impedance matching bandwidth, indicating excellent impedance matching
across this range. In contrast, the red dashed line represents the active S;; for the inner ports 2 and
3, showing a slightly reduced impedance bandwidth of 3.3 to 7.1 GHz with values below -10 dB,
covering 72% of the impedance bandwidth, suggesting a minor bandwidth reduction likely due to
mutual coupling effects between the closely spaced elements. The antenna's operating frequency
bandwidth, visualized by the gray shaded area in the plot, spans 30%. This range is constrained at
its lower end by the 1-dB gain bandwidth, which is found at 4.77 GHz. Also, at the higher end, the
limitation is set by the 1-dB gain bandwidth, occurring at 6.45 GHz.
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Figure 4.15. Active Reflection Coefficient and Gain versus frequency for the 1x4 Stepped GGW slot
antenna simulated in CST

Table 4.4 presents a detailed comparison of the measured and simulated (CST) performance
metrics for a single slot antenna and a 1x4 array configuration, both utilizing a stepped GGW
feeding network. This table is pivotal in showcasing the effectiveness of the proposed antenna
designs for sub-6 GHz applications, such as 5G communications and radar systems. For the single

slot antenna, it lists parameters like impedance matching bandwidth, frequency range, 3dB
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beamwidth, maximum gain, and the location of maximum radiation in E and H planes. The close
agreement between simulated and measured results validates the accuracy of the simulation
models and the precision of the fabrication process. The reason there is no maximum radiation
location and a 3-dB beamwidth for the E-plane pattern at 3.25 GHz is that a null occurs at & = 0°
with a level of -3 dB, related to two lobes at +39°.This table underscores the array’s ability to
achieve higher directivity while retaining a broad operational bandwidth, highlighting its potential
for high-gain, wideband applications and reinforcing the thesis’s contribution to advancing

antenna technology.

Table 4.4. Comparative results of Measured, Simulated (CST) Single Slot and 1x4 Array Antenna

Irnpeda.nce Frequency | 3dB-Beamwidth | 3dB-Beamwidth Max. Radlatwn
Matching (GHz) (H-Plane) (E-Plane) Location (H-
Bandwidth ‘ Il ~Hiane Plane/E-Plane)
3.25 ) - '/
Single Slot 77% s gg 45t 80/ 0
(Simulated) | (3.2-7.23 GHz) 5 s 5 [ 0
7.25 90 50 0 /18.5
3.25 ) - '/
Single Slot 72% s gg 36° 80/00
(Measured) | (3.4-7.2 GHz) 5 s 5 / 5
7.25 91 42 0/17.5
1x4 Slot 290, 3.25 19° 22° 0°/0°
Armay |40 Gy 5 12° 12.5° 0°/0°
(Simulated) o 7.25 8° 8.7 0°/0°

4.8.  Scaling Analysis for Higher Frequencies

To explore the scalability of the stepped GGW slotted antenna, the design is scaled down to operate
at higher center frequencies of 30 GHz and 60 GHz, maintaining the same impedance bandwidth.
Figure 4.16 presents the S;; performance for two scaling factors: 0.17 (30 GHz) and 0.085 (60
GHz). The Sy, curves, represented by red and black lines respectively, demonstrate that S;; <
—10 dB over bandwidths of approximately 18.9-42.5 GHz for the 30 GHz design and 37.8-85.1
GHz for the 60 GHz design, both maintaining the 77% impedance bandwidth observed in the
original 3.2—7.2 GHz design.

This invariance in the bandwidth is attributed to the proportional scaling of all dimensions (slot,
groove, corrugations, and step), preserving the electromagnetic behaviour across frequency bands.

The consistency in bandwidth suggests that the stepped GGW design is highly scalable for
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millimetre-wave applications, such as 5G or radar systems, without requiring a redesign of the

bandwidth characteristics.
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Figure 4.16. S11 of the scaled GGW slotted antenna with a step under the slot, comparing b) scaling
factors of 0.17 (red, 30 GHz center frequency) and c) 0.085 (black, 60 GHz center frequency),
demonstrating invariant 77% impedance matching bandwidth

In Figure 4.17, the plot illustrates the performance of the 1x4 array antenna, scaled by a factor of
0.17 to operate at 30 GHz as expected. The red line represents the active S;; for outer ports 1 and
4, maintaining values below -10 dB from 19.4 to 42.3 GHz, corresponding to a 74% bandwidth,
which demonstrates effective impedance matching across this range. Conversely, the red dashed
line represents the active S;; for inner ports 2 and 3, a slightly reduced bandwidth of 19.8 to 42
GHz, with values below -10 dB, covering 71.8% of the bandwidth. This suggests a minor matching
impedance bandwidth reduction, likely due to mutual coupling between the closely spaced
elements. The antenna's operating frequency bandwidth, visualized by the gray shaded area in the
plot, spans from 28 GHz, where it is constrained by the 1-dB gain bandwidth, up to 38.57 GHz,

showing an overall operating bandwidth of 32.3%.

