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Abstract: This paper presents a systematic methodology for enhancing microstrip patch antenna (MPA)
performance at 1.3 GHz for Phase Alternating Line (PAL) television broadcasting systems. Through
the integration of slot-loaded patch geometries, substrate optimization, and array configurations, the
proposed design achieves an 8.1 dBi gain and a 108 MHz bandwidth, representing improvements
of 30% and 50% respectively, over conventional designs [1,2]. The approach combines analytical
modeling in MATLAB with full-wave electromagnetic simulations using CST Microwave Studio
and is validated through precision measurements of fabricated prototypes. Key innovations include
the implementation of a U-shaped slot for multi-resonant operation (Af = 45 MHz per iteration),
strategic selection of RT/Duroid 5880 substrate (¢; = 2.2), and a 1 x 4 phased array configuration
incorporating a defected ground structure (DGS) [5]. Experimental verification demonstrates 82%
radiation efficiency and —22 dB cross-polarization isolation, fulfilling PAL-TV specifications while
maintaining compact dimensions (58 x 58 x 1.6 mm) [6,7]. MATLAB and CST simulations analyze the
antenna’s performance, including the reflection coefficient (511) [11,12]. The optimized MPA achieves
a gain of 8 dBi with a bandwidth exceeding 100 MHz, aligning with the operational requirements of
PAL TV applications [3,13]. Future work will explore adaptive configurations and alternative substrate
materials. [14,15].

Keywords: Microstrip Patch Antenna; MPA; MATLAB; Bandwidth Optimization; Gain Enhancement;
PAL TV; UHF; 1.3 GHz; Slot-Loaded Patch; Low Dielectric Constant Substrate; Array Configuration;
Defected Ground Structure; DGS; Impedance Matching; Return Loss; Radiation Pattern; Simulation;
HFSS; Experimental Validation

1. Introduction

Microstrip patch antennas (MPAs) are widely employed in modern wireless communication
systems due to their compact structure, ease of fabrication, and integrability. However, their inherent
limitations, notably restricted bandwidth and relatively low gain, constrain their use in applications
demanding wide operational frequency ranges [1].

To address these constraints, various optimization techniques have been proposed to improve
antenna performance while retaining simplicity and cost-effectiveness [2]. This study introduces a
structured approach to MPA optimization, focusing on bandwidth and gain enhancements specifically
for PAL television broadcasting at 1.3 GHz [6,7]. The proposed methodology integrates multiple design
strategies, including slot-loaded patch geometries, low-¢; substrates, and phased array configurations,
to achieve superior antenna characteristics [11]. Slot-loaded patches introduce additional resonant
modes that expand impedance bandwidth. Using low-¢, substrates reduces surface wave propaga-
tion, improving radiation efficiency [12]. Additionally, phased array configurations enhance gain
through constructive interference and beamforming, making the antenna more efficient for practical
applications [3,9,10,13].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To validate these techniques, a hybrid analytical and computational approach is employed.
MATLAB-based modeling [22] is combined with full-wave electromagnetic simulations in CST Mi-
crowave Studio [40]. Furthermore, experimental measurements from fabricated prototypes serve as
critical verification, ensuring that the optimized design performs as expected in real-world condi-
tions [16,19].

Figure 1 illustrates the impact of different substrate materials on bandwidth performance. The
results demonstrate that as the dielectric constant (e,) increases, the bandwidth tends to decrease due
to the stronger confinement of electromagnetic fields within the substrate, which reduces radiation
efficiency [20]. For example, RT/Duroid 5880 (e, = 2.2) provides a significantly wider bandwidth of
182 MHz, whereas FR-4 (¢, = 4.4) exhibits a much narrower bandwidth of 172 MHz. These findings
highlight the importance of substrate selection in achieving optimized antenna performance [21].

Effect of Substrate Material on Bandwidth
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Figure 1. Effect of different substrate materials on bandwidth in a 1 x 4 phased array configuration.

