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Abstract: This paper investigates the usefulness of combining dielectric and conductive
materials with various geometries to build resonators and enhance patch antenna perfor-
mance when considering the decoupled design approach. Three materials (distilled water,
glycerin, and graphite) and fifteen geometries are considered. The obtained results through
numerical simulations show how the selected materials and geometries can be combined to
strategically design resonators that can effectively confine electromagnetic fields, shift the
resonant frequency, improve antenna directionality and effective gain, facilitate multi-band
operation, broaden the bandwidth, and improve impedance matching and the radiation
pattern. Overall, the analyses and discussions offer insights and guidelines for combining
dielectric and conductive materials with several geometries to build a resonator that can
improve patch antenna performance when a low-quality substrate is considered.

Keywords: patch antenna; resonator; distilled water; glycerin; graphite; geometric shapes

1. Introduction

Patch antennas are fundamental components in various compact devices for wireless
communication. As they work by transmitting and receiving electromagnetic waves, patch
antennas directly influence system performance [1-3]. Recently, their applications have
expanded significantly to meet the growing needs of emerging technologies, including
energy harvesting and smart cities [3,4]. Traditionally, patch antennas are constructed
using copper and rigid dielectric materials; however, as demand for flexible and adaptable
systems increases, novel antennas have emerged that diverge from conventional ones.
These new antennas employ flexible and reconfiguration materials, which are not present
in traditional copper-based designs. Among the unconventional materials investigated
for new antennas are textiles, polymers, graphene, and liquid materials. Currently, liquid
dielectrics, including water and other materials, have become a focal point of recent
investigations due to their unique properties and potential for improving antenna design
and performance [3].
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In this regard, integrating unconventional materials in patch antennas aligns with
the growing interest in resonators, as both approaches aim to enhance antenna perfor-
mance across several frequency bands while meeting the demands of modern applications.
Strategically placed resonators effectively confine electromagnetic fields, improving patch
antenna performance. Furthermore, this arrangement of embedded patch antennas in
resonators can operate across multiple frequency bands, making them ideal for modern
applications that demand high versatility, such as wireless communications, sensor net-
works, and satellite communication systems. The ability to manipulate the properties
of the resonator offers new opportunities for the development of efficient multi-band
antennas [5,6].

Recent research has explored using various liquid and solid materials as resonators
in patch antenna designs. For instance, Paracha et al. [7] review the design and applica-
tions of liquid metal antennas, highlighting their adaptability and versatility for modern
wireless communications. Their study explored innovative fabrication techniques and the
advantages of conductive fluids for creating mechanically flexible, reconfigurable antennas.
Similarly, Wang et al. [8] introduced a hybrid dual-tube water antenna, where distilled
water acts as the dielectric load while salty water serves as the radiating element. This
configuration significantly increased the radiation efficiency, reaching up to 84% across its
operating band. Another example is the work of Li and Luk [9], which investigated the
use of water as a dense dielectric patch antenna. The water patch functioned similarly to a
traditional metallic patch in its design, achieving a broader bandwidth (BW) and improved
radiation efficiency. Aldrigo et al. [6] presented a tunable 24 GHz antenna array based
on noncrystalline graphite, demonstrating the significant potential for high-performance
microwave components and their usefulness for advancing the next generations of wireless
communication technologies. Moreover, Mukherjee et al. [10] review advanced techniques
and geometries in dielectric resonator antennas, focusing on size miniaturization, BW
optimization, and radiation pattern stability. In addition, the authors of [11] explored the
development of multi-beam conformal antennas using liquid metal, showing that antennas
using liquid metal can sustain their performance when the geometry is reshaped. Further-
more, Malfajani et al. [12] proposed an encapsulated dielectric resonator antenna design,
which enables efficient radiation across two widely separated frequency bands. Meanwhile,
Halimi et al. [13] provided an overview of dielectric resonators for applications in radio
frequency (RF) energy harvesting and systems and wireless power transmission. Addition-
ally, the authors of [14] proposed a broadband antenna designed as an array element for
advanced microwave brain imaging systems. It is immersed in a medium with a carefully
selected relative permittivity, improving impedance matching between the antenna and
brain tissues to enhance signal transmission and reception. Varshney [15] conducted a
numerical analysis of a broadband waveform in a THz absorber, utilizing a dielectric cavity
resonator integrated with a graphite disk. Moreover, Su [16] proposed a method to enhance
the gain of a dielectric resonator antenna by utilizing metallic patches. The works above
and references therein highlight that resonators can also enhance antenna performance
through innovative material usage, driving advancements in diverse applications such as
wireless communications, energy harvesting, and imaging systems.

Despite these advancements, several challenges remain in improving the efficiency of
embedded patch antennas in resonators. One notable issue is developing a clear view of
how types of materials and geometries of resonators affect the electromagnetic performance
of patch antennas with high dielectric constants. It is well-established that designing
patch antennas with high dielectric materials is difficult, as a high dielectric constant often
degrades overall efficiency, especially in terms of radiation pattern characteristics, such as
main lobe magnitude (MLM), main lobe direction (MLD), half-Power Beamwidth (HPBW),
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and side lobe level (SLL) [17]. However, understanding the benefits of resonators in this
context needs a comprehensive investigation. While several studies focus on simplified
configurations of resonators [5], there is a gap in the literature in terms of a comprehensive
analysis in which a unique set of specification designs and constraint are applied. Such an
investigation is relevant as it would allow researchers to easily highlight and compare the
benefits of geometric shapes and materials used to build resonators that will be employed
to improve the performance of patch antennas.

This paper addresses this gap by investigating the combining of dielectric and conduc-
tive materials with distinct geometries to build resonators and, consequently, to improve
patch antenna performance when the decoupled method is adopted. The decoupled
method means that the patch antenna and resonator are sequentially designed in that order.
Consequently, it offers insights and guidelines for fostering patch antennas embedded in
resonators. In this regard, this paper introduces the following contributions:

* A comprehensive presentation of the combinations of dielectric and conductive materi-
als (i.e., distilled water, glycerin, and graphite) and fifteen geometries for building res-
onators and improving a few characteristics or overall performance of patch antennas.

¢ Numerical simulations of the possible combination of the selected sets of materials
and geometries and analyses based on the radiation pattern and the magnitude of the
scattering parameter Sq; (i.e., |S11|) when the decoupled approach is used, in which the
resonator is designed to fulfill the specifications of an already designed patch antenna.

Considering that the benefits of resonators are more relevant when the material of
the substrate of the rectangular patch antenna is of low quality, the following findings
are related to the use of flame retardant-4 (FR-4) when extensive numerical simulations
are considered:

*  For distilled water (DW) resonators, the impact on scattering parameter S1; and radia-
tion pattern varies depending on the geometry of the resonator. Specific geometries
offer a broader BW, improved impedance matching, and support for multiple reso-
nant frequencies. Others enhance characteristics of the radiation patterns, with some
configurations achieving exceptional gain and radiation directionality while support-
ing multi-band operation. Moreover, specific geometries downshift the resonant
frequencies, which can be used to reduce the antenna size.

¢ The integration of glycerin-made resonators into patch antennas yields distinct effects
on the scattering parameter S1; and radiation patterns, depending on the geometry
shape. Some geometries show potential for reducing the size of patch antennas because
they downshift the resonant frequency, while others enhance radiation efficiency or
improve the scattering parameter S11. Other geometries provide a balance between
enhanced scattering parameter S1; and radiation patterns. These variations in the
results demonstrate the versatility of glycerin resonators in improving patch antenna
performance, particularly for size reduction and improved efficiency.

*  The combination of graphite-made resonators with patch antennas results in signifi-
cant changes in scattering parameters S1; and the radiation pattern. These resonators
typically cause shifts in resonant frequency, with certain configurations exhibiting
more pronounced shifts. The radiation pattern is also improved, with specific geome-
tries offering high effective gain and enhanced directionality compared to a patch
antenna without a resonator. Overall, graphite resonators present substantial poten-
tial for improving patch antenna performance concerning BW, radiation efficiency,
and radiation directionality, making patch antennas more compact and efficient for a
broader range of applications.
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The remainder of the paper is organized as follows. Section 2 formulates the investi-
gated problem. Section 3 describes the materials and geometries used in the resonators.
Section 4 analyzes the numerical results. Lastly, Section 5 presents the concluding remarks.

2. Problem Formulation

Patch antennas are essential in wireless and satellite communication systems, particu-
larly in microwave and millimeter-wave RF-based front-end architectures. Patch antenna
design continuously refines these systems to enhance energy efficiency, coverage, flexibility,
and reliability, driving advancements in front-end engineering. Achieving these improve-
ments requires meticulous selection of substrates and embedding materials, as both directly
influence key antenna performance parameters such as impedance matching, radiation
efficiency, and BW.

Embedding materials, classified as dielectric or conductive, serve multiple critical func-
tions in antenna design. High-permittivity materials contribute to miniaturization by reduc-
ing the antenna’s physical footprint without compromising performance. Proper material
selection enhances gain and directivity by mitigating surface wave losses and optimizing
radiation characteristics. Additionally, embedding materials support impedance matching,
minimizing reflection losses and improving signal transmission efficiency. In harsh envi-
ronments, encapsulating materials protect antennas from moisture, temperature variations,
and mechanical stress, ensuring long-term reliability.

The literature has pointed out that the behavior of a patch antenna is strongly influ-
enced by the electrical and mechanical characteristics of the used substrate, which directly
impact key evaluation parameters obtained from the radiation pattern and S;; scatter-
ing parameter (e.g., BW, directionality, and resonant frequency). For example, Figure 1
illustrates the radiation patterns of a single rectangular patch antenna with substrates of
different dielectric constants and loss tangents. The difference between radiation patterns
is attributed to the fact that dielectric constant and loss tangent are inversely proportional
to the radiation efficiency of the patch antenna, which is expressed as [17]

patch 1 (1)
rad 14 tand+tand, w irl
240GFatCh h Uy

where ¢, is the dielectric constant, y; is the magnetic constant, tan J is the dielectric loss
tangent, tan J;, is the magnetic loss tangent, GY ateh i the radiation conductance, W is the
width of the radiation element, and # is the height of the substrate.

¢ =0° ¢ = 180°
300° 60°
——Substrate €, = 4.39
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Figure 1. Radiation pattern plot of the far-field realized gain at 2.45 GHz, cut in (¢ = 0).
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Moreover, fringing fields can significantly impair the performance of patch antennas
if appropriate countermeasures are not implemented. These fields increase the effective di-
mensions of the patch, thereby altering its impedance characteristics and leading to energy
dissipation within the substrate instead of efficient radiation into the surrounding environ-
ment [4,17]. This issue becomes more pronounced in substrates with a high loss tangent,
where a more significant portion of the electromagnetic energy dissipates as heat rather
than being radiated as an electromagnetic field. As a result, the radiation efficiency and
overall performance of the antenna experience substantial reductions [4,17]. Furthermore,
this problem intensifies when the substrate quality is poor (e.g., FR-4 material).