70



0 I 17

5 & Al—dB Gain
\\ A 16

-10
—_ 15
%-15 - ~
2 S
2-20- 14 2
'bEn g
§ 25
13
-30 -
. [ o712
35 - —Ports 1 & 4 Act}vc Rcﬂcct!on Coeffi fcnt
= = Ports 2 & 3 Active Reflection Coeffi¢ient
—Max. Gain
40 | ‘ ‘ pperaﬁng Band ‘ 1
20 25 30 35 40

Frequency (GHz)

Figure 4.17. Active Reflection Coefficient and Gain versus frequency for the scaled 1x4 Stepped GGW
slot antenna simulated in CST.

4.9. Conclusion

The investigations conducted in Chapter 4 have demonstrated the significant advancements
achieved in the design and performance of transverse slot antennas using GGW technology. The
progression from a simple single GGW slotted antenna, with a 38% bandwidth (3.1-4.6 GHz) and
a gain of 7.5 dB4i, to a corrugated design, expanding the bandwidth to 54% (3.2-5.6 GHz) with a
gain of 10.3 dBi, highlights the effectiveness of rectangular corrugations in enhancing bandwidth
and radiation efficiency. The introduction of a step under the slot further revolutionized the design,
achieving a remarkable 77% impedance matching bandwidth (3.2-7.2 GHz) while maintaining a
gain of 10.3 dBi, thereby addressing the critical needs of wideband applications. The stepped
design was successfully prototyped and measured, with results closely aligning with CST Studio
and HFSS simulations, confirming its robustness. Despite minor deviations due to fabrication
tolerances, the matching impedance bandwidth remained strong at 73%. The extension to a 1x4
array configuration demonstrated a 6 dB gain increase and preserved the wideband characteristics,
while scaling to 30 GHz and 60 GHz center frequencies retained the 77% impedance matching

bandwidth, affirming the design’s scalability for sub-6 GHz and MMW applications. These results
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underscore the potential of GGW technology, enhanced by EBG structures, corrugations, and
stepped features, to meet the demanding requirements of 5G, radar, and satellite communications,

laying a solid foundation for future antenna development.
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Chapter V:

Conclusion and Future Works

5.1. Conclusion

This thesis has demonstrated the potential of GGW technology in enhancing the performance of
transverse slotted antennas for sub-6 GHz and MMW applications, particularly for 5G and beyond.
The initial design of a simple single GGW slotted antenna, operating in the 3.1-4.6 GHz range,
achieved a modest impedance matching bandwidth of 38%, with the highest gain of 10 dBi,
establishing a baseline for further improvements. By incorporating rectangular corrugations on the
top layer, the antenna’s bandwidth was expanded to 54% (3.2-5.6 GHz), with a highest gain of

10.3 dBi, demonstrating enhanced directivity and radiation efficiency.

The introduction of a step under the slot at the GGW-to-slot transition marked a breakthrough,
achieving a 77% impedance bandwidth (3.2—7.2 GHz) while maintaining the gain, thus addressing
the critical need for wideband performance in modern communication systems. After successful
fabrication and precise measurement, the antenna's matching impedance bandwidth was
determined to be 73%, closely aligning with the initial simulation results. The scalability analysis
further confirmed that this 77% impedance bandwidth is preserved when scaling the design to
center frequencies of 30 GHz and 60 GHz, highlighting the versatility of the stepped GGW design

for mm-wave applications such as 5G, radar, and satellite communications.

Simulations conducted using CST Studio and HFSS provided detailed insights into the antenna’s
S11, gain, radiation patterns, and E-field distributions, validating the effectiveness of GGW
technology, EBG structures, corrugations, and steps in mitigating challenges like narrow
bandwidth, high path loss, and limited directivity. The contactless nature of GGW, combined with

the suppression of surface waves through EBG structures, simplifies fabrication, reduces losses,
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and enhances performance, making this approach a promising solution for next-generation

wireless networks.

Overall, this research demonstrates that integrating GGW technology with advanced design
modifications—such as corrugations and steps—offers a robust, scalable, and efficient platform
for high-performance slotted antennas, significantly advancing the state-of-the-art antenna design

for future communication systems.

5.2. Future Works

Building on the findings of this thesis, future research can enhance the performance and
applicability of Groove Gap Waveguide (GGW) slotted antennas by exploring several key
directions. Expanding the single-slot design into multi-element slotted arrays using GGW
technology could focus on beamforming, mutual coupling reduction, and array factor optimization
to achieve higher gains and steerable radiation patterns, which are suitable for massive MIMO
systems and 5G/6G networks. Additionally, investigating hybrid beamforming techniques that
combine sub-6 GHz and mm-wave bands could leverage the scalability of GGW slotted antennas
to develop dual-band, dual-polarized designs, improving coverage, capacity, and spectral
efficiency for next-generation networks. Furthermore, integrating advanced EBG structures, such
as glide-symmetric holey designs or meta surfaces, and artificially soft or hard surfaces could
further suppress surface waves, reduce mutual coupling, and enhance bandwidth and efficiency,
particularly for compact, high-frequency antenna systems. These research avenues will address
practical implementation challenges and broaden the applicability of GGW-based slotted antennas

to meet the evolving demands of advanced wireless communication technologies.
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