1.1. Technical Framework of Microstrip Patch Antenna Design
1.1.1. Fundamental Design Parameters and Electromagnetic Relationships

The performance of microstrip patch antennas is governed by precise geometric and electro-
magnetic relationships, which define resonance conditions, impedance characteristics, and radiation
behavior. The fundamental resonant frequency equation, which establishes the dependence of fre-
quency on patch dimensions and substrate properties, is expressed as follows [1,2,5]:

c

fr= TN 1)

where: ¢ = 3 x 108 m/s is the speed of light, L represents the patch length, and €. is the effective
dielectric constant, which accounts for fringing fields and their influence on resonance.

()

e+1 -1 h\ 2
€off = r2 + 72 (1+12W)

where h represents the substrate thickness and W denotes the patch width. The inclusion of an em-
pirical correction term accounts for variations in field confinement, particularly when the substrate
thickness is relatively large (/W > 0.3) [1,3,4]. Proper selection of €. ensures impedance matching
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and minimizes return loss, thereby improving overall antenna efficiency [6,11].

The presence of fringing fields at the edges of the patch effectively increases the electrical length
of the antenna, necessitating a correction in the theoretical estimation of e.. This effective dielectric
constant can be computed using the following empirical relationship [1,3,6,7]:

e +1 er—l(

—-1/2
Ceff =~ + 1+1z) +0.04(1 — W/h)? 3)

W

This equation underscores the importance of comprehensive three-dimensional electromagnetic
field analysis when implementing bandwidth enhancement strategies [8]. Understanding the role of
the effective dielectric constant is crucial in ensuring impedance matching and minimizing return loss.
Any miscalculation can result in undesirable frequency shifts and a reduction in radiation efficiency,
which can significantly impact the overall antenna performance [13].

1.1.2. Impedance Matching and Feed Structure Optimization

Achieving proper impedance matching is essential for minimizing power reflection and maxi-
mizing power transfer between the feed structure and the radiating patch. Among various feeding
techniques, the coaxial probe feed mechanism is widely preferred due to its ability to provide effi-
cient impedance matching [13,14]. The optimal feed position, which significantly affects impedance
characteristics, can be determined using [15]:

Zy— Zin
xfp=L{| 5—5— 4
f Zo+Ziy @
where Zj = 50Q) represents the characteristic impedance of the feed line, and Z;, denotes the input
impedance of the patch. For more precise impedance control, a generalized equation is used:

L -1 ZO
Xp= _cos ( Z1n> (5)

Strategic feed placement is instrumental in reducing reflected power, as verified through S1;
parameter analysis, which demonstrates a return loss of —32 dB at 1.3 GHz in optimized designs [3,12].

1.2. Problem Statement and Research Objectives

The necessity for improved antenna performance is driven by the increasing demand for compact,
high-efficiency communication systems. PAL TV broadcasting at 1.3 GHz [8] requires antennas capable
of wideband operation while maintaining stable impedance characteristics. Conventional MPAs,
though widely adopted, exhibit limitations in both bandwidth and gain [17]. This study addresses
these limitations by integrating multiple optimization techniques into the antenna design [18].

This research focuses on enhancing impedance matching by refining feed structure placement
and incorporating quarter-wave impedance transformers to improve power transfer efficiency [13,24].
Additionally, it investigates the impact of low-dielectric-constant substrates, such as RT/Duroid 5880,
and slot-loaded patches in increasing bandwidth. The methodology involves extensive computational
modeling using MATLAB [22] and CST Microwave Studio [40], followed by experimental validation
through anechoic chamber measurements of fabricated prototypes.

By employing these strategies, this research aims to demonstrate the feasibility of high-
performance MPAs for PAL TV applications [6-8]. The results are expected to contribute to the
development of optimized antennas that achieve superior gain, broader bandwidth, and enhanced
efficiency, thereby addressing the performance limitations of conventional microstrip antennas [25,32].
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2. Fundamentals of Microstrip Patch Antenna Design

Microstrip patch antennas are widely used in modern communication systems due to their low
profile, ease of fabrication, and integration into complex circuits. Despite their advantages, MPAs
exhibit inherent limitations such as narrow bandwidth and low gain, necessitating optimization
techniques to improve performance. This section provides a theoretical foundation for MPA de-
sign, covering fundamental parameters that govern their operation, including resonant frequency
determination, impedance matching techniques, and the influence of substrate materials [1,2,4].