Given the limitations regarding substrates with high ¢, and tangent loss (tanJ),
the challenge of designing antennas with suitable performance highlights the need to
explore alternative approaches, including the integration of resonators. Indeed, embedding
patch antennas in dielectric and conductive resonators is promising, mainly when poor
substrates (i.e., those with high dielectric constants) are used [17]. The resonator works
as an impedance-matching component, confining electromagnetic waves within a specific
geometry that defines the resonant modes. The electromagnetic field distribution inside
the resonator depends on its shape, configuration, dimensions, and the particular resonant
mode being excited. These modes are classified into the transverse electric (TE) and trans-
verse magnetic (TM) types [5]. Furthermore, the materials used in the composition of the
resonator exhibit electromagnetic properties that significantly affect wave propagation and,
consequently, impact the overall performance of patch antennas [18-20].

For example, Rodriguez et al. [21] proposed a SPIDA antenna embedded in dielectric
waveguides, achieving size reduction, multi-band operation, and radiation pattern modifi-
cation to enable beamforming through frequency tuning. Furthermore, Dash and Sahu [22]
explored the application of resonators to enhance antenna performance, demonstrating
that combining tapered dielectric resonators with band notches effectively improves ultra-
wideband antenna characteristics. They also showed that an inverted conical resonator sig-
nificantly enhances antenna gain and impedance bandwidth. Moreover, Sun and Luk [23]
proposed a compact water patch antenna that incorporates an annular water ring beneath
the patch, resulting in a reduced center frequency and overall antenna size. Their results
confirmed a stable radiation pattern and wide bandwidth. The authors of [24] introduced
a dielectric waveguide patch antenna fed by an L-shaped metallic probe and enclosed in
a transparent Plexiglass container. This design achieved a wide impedance bandwidth,
high gain, excellent radiation efficiency, and a broadside radiation pattern across the entire
bandwidth. Chu et al. [25] introduced a hybrid resonator utilizing distilled and saline
water, achieving size reduction, wide bandwidth, and high efficiency. Song et al. [26] devel-
oped a wideband circularly polarized antenna incorporating liquid ionic resonators. Their
experimental validation showed a significant increase in bandwidth while maintaining a
compact design. Additionally, Liu et al. [27] introduced a single-fed, dual-band, circularly
polarized reconfigurable liquid dielectric resonator antenna fabricated using 3 D printing
technology. The measured results validated its dual-band reconfigurability and wide band-
widths. Furthermore, Gaya et al. [28] proposed a trapezoidal dielectric resonator antenna
for millimeter-wave applications, which was designed to generate multiple frequency
bands while maintaining a wide BW.

The literature has shown that introducing resonators with a specific dielectric constant
and geometry around a patch antenna can bring some benefits. Typically, resonators with
higher dielectric constants reduce the resonant frequency by modifying the wavelength
of nearby electromagnetic waves. Furthermore, resonators can broaden or narrow the
BW, depending on its influence on impedance matching and radiation efficiency. High-
loss dielectrics introduce additional losses and decrease BW, while low-loss materials
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enhance impedance matching and may increase BW [18-20]. Moreover, embedding a
patch antenna within a resonator with a specific combination of material and geometry can
significantly modify Sq; and the radiation pattern (e.g., BW, effective gain, directionality,
and resonant frequency).

Looking at all the papers discussed above and references therein on patch antennas
embedded in resonators made of dielectric and conductive materials, we see that most
studies focus on specific geometric shapes and materials under distinct design specifica-
tions and constraints, making it difficult to assess their benefits based on well-established
performance criteria comparatively. Given the advantages that resonators offer to patch
antennas, there is a clear necessity to provide a comprehensive analysis of how the combi-
nation of dielectric and conductive materials with different geometries to form a resonator
influences the performance of a patch antenna. The following sections provide a detailed
discussion and analysis to address this demand, offering valuable insights and guidance.

3. Resonators: Materials and Geometries

Resonators are highly appealing components for improving the performance of patch
antennas due to their ability to modify the overall antenna performance. Indeed, the com-
bination of material and geometry for building a resonator can significantly influence
the radiation pattern and scattering parameter Sq; of patch antennas. By examining var-
ious materials with distinct electromagnetic properties and geometries, it is possible to
develop customized solutions that meet the specific requirements of different applications.
To conduct a comprehensive investigation, it is essential to carefully select appropriate com-
binations of materials and geometries. Accordingly, Section 3.1 details the dielectric and
conductive materials considered in this study, while Section 3.2 discusses the geometries
used to shape these materials and, ultimately, construct resonators.

3.1. Material Types

Resonators typically consist of dielectric and conductive materials whose distinct
electromagnetic properties can enhance the performance of antennas, particularly by lever-
aging their electromagnetic properties. Consequently, different materials allow for distinct
modifications in the antenna radiation pattern and adjustments in BW and the scattering
parameter Syj.

Dielectric resonators with a high dielectric constant work as efficient energy storage
elements, primarily due to the fringe effect, which allows them to confine electromagnetic
energy effectively within their structure. This confinement reduces energy losses and
contributes to greater overall efficiency in antenna performance. In contrast, conductive
resonators, with their lower dielectric constants, store less energy and instead work as
waveguides, introducing electromagnetic characteristics that substantially enhance antenna
performance [4,19,29]. In this study, we evaluate the specific impacts of resonators on the
performance characteristics of patch antennas when distilled water, glycerin, and graphite
are used as a material. These materials are interesting because they offer distinct properties
that benefit a wide range of modern antenna designs.

. Distilled Water: Distilled water exhibits a high dielectric constant (=80 at 20 °C), which
significantly reduces the wavelength of electromagnetic waves within the substrate.
This property enables the design of smaller patch antennas at the same resonant
frequency while minimizing fringing fields at the patch edges. When pure, DW has
a high loss tangent, resulting in reduced energy dissipation and improved resonator
efficiency. Furthermore, DW offers tunable dielectric properties, which can be adjusted
by varying its temperature or mixing it with other materials. Its liquid nature provides
additional flexibility, allowing dynamic reconfiguration of resonators to meet specific
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design requirements. This adaptability is particularly advantageous in applications
requiring reconfigurable or adaptive antenna systems [29]. However, DW is sensitive
to environmental factors such as evaporation and contamination, which can impact
its stability and performance over time, and its liquid nature becomes a problem for
containment. Overall, it is most suitable for tunable and adaptive patch antennas.
Glycerin: Glycerin has a moderate dielectric constant (~42.5 at 20 °C), which reduces
the wavelength of electromagnetic waves in the substrate and facilitates the design of
compact patch antennas for a given resonant frequency. Its low loss tangent minimizes
energy dissipation, thereby enhancing the efficiency of resonators. The polar nature
of glycerin, combined with its high viscosity, contributes to stable electromagnetic
properties. Its hygroscopic behavior allows it to absorb and retain moisture, which
can help maintain consistent dielectric characteristics over time. However, glycerin’s
dielectric constant is lower than that of DW, limiting its ability to achieve the same
level of antenna miniaturization. Its high viscosity can also complicate its use in certain
resonator geometries, potentially influencing electromagnetic performance. Despite
these challenges, glycerin is well-suited for low-power, reconfigurable, and stable
resonators, especially in environments prone to evaporation or rapid temperature
changes [30]. Glycerin is more oriented toward stable and low-power resonators in
controlled environments.

Graphite: Graphite exhibits a highly anisotropic dielectric constant and loss tangent,
with its properties differing significantly between its basal plane and the direction per-
pendicular to it. In the basal plane, the dielectric constant ranges from 1 to 5, and the
loss tangent varies between 0.1 and 1.0. Perpendicular to the basal plane, the dielectric
constant increases to 10-15, with a higher loss tangent of between 0.01 and 0.1. Due to
its high electrical conductivity, particularly in the basal plane, graphite is an excellent
material for conductive components in resonator designs. Its low density makes it
lightweight and easy to process into thin sheets, powders, or composites, allowing
integration into various resonator geometries. Graphite also effectively absorbs and
dissipates electromagnetic radiation, enhancing its utility in electromagnetic shielding
applications. However, graphite has notable limitations. Its electrical conductivity is
highly anisotropic, with much higher values in the basal plane compared to the per-
pendicular direction. Additionally, its brittleness limits its mechanical longevity and
reliability, particularly under stress or vibration. Unlike materials with high dielectric
constants, graphite does not reduce the wavelength of electromagnetic waves, limiting
its ability to miniaturize resonators. Furthermore, graphite is prone to oxidation at
high temperatures in the presence of oxygen, which can degrade its performance.
Graphite is a valuable material for resonators requiring high conductivity, thermal
stability, and electromagnetic shielding. It is particularly suitable for high-power, ro-
bust resonators with critical shielding properties, although its anisotropic conductivity
and mechanical limitations restrict its broader usage [31]. Graphite is most useful
for high-power applications and electromagnetic shielding, where conductivity is a
valuable feature.

Table 1 presents a detailed comparison of the main characteristics of DW, glycerin,

and graphite, highlighting their key properties and suitability for various applications.



Electronics 2025, 14, 1521 8 of 42

Table 1. Comparison between DW, glycerin, and graphite for designing RF resonators applied to
improve patch antennas.

Feature Distilled Water Glycerin Graphite
. . . High permittivity, low Hl sh permittivity, Moderate permittivity,
Dielectric Properties conductivity; suitable slightly higher losses hieh conductivi
for capacitive loading. than DW. & ty-

Loss Tangent

High loss tangent,
especially at microwave
frequencies.

Higher loss tangent than
DW.

High loss tangent;
excellent for conductive
applications.

Poor; properties change

Poor; viscosity and

Excellent thermal
stability; properties

Thermal Stability significantly with permittivity are remain stable at high
temperature. temperature-sensitive.
temperatures.
Limited due to higher . Excellent for field
. X losses; useful in Better than DW but still . .
Field Confinement L . . confinement due to high
liquid-based tunable limited by higher losses. .
desi conductivity.
esigns.
Moderate; losses limit Moderate; broader range ~ Wide BW due to stable
Bandwidth high-frequency than DW due to better electromagnetic
performance. viscosity management. properties.

Fabrication Complexity

Simple; easy to integrate
into liquid-based
resonators.

Simple; liquid handling
requires care to avoid
contamination.

Complex; requires
precise shaping and
integration.

Weight

Lightweight, dependent
on liquid containment.

Heavy liquid; more
challenging to handle in
portable systems.

Heavy; requires
structural
considerations.

Thermal Expansion

High; significant
expansion with

High; similar issues as
DW.

Low; minimal

thermal expansion.
temperature changes. € expansio

3.2. Geometric Shapes

A resonator can take on various shapes, each impacting the performance of the em-
bedded patch antennas. Furthermore, altering the size of these geometric shapes influences
key characteristics of the patch antennas, including resonant frequency, impedance match-
ing, radiation pattern, BW, and mechanical flexibility [32]. These effects result from the
interaction between geometric shapes and electromagnetic fields, as each shape supports
resonant electromagnetic modes. Note that the resonant electromagnetic modes, namely TE
and TM, refer to types of electromagnetic waves propagating in different geometries. TE
mode is characterized by the electric field propagating in a direction transverse to the wave
propagation, while the magnetic field has a longitudinal component. In contrast, TM mode
is defined by the magnetic field propagating transversely to the wave direction, while the
electric field has a component along the direction of wave propagation [19]. Depending on
the geometry, dimensions, and arrangement of the resonators, they may operate in TE or
TM mode due to boundary conditions specific to each geometry, impacting the radiation
efficiency of the antenna and frequency tuning capabilities [19].

Figure 2 illustrates fifteen geometric shapes for designing resonators to improve patch
antenna performance. The shapes encompass cap-based geometries, Figure 2a—d; rectangu-
lar prism-based geometries, Figure 2e,f; cone-based geometries, Figure 2g—i; half-cylinder-
based geometries, Figure 2j-1; and trapezoidal prism-based geometries, Figure 2m-o. Note
that the cylinder- and rectangular prism-based geometries offer two possible alignment
directions: along the width of the patch antenna (WPA) or along the length of the patch
antenna (LPA). Most of these geometric shapes are versatile, supporting either TE or TM
modes. However, unlike other geometric shapes, the rectangular prism primarily supports
the TE mode [19]. A comparison of these geometric shapes for a resonator is important
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because each offers unique benefits for meeting specific design requirements and modifying
relevant performance parameters (i.e., gain, BW, efficiency, and radiation pattern).

Lcyl chl L(:yh chh
()
Wbs Lbs
h P

(m)

Figure 2. Geometric shapes for the resonator considered in this study: (a) concave hemisphere;
(b) hollow concave hemisphere; (c) cylindrical hemisphere; (d) hemisphere; (e) rectangular prism;
(f) hollow rectangular prism; (g) inverted cone; (h) hollow inverted cone; (i) cone; (j) inverted
half-cylinder; (k) hollow inverted half-cylinder; (1) half-cylinder; (m) inverted trapezoidal prism;
(n) hollow inverted trapezoidal prism; and (o) trapezoidal prism.

A brief description of the aforementioned geometric shapes is provided below.
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Cap-based geometries: Cap-based geometries are highly effective for confining and
controlling electromagnetic energy due to their curved shapes, which minimize energy
losses by reducing surface currents. These geometries facilitate the design of compact
resonators with high-quality factor Q, characterized by sharp and selective frequency
responses. Additionally, cap-based resonators can enhance antenna BW and support
multiple modes, including TE, TM, and whispering gallery (WG) modes, making them
versatile for various RF applications. Cap-based resonators can be constructed from
dielectric or metallic materials, offering a favorable trade-off between performance and
size. Dielectric materials provide strong field confinement and compact designs, while
metallic structures ensure a high Q factor by minimizing energy dissipation. However,
the performance of these resonators is sensitive to minor geometric deviations, which
can lead to frequency shifts and degraded Q factor. Materials with low thermal
expansion coefficients are essential to maintain frequency stability, particularly in
high-precision applications. In this work, we focus on designing resonators using
the following cap-based geometries: Figure 2a concave hemisphere, Figure 2b hollow
concave hemisphere, Figure 2c cylindrical hemisphere, and Figure 2d hemisphere.
Each geometry is tailored to specific performance needs. The cylindrical hemisphere
offers superior coupling and broader BW, making it ideal for applications requiring
enhanced interaction with the patch antenna. The concave hemisphere improves gain
and radiation directionality, making it suitable for gain-critical designs. The hollow
concave hemisphere achieves the best trade-off between maximum gain, efficiency,
and BW due to its strong field confinement and reduced material losses, although it
presents greater fabrication complexity. Lastly, the hemisphere provides a simple, cost-
effective solution for narrow-band applications, where moderate gain and efficiency
are sufficient [33,34].

Rectangular prism-based geometries: Rectangular prism-based geometries are widely
used for their simplicity, robust design, and predictable performance. These geome-
tries confine electromagnetic waves, making them ideal for compact and reliable
resonators. They support TE and TM modes, with the resonant frequency determined
by their physical dimensions. Their fabrication is straightforward, utilizing standard
machining or dielectric molding methods. Typically, they are constructed from high-
dielectric-constant materials, which enable a significant reduction in resonator size.
Furthermore, these geometries exhibit a high quality factor (Q), resulting in minimal
energy loss and ensuring sharp and selective frequency responses. Despite these
advantages, rectangular prism-based resonators have some drawbacks. They require
materials with low thermal expansion coefficients to maintain frequency stability
and their design must carefully isolate the desired mode to avoid interference from
unwanted modes. In this work, we focus on designing resonators using the follow-
ing rectangular prism-based geometries: Figure 2e rectangular prism and Figure 2f
hollow rectangular prism. Note that the hollow rectangular prism helps provide
better mode control, broader BW, high efficiency, and reduced weight but is more
complex to fabricate and requires careful design to suppress unwanted modes. Con-
versely, the rectangular prism is well-suited for antenna designs requiring simplicity,
small size, reduced energy loss, and a high Q factor, particularly in narrowband
applications [19,35,36].

Cone-based geometries: Cone-based geometries utilize conical shapes to effectively
confine and control electromagnetic energy. These geometries have an intrinsic ability
to suppress and mitigate unwanted higher-order modes due to the natural tapering
of the cone, which reduces interference and enhances frequency selectivity. The field
confinement near the cone apex is excellent, making this geometry ideal for achieving
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high Q factors and precise frequency responses. Furthermore, cone-based designs
result in compact resonators, which are well-suited for improving radiation efficiency
and BW. Despite these advantages, cone-based geometries present challenges in
fabrication. The precision required to manufacture the tapering shape is critical,
particularly for high-frequency applications. Additionally, materials with low thermal
expansion coefficients are essential to maintain frequency stability under varying
environmental conditions. In this work, we focus on designing resonators using the
following cone-based geometries: Figure 2g inverted cone, Figure 2h hollow inverted
cone, and Figure 2i cone. Each geometry serves specific performance goals. The hollow
inverted cone is particularly beneficial when gain, BW, and weight reduction are
critical; however, it is more complex to design and fabricate due to its hollow structure.
The inverted cone is advantageous for improving BW and efficiency, as its geometry
provides better coupling with the patch antenna. Lastly, the cone offers a simple
and compact resonator design suitable for applications with sufficient moderate
performance improvements [22,37].

Half-cylinder-based geometries: Half-cylinder-based geometries are highly effective
for enhancing the performance of patch antennas, particularly in terms of gain, BW,
and efficiency. The curved surface of the half-cylinder provides excellent field con-
finement, especially near the apex, while the flat surface improves coupling and
integration with the patch antenna. This combination enhances the radiation efficiency
and directional properties of the antenna, making these geometries suitable for a wide
range of applications. Additionally, their compact form factor makes them ideal for
space-constrained designs. These geometries support TE and TM modes and offer
better mode isolation and control than other designs. The resonance characteristics
are determined by the physical dimensions of the half-cylinder, which directly influ-
ence its performance. As a result, they are well-suited for wideband patch antennas,
where BW and efficiency are critical. However, there are challenges associated with
half-cylinder-based geometries. Achieving precise dimensions and smooth surfaces is
crucial to maintaining consistent resonant characteristics, especially at high frequen-
cies, where minor deviations can degrade performance. Furthermore, materials with
low thermal expansion coefficients must ensure frequency stability under varying
environmental conditions. In this work, we focus on designing resonators using the
following half-cylinder-based geometries: Figure 2j inverted half-cylinder, Figure 2k
hollow inverted half-cylinder, and Figure 21 half-cylinder. The inverted half-cylinder
is handy when strong coupling and wide BW are required, balancing performance and
moderate fabrication complexity. A hollow inverted half-cylinder is the most suitable
choice for applications with critical gain, BW, and weight reduction. However, it poses
more significant challenges in fabrication due to its intricate structure. Lastly, the half-
cylinder is a cost-effective option for narrowband applications requiring moderate
performance improvements and simplicity in design [19].

Trapezoidal prism-based geometries: Trapezoidal prism-based geometries are highly
appealing for achieving effective field confinement, mode control, and design adapt-
ability. The slanted sides and non-uniform cross-section significantly alter the elec-
tromagnetic field distribution, making these geometries highly efficient for compact
antennas with enhanced gain and BW. The tapering structure improves coupling with
patch antennas by reducing reflections and minimizing energy losses, broadening
operational BW. Additionally, these geometries support TE and TM modes while
inherently suppressing higher-order modes, leading to cleaner and more stable fre-
quency responses. Precision in fabrication is required for trapezoidal prism-based
geometries, particularly at higher frequencies, where minor dimensional inaccura-
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cies can degrade performance. Thermal stability is another important consideration,
as materials with low thermal expansion coefficients are required to ensure consis-
tent performance under varying environmental conditions. In this work, we focus
on designing resonators using the following trapezoidal prism-based geometries:
Figure 2m inverted trapezoidal prism, Figure 2n hollow inverted trapezoidal prism,
and Figure 20 trapezoidal prism. The inverted trapezoidal prism offers improved
coupling and broader BW due to its optimized field distribution, making it suitable
for wideband applications with moderate fabrication complexity. The hollow in-
verted trapezoidal prism is the most appropriate choice when maximum gain, BW,
and weight reduction are required. Its hollow structure maintains strong electromag-
netic confinement while minimizing material losses, although it poses more significant
challenges in fabrication. Lastly, the trapezoidal prism is an effective and cost-efficient
option for narrowband applications, offering simplicity in design and fabrication
alongside moderate performance improvements [38].

Finally, a comprehensive comparison of these geometries is provided in Table 2,
highlighting their distinct characteristics and suitability for various design applications.

Table 2. Comparison between the chosen geometries for designing RF resonators applied to improve

patch antennas.

Feature Cap-Based Rectangular Cone-Based Half-Cylinder- Trapezoidal
Prism-Based Based Prism-Based
Strong, confined
Strong due to curved throughout the solid Strong near the apex, Strong along the curved Concentrated in specific

Field Confinement shapes, minimizing volume; highly with an efficient energy surface; excellent near regions due to tapering

surface currents. dependent on material focus. the apex of the curve. and slanted sides.
properties.

Supports TE, TM, . Good for TE and TM Efficient mode isolation; . Excellent suppression of

and WG modes with . . ; Improved suppression of .

Mode Control ood isolation: modes; requires higher-order modes higher-order modes due higher-order modes due
gusce tible to ’ optimization to suppress  naturally suppressed by togc urved surface desien. 0 the non-uniform
highePr)-order modes unwanted modes. tapering shape. 8™ cross-section.

Moderate to wide, Moderate to wide,

depending on geometry Moderate; limited by Wide. especially with depending on ’ Broad, enhanced by
Bandwidth (e.g., hollow concave material losses in solid s especiatly pending . tapering sides and

eometries offer the structures hollow designs. fabrication and material minimized reflections

Ig)roadest BW). . choices. b

Improved for concave Moderate; enhanced by High, particularly for High, with directional High, with enhanced

and hollow concave directionality from

ain P compact designs an ollow cones focusin; improvements due to .

Gai pact designs and holl f ing imp d
designs; uniform for high-dielectric materials, energy efficiently. curved surfaces slanted sides and
hemispheres. : ’ : tapering structure.
Enhanced for hollow Moderate; heaV}ly . High, due to focused High, particularly for High, with improved

- . . influenced by dielectric N . . ) . .
Radiation Efficiency and concave geometries or metallic material field confinement near inverted configurations coupling from the
due to reduced losses. properties the apex. that improve coupling. slanted sides.
. Compact, particularly
. Compactand et Cor_npa.ct due to tapering for standard Compact, with efficient
Compact, especially for straightforward; solid design; hollow . . L
Compactness . . . . half-cylinders; slightly utilization of space due
dielectric-based designs.  structures are structures reduce size ¢ X
space-cfficient further. larger for hollow to slanted sides.
P : ’ designs.
Mode‘rate tohigh, ) Moderate to high, Mod_e%‘ate; requires Mod‘erate to high;
Fabrication Complexi especially for hollow and ~ Low; straightforwardto ~ with tapering and precision for curved precise fabrication of
plexity concave geometries machine or mold. hollow structures surfaces and hollow slanted sides and
requiring precision. requiring precision. configurations. tapering required.
Requires low thermal Good for solid designs; Deper}de.nt on material Requires low-expansion Depend.en.t on material
. . . . selection; hollow designs . . properties; precision is

Thermal Stability expansion materials for dependent on material may introduce stabilit materials for consistent critical at high
high-frequency stability. ~ properties. con};erns y performance. frequenciesg
hwggsxafa?jn?;ift:)ms ©8- Narrowband filters, Z\hdleiﬂc);ggr,\: ighgain Gain-critical systems, Wideband, high-gain

A P ol high-Q resonators, PP g - wideband applications / HIET S

Applications gain-critical designs (e.g., and systems requiring . systems, and compact or

and compact antenna . (inverted or hollow), . o X
concave), or narrowband . focused field . weight-sensitive designs.
(hemisphere). designs. confinement. and compact designs.
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4. Analysis of Numerical Results

In this section, we analyze the results of numerical simulations conducted to design
resonators using a combination of fifteen geometric shapes and three materials, as detailed
in Section 3, to enhance the performance of a probe-fed patch antenna. Following the
decoupled method, the probe-fed patch antenna is designed first, and the resonator is
subsequently introduced to improve its performance. For making the comparisons clear,
the |S11| and radiation pattern plots include results from the probe-fed patch antenna
obtained with and without the resonator.

The numerical simulations were conducted using the Microwave & RF package of
Computer Simulation Technology (CST) software [39] release Version 2023.0. The computa-
tional setup consisted of an Intel Core i7 processor (2.10 GHz clock speed) Intel Corporation,
Santa Clara, USA with 32 GB of RAM. The simulation time for each antenna geometry
ranged from 8 to 72 h, depending on the complexity of the structure. Regarding the
simulation, we point out the following factors that influence the simulation time:

*  Solver choice: The frequency-domain (FD) and time-domain (TD) solvers have dif-
ferent computational requirements. The TD solver generally require more memory;
however, it enable faster broadband analysis. This solver is preferred for simulating
the interaction between an antenna and a resonator because it provides a broadband
response in a single simulation, making it more efficient for complex geometries. It
facilitates the analysis of coupling, S-parameters, and transient response. The FD
solver, conversely, is better for specific frequencies and dispersive materials. Therefore,
the TD solver was chosen for this work, as it is well-suited for simulating antennas
and resonators, providing efficient broadband analysis in a single simulation.

*  Mesh refinement: A finer mesh improves accuracy but significantly increases memory
usage and CPU time. In many cases, a mesh convergence study is recommended
to find a suitable balance between accuracy and efficiency. In the simulations with
graphite, it was necessary to gradually reduce the mesh due to long simulation times
and memory errors. The reduction was made carefully to maintain the accuracy of
the results, while balancing computational efficiency. This approach allowed the
simulations to run without compromising the quality of the results.

¢  Boundary conditions: For simulating antennas and resonators in CST, the ideal bound-
ary conditions depend on the simulation setup. An electric perfect conductor is best
for metal structures, as it establishes a perfect conductor boundary. A magnetic perfect
conductor can be used in specific cases involving magnetic resonance or properties.
For symmetrical structures, electric/magnetic symmetry can reduce computation
time. Open (Add Space) with perfectly matched Layers (PML) is recommended for
free-space simulations, as it absorbs outgoing waves, preventing reflections. Generally,
Open (Add Space) is the preferred condition for antenna and resonator simulations in
open environments. Therefore, in our simulations, we opted for the Open (Add Space)
boundary condition.

¢ Material properties: Complex materials, such as dispersive or lossy media, require
additional computations to accurately model their behavior. This increases processing
time, as the solver must handle complex equations to account for absorption and
dispersion effects. In this study, DW and glycerin moderately extend simulation time
due to their high permittivity, while graphite, being highly conductive, has a much
greater impact on computation time.

*  Resonator complexity: Complex resonator shapes and material combinations directly
impact computational load, as these geometries require finer meshing to maintain
simulation accuracy. Additionally, solver convergence may take longer, as intricate
structures often need more iterations to reach a stable solution. We analyzed different
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materials and geometric shapes and observed that some geometries required signifi-
cantly more time to simulate. Among the materials tested, graphite took the longest to
simulate, followed by glycerin and DW, respectively.

The probe-fed patch antenna is mounted on an FR-4 substrate, characterized by
er =4.5and tané = 0.013, y; = 1, and operates at a resonant frequency of f, = 2.45 GHz.
Figure 3 illustrates the probe-fed patch antenna, which has dimensions of L = 28.83 mm
and W = 15.00 mm, with the probe-fed point located 9.61 mm from the lower edge and
7.50 mm from the side edges.

Figure 3. The probe-fed patch antenna.

The resonator is positioned above the radiating element of the probe-fed patch antenna,
with its bottom center aligned with the center of the radiator. For cylindrical and prism-
shaped geometries, alignment can occur along either LPA or WPA, where LPA refers to
the resonator’s length aligned with the patch antenna’s length, and WPA refers to the
resonator’s length aligned with the patch antenna’s width. To evaluate the effects of these
configurations, specific dimensions of the geometric shapes were varied to assess their
influence on performance. The chosen dimensions and their variation ranges are provided
in Appendix A. Moreover, the key properties of the DW, glycerin, and graphite materials
used in the resonators are summarized in Table 3.

Table 3. Material properties used in the numerical simulations.

Material &r Hr o (S/m)
DW 78.4 1 555

Glycerin 50 1 0

Graphite 12 1 100 k

The performance comparison among the combinations primarily relies on the radiation
pattern and the magnitude of the scattering parameter Si; (|S11]). We conducted the
numerical simulations under identical conditions and parameters. Additionally, we assume
that an acceptable value for |Sq; | is below —10 dB. Consequently, the BW of the overall patch
antenna is defined as the frequency BW around f, that satisfies this criterion. All reported
numerical results consider the resonator with dimensions varying within the intervals
and resolutions listed in Table Al in Appendix A. Moreover, the discussed numerical
results correspond to the highest value of the MLM, where MLM represents the realized
gain. The radiation patterns in polar form at a frequency of 2.45 GHz were analyzed at an
azimuth angle of ¢ = 0°, with the elevation angle varying from 6 = 0° to 6 = 360°.
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This section is organized as follows: Section 4.1 addresses the resonator based on DW,
Section 4.2 addresses the resonator based on glycerin, Section 4.3 addresses the resonator
based on graphite, and Section 4.4 provides general discussions about the numerical results
obtained with the considered materials.

4.1. Distilled Water Resonator

This subsection evaluates the performance of various geometric shapes for the DW
resonator. The |Sq1| parameter for the cap-based, rectangular prism-based, cone-based, half-
cylinder-based, and trapezoidal prism-based geometries are shown in Figure 4a, Figure 4b,
Figure 4c, Figure 5a, and Figure 5b, respectively. Furthermore, the radiation patterns
for the cap-based, rectangular prism-based, cone-based, half-cylinder-based, and trape-
zoidal prism-based geometries are illustrated in Figure 6a, Figure 6b, Figure 6¢, Figure 7a,
and Figure 7b, respectively. Moreover, Table 4 summarizes key parameter values obtained
at the resonant frequency.

Regarding cap-based geometries, |S11| in Figure 4a show that the concave hemisphere
and hemisphere geometries exhibit additional notches, indicating multiple impedance
matching points. These notches suggest the patch antenna can operate at multiple resonant
frequencies, offering enhanced potential for multi-band propagation. Among the cap-based
geometries, the cylindrical hemisphere achieves the broadest BW, as detailed in Table 4,
offering an extended frequency range for enabling impedance matching. Concerning the
radiation pattern, shown in Figure 6a, the concave hemisphere achieves the highest MLM
value. At the same time, the cylindrical hemisphere and hollow concave hemisphere also
exhibit MLM values exceeding that of the patch antenna without a resonator. Additionally,
a significant variation in MLD is observed in the hemisphere geometry, altering MLD
values from 0° to 135° and leading to a performance reduction. As listed in Table 4, all cap-
based geometries presented a decrease in HPBW and SLL, with the cylindrical hemisphere
being an exception in terms of SLL.

Considering rectangular prism-based geometries, the |S11| shown in Figure 4b demon-
strate distinct performances. For instance, the rectangular prism maintains an acceptable
|S11| and provides a BW comparable to the patch antenna without a resonator. In contrast,
the hollow rectangular prism exhibits unacceptable |Sq;| limits. Concerning the radiation
pattern, as shown in Figure 6b, the rectangular prism achieves the highest MLM value,
whereas the hollow rectangular prism displays the lowest MLM value compared to the
patch antenna without a resonator. Furthermore, as summarized in Table 4, the rectangular
prism reduces the HPBW, while the hollow rectangular prism increases it. Additionally,
the SLL is maintained for the rectangular prism but reduced for the hollow rectangular
prism compared to the patch antenna without a resonator.

Regarding the findings for cone-based geometries, all exhibit acceptable |Sq1| values,
as depicted in Figure 4c. The cone achieves the highest BW, while the inverted and hollow
inverted cones display the most favorable |S1|. In terms of the radiation pattern, Figure 6¢,
the inverted cone achieves the highest MLM value, followed by the hollow inverted cone.
Moreover, all cone-based geometries achieve MLM values higher than the patch antenna
without a resonator. Both the inverted cone and hollow inverted cone show reductions in
HPBW and SLL compared to the patch antenna without a resonator, Figure 6c and Table 4,
and, consequently, they enhance the directionality of the patch antenna.
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Figure 4. Patch antenna with a DW-made resonator: magnitude of the scattering parameter (|Sy1]).
(a) cap-based; (b) rectangular prism-based; and (c) cone-based.
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Figure 5. Patch antenna with a DW-made resonator: magnitude of the scattering parameter (|Sq1]).
(a) half-cylinder-based; and (b) trapezoidal prism-based.
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Figure 6. Patch antenna with a DW-made resonator: the radiation pattern plot of the 1D far-field

realized gain (¢ = 0). (a) cap-based; (b) rectangular prism-based; and (c) cone-based.
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Figure 7. Patch antenna with a DW-made resonator: the radiation pattern plot of the 1D far-field
realized gain (¢ = 0). (a) half-cylinder-based; and (b) trapezoidal prism-based.

Table 4. Patch antenna with a DW-made resonator: Key parameters values at the resonant frequency.

Geometry |S1a] BW MLM HPBW SLL
(dB) (MHz) (dBi) ) (dB)
Patch antenna —34.30 60 2.79 148.2 w/o
Rectangular prism —17.03 55 3.73 132.4 w/o
Hollow rectangular prism —0.86 w/o —3.94 151.4 —6.2
Cylindrical hemisphere —14.82 57 3.39 142.6 w/o
Concave hemisphere —14.46 29.04 41 88.1 —-14
Hollow concave hemisphere —10.57 18 3.04 111.4 —6.2
Hemisphere —12.41 1 —1.46 48.5 -1
Inverted cone —22.06 34 5.6 95.4 —20.9
Hollow inverted cone —23.50 49 4.62 119.8 -10
Cone —14.44 55 3.37 147 w/o
LPA Inverted half-cylinder —7.28 w/o 3.21 148.4 w/o
LPA hollow inverted half-cylinder -1.85 w/o -2.39 139.6 w/o
LPA half-cylinder —4.04 w/o 0.49 w/o w/o
WPA inverted half-cylinder —5.90 16 4.07 116.7 —8.8
WPA hollow inverted half-cylinder —12.26 54 2.38 143 w/o
WPA half-cylinder —11.02 44 3.32 144.7 w/o
LPA inverted trapezoidal prism —12.44 51 5.12 104.5 —20.3
LPA hollow inverted trapezoidal prism —16.10 52 5.22 85.7 —8.1
LPA trapezoidal prism —5.72 w/o —0.02 84 w/o
WPA inverted trapezoidal prism —7.47 9 4.73 117.2 -9.5
WPA hollow inverted trapezoidal prism —2.87 w/o 0.89 119.5 —54
WPA trapezoidal prism —12.65 40 3.9 133.7 w/o

The results for the half-cylinder-based geometries reveal that the WPA inverted half-
cylinder, as shown in Figure 5a, exhibits additional notches in |Sq1|, enabling multiple
resonant frequencies. Moreover, all LPA half-cylinder shapes reduce the resonant frequency,
indicating their potential for reducing the patch antenna size. The WPA inverted hollow
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half-cylinder also presents a BW close to the patch antenna without a resonator. For the
radiation pattern, as illustrated in Figure 7a and summarized in Table 4, the WPA and
LPA inverted half-cylinders and WPA half-cylinder achieve MLM values higher than the
patch antenna without resonator. The WPA inverted half-cylinder significantly enhances
directionality, achieving substantial reductions in both HPBW and SLL compared to the
patch antenna without a resonator. Moreover, the LPA half-cylinder geometry causes
a notable alteration in MLD, changing its value from 0° to 90°, resulting in a decline
in performance.

Finally, for trapezoidal prism-based geometries, it is evident that most of these ge-
ometries reveal additional notches in |S11|, enabling multiple resonant frequencies, ex-
cept for the WPA hollow inverted trapezoidal prism, shown in Figure 5b. Furthermore, all
trapezoidal prism-based geometries show potential for antenna size reduction at lower
frequencies, particularly with the LPA half-cylinder. Moreover, the BW values for the LPA
inverted and hollow inverted trapezoidal prisms are the highest and comparable to the
patch antenna without a resonator, as presented in Table 4. Concerning the radiation pat-
tern, depicted in Figure 7b and detailed in Table 4, the LPA hollow inverted and inverted
trapezoidal prisms, followed by the WPA inverted trapezoidal prism and trapezoidal
prism, exhibit significant improvements in terms of MLM. Note that all these geometries
achieve reductions in terms of HPBW, with the LPA trapezoidal prism, hollow inverted,
and inverted trapezoidal prisms achieving the highest reductions in this order. Most of
the trapezoidal prism-based geometries also present reductions in SLL, particularly the
LPA inverted trapezoidal prism. These characteristics lead to enhanced directionality and
improved efficiency.

Overall, the analysis of the different geometric shapes for the DW resonator reveals
notable differences in performance. The cap-based and trapezoidal prism-based geometries
are capable of achieving multiple resonant frequencies. Additionally, LPA half-cylinder
shapes and trapezoidal prism-based geometries show potential for reducing the patch
antenna size. Analyzing the results at the resonant frequency, Table 4, cone-based geome-
tries exhibit the best performance. Regarding BW, the cylindrical hemisphere exhibits
the highest value, followed by rectangular prism and cone. Regarding radiation pattern,
the inverted cone achieves the most significant improvement in terms of MLM, along
with substantial reductions in HPBW and SLL, which enhance the directionality of the
patch antenna. Similarly, the LPA hollow inverted and inverted trapezoidal prism ge-
ometries exhibit comparable improvements, reinforcing their suitability for efficient and
directional antenna designs. For consistency across the tables, “w /0’ is used to denote
‘without’, meaning that the parameter is either not applicable or was not detected in the
evaluated scenarios.

4.2. Glycerin Resonator

In this subsection, we explore the integration of glycerin resonators into the patch
antenna by evaluating the performance of different geometric shapes. The |Sq;| param-
eter for cap-based, rectangular prism-based, cone-based, half-cylinder-based, and trape-
zoidal prism-based geometries are shown in Figure 8a, Figure 8b, Figure 8c, Figure 9a,
and Figure 9b, respectively. Furthermore, the corresponding radiation patterns for cap-
based, rectangular prism-based, cone-based, half-cylinder-based, and trapezoidal prism-
based geometries are shown in Figure 10a, Figure 10b, Figure 10c, Figure 1la, and
Figure 11b, respectively. Moreover, Table 5 lists key parameter values obtained at the
resonant frequency.
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Figure 8. Patch antenna with a glycerin-made resonator: magnitude of the scattering parameter
(IS11])- (a) cap-based; (b) rectangular prism-based; and (c) cone-based.
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Figure 9. Patch antenna with a glycerin-made resonator: magnitude of the scattering parameter
(IS11])- (a) half-cylinder-based; and (b) trapezoidal prism-based.



Electronics 2025, 14, 1521 23 of 42

300° 60°
270° 90°
240° ‘ 120°
210° 150°
180°
(a) Cap-based
300° 60°
270° 90°
240° 120°
210° 150°
180°
(b) Rectangular prism-based
300° 60°
270° 90°
240° 120°
210° 150°
180°
(c) Cone-based
Patch antenna
(@) % Cylindrical hemisphere (b)-4 -4 - Rectangular prism (c) -&-4- Inverted cone
-4 -4 - Concave hemisphere --o--- Hollow rectangular prism --#-#- Hollow inverted cone
- -~ Hollow concave hemisphere -=-#- Cone

-m-m- Hemisphere

Figure 10. Patch antenna with a glycerin-made resonator: the radiation pattern plot of the 1D far-field
realized gain (¢ = 0). (a) cap-based; (b) rectangular prism-based; and (c) cone-based.
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Figure 11. Patch antenna with a glycerin-made resonator: the radiation pattern plot of the 1D far-field

realized gain (¢ = 0). (a) half-cylinder-based; and (b) trapezoidal prism-based.

Table 5. Patch antenna with a glycerin-made resonator: Key parameters values at the resonant

frequency.
Geometry |S11] BW MLM HPBW SLL
(dB) (MHz) (dBi) ©) (dB)
Patch antenna —34.30 60 2.79 148.2 w/o
Rectangular prism —7.24 w/o 3.95 117.2 —14.9
Hollow rectangular prism —1.21 w/o —3.82 140.5 w/o
Cylindrical hemisphere —-3.72 w/o 2.04 120.2 -84
Concave hemisphere —11.48 54 5.46 101.8 —9.2
Hollow concave hemisphere —6.19 11 3.08 127.3 —8.4
Hemisphere —3.27 w/o 0.89 91 w/o
Inverted cone —21.08 47 4.24 125.2 —124
Hollow inverted cone —4.68 w/o 2.69 139.1 w/o
Cone —10.57 27 3.42 146.9 w/o
LPA Inverted half-cylinder —4.39 w/o 2.18 139.2 w/o
LPA hollow inverted half-cylinder —2.34 w/o —1.54 140.7 w/o
LPA half-cylinder —0.66 w/o —4.65 152.4 —6.4
WPA inverted half-cylinder —6.30 32 3.19 120.5 -10.7
WPA hollow inverted half-cylinder —13.56 54 2.47 143.5 w/o
WPA half-cylinder —8.95 8 3.28 144 w/o
LPA inverted trapezoidal prism —21.20 45 5.33 104.1 -11.9
LPA hollow inverted trapezoidal prism —15.98 31 4.28 117.7 —6.2
LPA trapezoidal prism —22.81 57 2.74 145.6 w/o
WPA inverted trapezoidal prism —10.30 3 3.37 120.9 -79
WPA hollow inverted trapezoidal prism —8.44 9 3.63 119.8 w/o
WPA trapezoidal prism -9.33 17 3.99 118.6 -9.5

The evaluation of the cap-based geometries reveals distinct characteristics in both |Sq |

and radiation pattern as illustrated in Figure 8a and Figure 10a, respectively. The cylindrical

hemisphere geometry reduces the resonant frequency, showing its potential for reducing
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the patch antenna size, and introduces multiple resonant frequencies. Conversely, the
hemisphere geometry increases the resonant frequency, which can be advantageous for
applications requiring higher operating frequencies. In terms of BW, as listed in Table 5,
the concave hemisphere offers BW value similar to that of the patch antenna without a
resonator. In contrast, the hollow concave hemisphere exhibits a reduced BW, indicating
limitations in its frequency range. When analyzing the radiation pattern, the concave
hemisphere stands out with a notable improvement in terms of MLM, exceeding that of
the patch antenna without a resonator. Moreover, it attains a reduction in HPBW and SLL,
as listed in Table 5, contributing to enhanced directionality and overall radiation efficiency.
Furthermore, the LPA half-cylinder increases the HPBW compared to the patch antenna
without a resonator. Finally, the hemisphere geometry alters the MLD value compared to
the patch antenna without a resonator.

Rectangular prism-based geometries exhibit reductions at the resonant frequency, as il-
lustrated in Figure 8b, underscoring their potential for antenna size reduction. Despite this
advantage, their performance at the resonant frequency yields an unacceptable |S11|, Table 5.
The radiation pattern analysis in Figure 10b shows contrasting behaviors. For instance,
the rectangular prism geometry achieves a notable increase in the MLM value, maintaining
a value higher than that of the patch antenna without a resonator, indicating its potential
for improving radiation efficiency. In contrast, the hollow rectangular prism substantially
decreases the MLM value. Furthermore, as summarized in Table 5, the rectangular prism
achieves reductions in both HPBW and SLL and, consequently, enhances the directionality
compared to the patch antenna without a resonator. Moreover, the hollow rectangular
prism only yields a reduction in terms of HPBW and, unfortunately, with insignificant
impact on SLL.

For the cone-based geometries, the analysis of |S11], as shown in Figure 8c and detailed
in Table 5, reveals that the inverted cone and cone achieve acceptable values. Furthermore,
in terms of BW, the inverted cone outperforms the cone; however, its BW remains lower
than that of the patch antenna without a resonator, as listed in Table 5. Regarding the
radiation pattern, depicted in Figure 10c and summarized in Table 5, the inverted cone
exhibits the highest MLM value, followed by the cone, with both exceeding the performance
of the patch antenna. The inverted cone also exhibits reductions in both HPBW and SLL
compared to the patch antenna without a resonator, enhancing the directionality of the
patch antenna. In contrast, the hollow inverted cone and cone geometries only achieve
reductions in terms of HPBW.

Analyzing the half-cylinder-based geometries, it is clear that the LPA half-cylinder
attains a significant reduction in the value of the resonant frequency, as shown in Figure 9a,
highlighting its potential for minimizing patch antenna size. This is followed by the LPA
hollow inverted half-cylinder and the WPA inverted and hollow inverted half-cylinders.
As detailed in Table 5, the WPA hollow inverted half-cylinder achieves the highest BW
value, in contrast to the LPA half-cylinder-based geometries. Observing the radiation
pattern in Figure 11a and the values in Table 5, we conclude that the WPA inverted half-
cylinder and half-cylinder geometries achieve MLM values higher than the patch antenna
without a resonator. Concerning the HPBW parameter, the LPA half-cylinder offers better
results than the patch antenna without a resonator, while the others yield lower ones.
Taking a look at the SLL, the numerical results show that the LPA half-cylinder and the
WPA inverted half-cylinder exhibit reductions compared to the patch antenna without a
resonator, enhancing its directionality.

For the trapezoidal prism-based geometries, Figure 9b illustrates |S11|. It can be seen
that the LPA hollow inverted trapezoidal and trapezoidal prism geometries outperform
the patch antenna without a resonator in terms of |S11|. The WPA inverted trapezoidal
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and trapezoidal prisms show potential for designing antennas with multiple resonant
frequencies. Regarding BW, as listed in Table 5, the LPA trapezoidal prism achieves the
highest value among these geometries, maintaining performance close to the patch antenna
without a resonator. The radiation pattern plots, shown in Figure 11b and detailed in
Table 5, reveals that the MLM values generally exceed the patch antenna without a res-
onator, except for the LPA trapezoidal prism. Furthermore, all the trapezoidal prism-based
geometries exhibit reductions in terms of HPBW and improve the antenna directionality.
In terms of SLL, most of the prism-based geometries show reductions, with the exceptions
being the LPA trapezoidal prism and WPA hollow trapezoidal prism.

Overall, the analyses of the chosen geometries shapes for glycerin resonators show that
the LPA hollow inverted trapezoidal and trapezoidal prism geometries exhibit the highest
|S11| values. In terms of BW, the LPA trapezoidal prism achieves the widest BW, followed
by the WPA hollow inverted half-cylinder and concave hemisphere. Moreover, several
geometries show potential for antenna size reduction, with the cylindrical hemisphere
performing best in this regard because it offers multiple resonant frequencies. In terms
of MLM, the concave hemisphere and LPA inverted trapezoidal prism show significant
improvements compared to the patch antenna without a resonator. Regarding the HPBW,
the hemisphere exhibits the most substantial decrease, while the LPA half-cylinder shows
an increase compared to the patch antenna without a resonator. Lastly, the rectangular
prism offers the lowest SLL value.

4.3. Graphite Resonator

This subsection analyzes the numerical results when the patch antenna is com-
bined with a graphite-made resonator when the chosen geometric shapes are considered.
To support the analysis, |Sq1| for the cap-based, rectangular prism-based, cone-based,
half-cylinder-based, and trapezoidal prism-based geometries are shown in Figure 12a,
Figure 12b, Figure 12¢, Figure 13a, and Figure 13b, respectively. Furthermore, the radia-
tion patterns for the cap-based, rectangular prism-based, cone-based, half-cylinder-based,
and trapezoidal prism-based geometries are illustrated in Figure 14a, Figure 14b, Figure 14c,
Figure 15a, and Figure 15b, respectively. Moreover, Table 6 summarizes key parameter
values obtained at the resonant frequency.

For the cap-based shape geometries, the plots of |S11| in Figure 13a show that both the
concave hemisphere and hollow concave hemisphere exhibit similar performance, which is
characterized by a slight downshift of the resonant frequency. In contrast, the cylindrical
hemisphere shows a right resonant frequency shift. However, the hemisphere presents a
significant reduction in the resonant frequency value and obtains an unacceptable |Sq1|. Re-
garding BW, most of the evaluated geometries exhibit higher values than the patch antenna
without a resonator, as summarized in Table 6. However, the cylindrical hemisphere stands
out as the most prominent, achieving a BW value exceeding the patch antenna without a
resonator. Considering the radiation pattern plots in Figure 14a and detailed in Table 6, we
see that the concave and hollow concave hemispheres attain similar performance. Addition-
ally, these two geometries achieve MLM values significantly higher compared to the patch
antenna without a resonator, suggesting their potential for improving radiation efficiency.
Regarding the HPBW, the concave and hollow concave hemispheres exhibit a reduction
compared to the patch antenna without a resonator, signifying enhanced directionality.
In contrast, the cylindrical hemisphere and hemisphere yield higher HPBW. Regarding
SLL, only the concave and hollow concave hemispheres offer a reduction compared to the
patch antenna without a resonator.
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Figure 12. Patch antenna with a graphite-made resonator: magnitude of the scattering parameter
(IS11])- (a) cap-based; (b) rectangular prism-based; and (c) cone-based.
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Figure 13. Patch antenna with a graphite-made resonator: magnitude of the scattering parameter
(IS11])- (a) half-cylinder-based; and (b) trapezoidal prism-based.
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Figure 14. Patch antenna with a graphite-made resonator: the radiation pattern plot of the 1D far-field
realized gain (¢ = 0). (a) cap-based; (b) rectangular prism-based; and (c) cone-based.
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Figure 15. Patch antenna with a graphite-made resonator: the radiation pattern plot of the 1D far-field

realized gain (¢ = 0). (a) half-cylinder-based; and (b) trapezoidal prism-based.

Table 6. Patch antenna with a graphite-made resonator: Key parameters values at the resonant

frequency.

Geometry |S1a] BW MLM HPBW SLL

(dB) (MHz) (dBi) ) (dB)

Patch antenna —34.30 60 2.79 148.2 w/o
Rectangular prism —14.70 57 3.27 126.9 -111
Hollow rectangular prism —8.46 42 2.79 139.1 w/o
Cylindrical hemisphere —14.84 62 3.09 149.1 w/o
Concave hemisphere —-11.97 54 4.25 121 —10.6
Hollow concave hemisphere —12.76 54 4.49 115.1 -11.9
Hemisphere —1.44 w/o —2.27 164.6 w/o
Inverted cone —16.49 51 47 114 -11.1
Hollow inverted cone —16.74 49 5.04 102.1 —6.4
Cone —13.55 60 3.27 148.7 w/o
LPA Inverted half-cylinder —4.19 9 1.84 129.8 w/o
LPA hollow inverted half-cylinder —4.81 16 2.12 129.5 w/o
LPA half-cylinder —2.32 w/o —0.65 135.3 w/o
WPA inverted half-cylinder —16.27 59 3.59 143.3 w/o
WPA hollow inverted half-cylinder —16.48 56 4.08 129.6 -11.7
WPA half-cylinder —10.76 50 3.47 146 w/o
LPA inverted trapezoidal prism —5.76 3 3.35 128.2 —7.6
LPA hollow inverted trapezoidal prism —6.45 29 4.08 114.6 —8.6
LPA trapezoidal prism -7.97 w/o 2.82 164.3 w/o
WPA inverted trapezoidal prism —7.68 39 3.69 120.4 —11.2
WPA hollow inverted trapezoidal prism —12.07 45 4.09 127.8 w/o
WPA trapezoidal prism —12.43 52 3.58 143.3 w/o

Analysis of the rectangular prism-based geometries reveals similar performances in

terms of |S11], as illustrated in Figure 13b. The rectangular and hollow rectangular prisms

show a slight shift in resonant frequency, with the hollow rectangular prism displaying
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the most pronounced change. Moreover, the BW values listed in Table 6 are relatively
broader for both geometries, with those associated with the rectangular prism being the
closest to the patch antenna without a resonator. According to the radiation pattern plots,
as depicted in Figure 14b, the rectangular prism offers an MLM that exceeds the patch
antenna with a resonator. In contrast, the hollow rectangular prism shows an MLM similar
to the patch antenna a with a resonator. Paying attention to the HPBW and SLL parameters,
the rectangular prism shows the highest reduction compared to the patch antenna without
a resonator, Table 6.

In relation to the cone-base shape geometries, similar |S11| values are obtained,
as shown in Figure 13c. All geometries exhibit a broader BW except the cone, which
attains a value similar to the patch antenna without a resonator. Concerning the radiation
pattern, as depicted in Figure 14c, all the geometries exceed the MLM value of the patch
antenna without a resonator. The hollow inverted cone and inverted cone exhibit similar
performance in terms of MLM and achieve a relevant reduction in both HPBW and SLL,
Table 6, and, consequently, they can be advanced to improve antenna directionality.

In regards to the half-cylinder geometries, |Sq1| in Figure 13a shows distinct perfor-
mance trends based on the type of alignment. Geometries with the LPA alignment exhibit
similar behavior to one another, as do those using the WPA alignment. Using LPA offers
a downshift in the resonant frequency, suggesting their potential for reducing antenna
size. In terms of BW, as listed in Table 6, geometries with WPA achieve the highest BW
values compared to the patch antenna without a resonator. In contrast, geometries using
LPA reduce the BW values. The radiation patterns in Figure 15a show geometries using
WPA achieve MLM values higher than the patch antenna without a resonator. Conversely,
geometries using LPA exhibit lower MLM values. Furthermore, among the evaluated ge-
ometries, the hollow half-cylinder achieves the highest MLM values when the alignments
are considered. This are followed by the inverted half-cylinder geometries, with the half-
cylinder geometries exhibiting the lowest MLM values. This trend highlights how relevant
the type of alignment of geometries of the resonator over the patch antenna is in terms of
radiation. When examining the SLL, only the WPA hollow inverted half-cylinder exhibits a
change, showing a reduction in its SLL value. Consequently, it shows a unique behavior
among the evaluated geometries, where the WPA hollow inverted half-cylinder enhances
antenna directionality because SLL is reduced. Regarding the HPBW, all half-cylinder
geometries attain lower values compared to the patch antenna without a resonator.

Concerning the trapezoidal prism-based geometries, |S11| in Figure 13b shows a slight
shift in the resonant frequency. This shift is more pronounced for the LPA inverted trape-
zoidal prism and hollow inverted trapezoidal prism, as well as for the WPA inverted
trapezoidal prism. Moreover, the BW is the largest for the WPA trapezoidal prism. The ra-
diation pattern plots in Figure 15b show all trapezoidal prism-based geometries achieve
higher MLM values compared to the patch antenna without a resonator, indicating their
usefulness for enhancing radiation performance. According to Table 6, the LPA and WPA
hollow inverted trapezoidal prisms exhibit the highest MLM values. In terms of HPBW,
Table 6, most trapezoidal prism-based geometries show a reduction compared to the patch
antenna without a resonator, except the LPA trapezoidal prism. Regarding the SLL, re-
ductions are observed for the LPA inverted trapezoidal and hollow inverted trapezoidal
prisms, improving antenna performance. Similar enhancements are also noted for the WPA
inverted trapezoidal prism, Table 6. Lastly, these geometries show a reduction in their SLL
values, indicating their usefulness for improving antenna directionality.

Overall, analyzing various geometry shapes for graphite resonators, several trends
emerge across the different geometries. Most are characterized by a slight shift in resonant
frequency, with the most significant changes observed in the half-cylinder-based geometries,
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mainly aligned in the LPA half-cylinder-based geometries, and for the hemisphere within
the cap-based geometries. Regarding BW, the highlight is the cylindrical hemisphere,
which exhibits a BW value higher than the patch antenna without a resonator. This is
followed by the cone, which obtains BW value similar to the patch antenna without a
resonator. Regarding the MLM value, the greatest improvement is observed in the hollow
inverted cone, which outperforms the other geometries. The hollow inverted cone also
shows the highest reduction in HPBW, indicating a more focused radiation pattern and
enhanced directionality than the patch antenna without a resonator. Among the geometry
shapes that present changes in SLL, the hollow concave hemisphere achieves the greatest
reduction in this value and enhances its directionality.

4.4. General Comments

The numerical results analyzed in previous sections reveal that performance can
significantly vary with the choice of material and geometry of the resonator when the
performance evaluation parameters (e.g., |S11|, BW, and MLM) are considered. Specifically,
the graphite resonators exhibit the highest number of geometric shapes with better MLM
compared to the patch antenna without a resonator, followed by DW resonators and the
glycerin resonators, respectively. Among the combination of material and geometries with
MLM exceeding that of the patch antenna without a resonator, the combinations using
DW attain the majority of acceptable |S11| values, followed by those using graphite, and,
finally, those using glycerin. Moreover, when combined with the appropriate geometry,
each resonator material enhances the radiation pattern. Several of the evaluated resonators
achieved MLM values exceeding 5 dBi, indicating improved radiation efficiency.

Moreover, certain resonators show reductions in HPBW and SLL, improving antenna
directionality. For instance, the inverted cone resonator with DW material achieves the
highest improvements in terms of MLM and interesting reductions in HPBW and SLL,
compared to the patch antenna without a resonator. Furthermore, this resonator maintains
an acceptable |Sq1| at the resonant frequency of 2.45 GHz. Similarly, the DW material in the
LPA hollow inverted prism and inverted prism geometric shapes also achieves MLM values
greater than 5 dBi, provide significant reductions in terms of HPBW and SLL, resulting in
improved directionality while maintaining acceptable |S11].

Resonators based on glycerin material also achieve MLM values exceeding 5 dBi,
indicating enhanced radiation efficiency. Among these, the concave hemisphere exhibits
the highest MLM, followed by the LPA inverted trapezoidal prism. Furthermore, use of
this material improves antenna directionality due to the attained reductions in HPBW
and SLL. Moreover, these resonators maintain acceptable |Sq11|, with the LPA inverted
trapezoidal prism showing superior performance. Using graphite results in resonators that
are slightly outperformed by DW and glycerin resonators. When the hollow inverted cone
is considered, its use achieves an MLM greater than 5 dBi. This resonator also achieves
reductions in HPBW and SLL while maintaining an acceptable |Sq1|. As a result of these
characteristics, the antenna performance is enhanced.

Using resonators is an effective approach to enhancing some performance parameters
of a patch antenna; however, it can also degrade certain others. For instance, a hollow
rectangular prism can influence the performance of a patch antenna differently depending
on the material used, and when made of DW, it improves the SLL but negatively affects
other parameters. Conversely, when filled with glycerin, it enhances only the HPBW,
whereas, with graphite, it preserves the SLL and MLM while also improving the HPBW.
Similarly, depending on the material, the WPA hollow inverted half-cylinder resonator
exhibits different effects. When constructed from DW or glycerin, it improves only the
HPBW. However, when made from graphite, it enhances the MLM, HPBW, and SLL.
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Furthermore, the hollow rectangular prism exhibited degraded impedance matching, while
half-cylinder-based geometries led to shifts in the resonant frequency without significant
improvements in BW or radiation efficiency.

In Tables 7-9, we compare the material and geometric combinations analyzed in
our study with those explored in previous works. It should be noted that the previous
research cited in Table 7 examined cylinder shapes in a different orientation than in our
study. Furthermore, some geometries investigated in our work have not been previously
explored. While our results align with those reported in the literature, our approach
provides a broader perspective. By analyzing multiple geometries composed of the same
material and variations involving different materials, we extend the scope of analysis. This
comprehensive investigation offers deeper insights into the interaction between geometry
and material selection, further enhancing existing findings.

Overall, the results emphasize the importance of selecting the appropriate material
and geometry to improve antenna performance regarding the radiation pattern while
maintaining the magnitude of |S11| below —10 dB. A comparison of the numerical results
for highlighting the combination of material and geometries offering the best MLM is
shown in Figure 16.

Table 7. Comparison of the DW resonator with different geometric shapes analyzed in our work and
in previous studies.

Material Geometry Shapes Our Work Previous Work
Rectangular prism v [9,40]
Hollow rectangular prism v w/o
Cylindrical hemisphere v w/o
Concave hemisphere v w/o
Hollow concave hemisphere v w/o
Hemisphere v [41,42]
Inverted cone v w/o
Hollow inverted cone v w/o
Cone v w/o
LPA Inverted half-cylinder v [43]

DW LPA hollow inverted half-cylinder v [43]
LPA half-cylinder v [43]
WPA inverted half-cylinder v [43]
WPA hollow inverted half-cylinder v [43]
WPA half-cylinder v [43]
LPA inverted trapezoidal prism v w/o
LPA hollow inverted trapezoidal prism v w/o
LPA trapezoidal prism v w/o
WPA inverted trapezoidal prism v w/o
WPA hollow inverted trapezoidal prism v w/o
WPA trapezoidal prism v w/o

Table 8. Comparison of the glycerin resonator with different geometric shapes analyzed in our work
and in previous studies.

Material Geometry Shapes Our Work Previous Work

Rectangular prism v w/o
Hollow rectangular prism v w/o
Cylindrical hemisphere v [44,45]
Concave hemisphere v w/o

Glycerin Hollow concave hemisphere v w/o
Hemisphere v w/o
Inverted cone v w/o
Hollow inverted cone v w/o
Cone v [46]
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Table 8. Cont.

Material Geometry Shapes Our Work Previous Work

LPA Inverted half-cylinder v w/o
LPA hollow inverted half-cylinder v w/o
LPA half-cylinder v w/o
WPA inverted half-cylinder v w/o
WPA hollow inverted half-cylinder v w/o
WPA half-cylinder v [47-49]

Glycerin LPA inverted trapezoidal prism v w/o
LPA hollow inverted trapezoidal prism v w/o
LPA trapezoidal prism v w/o
WPA inverted trapezoidal prism v w/o
WPA hollow inverted trapezoidal prism v w/o
WPA trapezoidal prism v w/o

Table 9. Comparison of the graphite resonator with different geometric shapes analyzed in our work
and in previous studies.

Material Geometry Shapes Our Work Previous Work
Rectangular prism v [6,50]
Hollow rectangular prism v w/o
Cylindrical hemisphere v w/o
Concave hemisphere v w/o
Hollow concave hemisphere v w/o
Hemisphere v w/o
Inverted cone v w/o
Hollow inverted cone v w/o
Cone v w/o
LPA Inverted half-cylinder v w/o

Graphite LPA hollow inverted half-cylinder v w/o
LPA half-cylinder N w/o
WPA inverted half-cylinder v w/o
WPA hollow inverted half-cylinder v w/o
WPA half-cylinder v w/o
LPA inverted trapezoidal prism v w/o
LPA hollow inverted trapezoidal prism v’ w/o
LPA trapezoidal prism v w/o
WPA inverted trapezoidal prism v w/o
WPA hollow inverted trapezoidal prism v w/o
WPA trapezoidal prism v w/o
MLM
Inverted cone
Concave hemisphere
Cone
Hemisphere 5

Rectangular prism
Hollow inverted cone
Hollow concave hemisphere
Hollow rectangular prism
Cylindrical hemisphere
LPA inverted half-cylinder
LPA inverted trapezoidal prism
LPA half-cylinder
LPA trapezoidal prism
LPA hollow inverted half-cylinder
LPA hollow inverted trapezoidal prism
Patch antenna
WPA inverted half-cylinder
WPA inverted trapezoidal prism
WPA half-cylinder
WPA trapezoidal prism
WPA hollow inverted half-cylinder
WPA hollow inverted trapezoidal prism
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Figure 16. Comparison in terms of MLM between the combinations of materials and geometries.
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5. Conclusions

This paper provided a comprehensive study on patch antennas embedded in dielectric
and conductive material-based resonators, examining their effects on key performance pa-
rameters such as impedance matching, bandwidth, radiation efficiency, and gain. The study
systematically investigated fifteen distinct geometric resonator shapes composed of dis-
tilled water, glycerin, and graphite, providing valuable insights into their influence on
antenna behavior.

The numerical results highlighted that specific resonator geometries, particularly com-
bined with a high dielectric constant material, effectively enhance bandwidth, improve
impedance matching, and increase radiation efficiency. We also observed that certain
geometries allow multi-band operation due to multiple impedance matching points. Con-
versely, the study also identified cases where the inclusion of a resonator does not yield a
substantial performance enhancement. In a few cases, it even degrades the performance of
a patch antenna. Specifically, some configurations exhibited degraded impedance match-
ing, while others led to shifts in the resonant frequency without significant bandwidth or
radiation efficiency improvements. These findings emphasize the importance of careful
material and geometric selections for achieving meaningful performance gains.

Overall, this paper contributes to advancing patch antenna design by offering insights
and guidance for selecting one of the fifteen geometric shapes and one of the three materials
(distilled water, glycerin, and graphite) for embedding a patch antenna into a resonator.
The discussions are particularly relevant in scenarios requiring compact designs, enhanced
efficiency, or multi-band operation. Future work may focus on other materials, an array
of patch antennas, experimental validation, and further resonator—container fabrication
combinations to address practical implementation challenges.
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The following abbreviations are used in this manuscript:

BW
CST
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FD
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HPBW
LPA
MLD
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PML
RF
SLL
TD
TE
™
WG
WPA

Appendix A. Information on Geometry Dimensions

bandwidth

Computer Simulation Technology
distilled water
frequency-domain

flame retardant-4
half-power beamwidth
length of the patch antenna
main lobe direction

main lobe magnitude
perfectly matched Layers
radio frequency

side lobe level
time-domain

transverse electric
transverse magnetic
whispering gallery

width of the patch antenna

This appendix provides the resonator dimensions for the geometries depicted in
Figure 2. For geometries using WPA, the variables are marked with a prime symbol’, while

no prime symbol is used for geometries with LPA.

For performing the numerical simulations with CST software, the parameters of each

geometry varied in the interval given by [Lyound, Upound] When the values of the parameters
are taken using a resolution equal to A. Table Al lists for each geometry, the values of

Lyound, Ubound, and A.

Moreover, Tables A2—A4 list the values of the dimensions obtained in the numerical
simulations for geometries combined to DW, glycerin, and graphite materials when the
highest values of MLM is considered.

Table Al. Dimensions (in mm) and corresponding ranges for various geometric shapes.

Geometry Parameter Lyound Upound A
h 1 20 0.1
Retangular prism P
Lip 15 35 1
Hollow rectangular prism pep 1 20 0.1
Cylindrical hemisphere Thy 1 30 0.1
Concave hemisphere Tsp 16 30 0.1
Hollow concave hemisphere Tsph 16 30 0.1
Hemisphere Tspe 16 30 0.01
h 1 30 0.05
Inverted cone o
Tt 7.1 40 0.05
h 1 .
Hollow inverted cone ch 30 0.05
T'th 7.1 30 0.1
heconv 1 30 0.05
Cone
The 7.1 30 0.1
LPA inverted half-cylinder Tey 1 20 0.1
LPA hollow inverted half-cylinder Teyh 1 20 0.1
LPA half-cylinder Teye 1 20 0.1
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Table Al. Cont.

Geometry Parameter Lyound Upound A
WPA inverted half-cylinder Tey 3 20 0.1
WPA hollow inverted half-cylinder v vh 1 20 0.1
WPA half-cylinder Teye 3 20 0.1
h 1 30 0.1

LPA inverted trapezoidal prism P
L 15 35 0.1
h 10 30 0.1

LPA hollow inverted trapezoidal prism ph
Lpsh 15 35 1
h 1 3 1

LPA trapezoidal prism L 0

Lpsc 15 35 1
/i 3 30 1

WPA inverted trapezoidal prism b
W 30 33 1
n 3 30 1

WPA hollow inverted trapezoidal prism ph
Wi 30 33 1
fipe 10 30 1
WPA trapezoidal prism Wi 3 10 2
L. 3 10 1

Table A2. The DW-made resonator: The dimensions (in mm) offering the best MLM in the numeri-
cal simulations.

Geometry Parameter Value Geometry Parameter Value
X 1 hep 7.00 oA Teye 8.60
ectangular
prism Lep 29.00 half-cylinder Leye 30.00
Wip 15.00 Weye 19.86
Hollow Bhep 17.80 ) Tty 19.00
rectangular Ly 32.00 WPA inverted L 28.80
rism P half-cylinder eyl
p Whnp 18.00 W, 18.00
iy 1.44 ! 3.00
vh
Cylindrical Thy 8.40 WPA hollow Ly 28.77
hemisphere inverted i
half-cylinder Wegh 15.00
! 1.00
cyh
7, 22.70 r! 6.90
Concave P WPA Lc,y ¢ 28.80
hemisphere half-cylinder cye ’
Wiye 18.00
Tsph 16.00 hp 26.50
Hollow concave LPA inverted Lps 28.20
hemisphere trapezoidal Whs 28.28
prism Lpip 14.00
Whip 15.21
Tspc 2297 Tiph 21.30
LPA inverted Losn 28.00
Wi 28.2
Hemisphere hollow bsh 8.28
tra.pe201dal Luin 14.00
prism Whin 15.21
ton 4.95
heone 27.25 Ppc 25.00
" 7.75 oA T Lbse 35.00
Inverted cone Tt 14.25 . trapezoida Whse 15.21
prism
Lpipe 28.00

Whipe 28.28
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Table A2. Cont.

Geometry Parameter Value Geometry Parameter Value
hen 19.00 h{, 21.00
Hollow "bh 7.00 WPA inverted Ly 28.83
inverted cone Tth 14.00 trapezoidal Wi, 33.00
teh 6.02 prism Liip 14.00
Whio 15.21
Heonv 10.15 h;)h 30.00
"be 8.60 WPA hollow Ligh 30.00
Cone Tic 14.00 inverted W{,Sh 31.00
trapezoidal L, 28.83
3 1
prism
Wi 15.00
ton 4.95
Tey 15.90 hl’oc 14.00
LPA inverted Loy 3000 WPA Lhse 10.00
half-cylinder Went 19.97 trgpezoidal W/ 3.00
prism Liipe 28.83
Weipe 15.00
Teyh 2.10
LPA hollow
L 30.00
inverted cyh
half-cylinder Weyh 19.96
teyh 1.00

Table A3. The glycerin-made resonator: The dimensions (in mm) offering the best MLM in the
numerical simulations.

Geometry Parameter Value Geometry Parameter Value
h 7.00 r 8.60
Rectangular Lrp 29.00 LPA LCyC 30.00
prism P ’ half-cylinder e :
Wip 15.00 Weye 19.86
h 17.80 " 19.00
?Oilaiw lar Lhrp 3200 WPA inverted Lfy 28.80
per(i:sm g hrp : half-cylinder eyl ’
Whep 18.00 W, 18.00
y
iy 1.44 ! 3.00
yh
Cylindrical Thy 8.40 WPA hollow Ly 28.77
hemisphere inverted i
half-cylinder Wegh 15.00
toh 1.00
7, 22.70 rl 6.90
Concave P WPA Lc,y ¢ 28.80
hemisphere half-cylinder cye ’
Wiye 18.00
Tsph 16.00 by 26.50
Hollow concave LPA inverted Fos 28.20
hemisphere tra'pezoidal Whs 28.28
prism Lpip 14.00
Whip 15.21
Tspc 2297 Tiph 21.30
LPA inverted Losn 28.00
Wi 28.2
Hemisphere hollow bsh 8.28
tra.pe201dal Luin 14.00
prism Whin 15.21

ton 4.95
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Table A3. Cont.

Geometry Parameter Value Geometry Parameter Value
Neonc 27.25 Ppe 25.00
T 7.75 LPA dal Lpsc 35.00
Inverted cone "t 14.25 prisr:apezm a Wi 15.21
Lpipe 28.00
Whipe 28.28
hen 19.00 h{, 21.00
Hollow "bh 7.00 WPA inverted Ly, 28.83
inverted cone Tth 14.00 trapezoidal Wes 33.00
teh 6.02 prism Liip 14.00
Wi 15.21
heonv 10.15 h;h 30.00
Tbe 8.60 WPA hollow Ligh 30.00
Tt 14.00 inverted Wih 31.00
Cone trapezoidal L]/:)j-\ 28.83
. 1
prism Wi 15.00
En 495
Tey 15.90 hl’oc 14.00
LPA inverted Ley 30.00 WPA ' L{,{S . 10.00
half-cylinder Went 19.97 trgpezmdal W/ 3.00
prism L. 28.83
bipc :
Wipe 15.00
Teyh 2.10
LPA hollow
L 30.00
inverted ovh
half-cylinder Weyh 15.96
teyh 1.00

Table A4. The graphite-made resonator: The dimensions (in mm) offering the best MLM in the
numerical simulations.

Geometry Parameter Value Geometry Parameter Value
rp 20.00 Teye 10.00
Rectangular LPA
prism Lep 29.00 half-cylinder Leye 30.00
Wip 15.00 Weye 14.98
Hollow Ihep 4.00 WPA inverted Tty 20.00
/!
rer(i:;?;lgular Lyp 29.00 half-cylinder Loy 19.97
p Whrp 15.00 Wi 18.00
Iy 2.00 réyh 20.00
Cylindrical Fhy 6.60 }’ng tl;gllow Ly, 28.80
hemisphere . /
half-cylinder Win 18.00
£ 1.00
yh
T 18.50 7e 20.00
Concave F WPA Lc,yc 18.00
hemisphere half-cylinder cye )
Wiye 14.97
Tsph 18.60 hyp 30.00
Hollow concave LPA inverted Fos 28.00
hemisphere trapezoidal Whs 28.28
prism Lip 14.00

Woip 15.21
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Table A4. Cont.

Geometry Parameter Value Geometry Parameter Value
Tspe 16.00 hph 21.50
LPA inverted Lish 35.00
Hemisphere E(;I;?zvoi dal V[\i’: iiéi
prism Wiih 15.21
ton 5.04
Heone 15.00 hpc 27.00
" 7.90 . Lise 28.00
Inverted cone 7t 20.90 ;ﬂ‘;:apezmdal Whse 15.21
Lbipe 14.00
Whipe 28.28
Ren 20.00 h{o 17.00
Hollow Tbh 5.50 WPA inyerted Lis 30.00
inverted cone Tth 20.10 tra.pezou:lal WY 30.00
ten 12.27 prism Liip 28.83
Wi 15.21
Heonv 15.00 h;h 10.00
Tbe 7.10 WPA hollow Lbsh 28.00
Tte 7.00 inverted Wieh 33.00
Cone graisrenzoidal Liin 28.83
Wi 15.00
En 495
Tey 9.50 h{oc 22.00
, Loyt 30.00 WPA Ly 10.00
E;I:lAf_ gﬁiﬁif chyl 19.95 trapezoidal W/ 9.00
prism Llpe 28.83
Wiipe 15.00
Teyh 9.00
half-cylinder Weyh 19.88
feyh 1.00
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