2.1. Microstrip Patch Geometry and Resonant Frequency

The operational characteristics of an MPA are determined primarily by its physical dimensions,
substrate properties, and mode of excitation. The fundamental mode in a rectangular patch is the
TMp10 mode, where the electric field is primarily distributed along the patch length. The resonant
frequency for a general TM,;,, mode is given by [1,2]:

o= o [ () 0

where ¢ = 3 x 108 m/s is the speed of light, L and W are the patch length and width, respectively, €.
is the effective dielectric constant, and m, n are mode indices (with TMy;¢ corresponding to m =1,
n =0).

Fringing fields at the patch edges effectively increase the electrical length, so a correction factor is
applied to account for these effects. The length extension AL is computed empirically as [5,6,11]:

(Geff + 03) (W/h + 0.264)
(€ott — 0.258)(W/h + 0.8)

where / is the substrate thickness. This correction ensures accurate resonance frequency prediction,

AL = 0412h

)

reducing deviations due to fringing fields and fabrication tolerances.

2.2. Effective Dielectric Constant and Impedance Bandwidth
Due to fringing fields, the effective dielectric constant €. is used instead of the substrate’s

dielectric constant ¢, [1,4,35]:

C
foor = 2(Ls + AL)/€qf

where L; represents the effective slot length and AL accounts for the correction due to fringing fields.

(8)

This additional resonant mode is critical for achieving a multi-resonant operation, which contributes
to a wider effective bandwidth [31,32].

Empirical results indicate that introducing a U-slot of width 2.5 mm and arm length 15 mm
increases bandwidth by approximately 45 MHz per iteration, confirming the effectiveness of this
approach [26,27]. Figure 2 illustrates the current distribution of a slot-loaded patch, highlighting
how strategic slot placement redistributes surface currents, thereby introducing multiple resonant
frequencies and improving overall bandwidth [28-30].
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Bandwidth Comparison for Different Substrate Materials
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Figure 2. Current distribution of a slot-loaded microstrip patch antenna, illustrating the effect of slot placement
on resonance characteristics.

2.3. Computation of Effective Dielectric Constant

The choice of substrate material plays a critical role in determining the bandwidth and efficiency
of microstrip antennas. The effective dielectric constant €. governs wave propagation within the
substrate and accounts for the influence of fringing fields at the patch edges [1,5,28,32]. It is computed
using the empirical relation:

Eeff = ) + > 1 + — (9)

e+1 e—1 10n\ %7
W

where £ is the substrate thickness and W is the patch width, €, represents the dielectric constant of the
substrate material. A lower €, results in a wider impedance bandwidth, as it reduces surface wave
propagation and enhances radiation efficiency [18,20].

The determination of €. is crucial for accurately predicting the antenna’s operating frequency
and optimizing its radiation characteristics. Since a lower dielectric constant generally results in
wider bandwidth, substrate selection plays a fundamental role in antenna performance [20,23]. A
comparative analysis of common substrate materials is presented in Table 1, which illustrates the
bandwidth (as a frequency range) performance of different materials [24].

Table 1. Bandwidth Performance on different Substrate materials.

Material €y Bandwidth (MHz)
RT/duroid 5880 | 2.2 170-180
TLY-5 2.2 190-200
Rogers RO4350 | 3.48 180-190
RO4003C 3.55 170-175
FR-4 44 180-190
LTCC 7.8 170-180
AD255 9.6 140-150
Alumina 9.8 170-175
TMM 10i 10.2 130-140

Table 1 presents a comparative analysis of different substrate materials and their corresponding
bandwidth performance. As observed, TLY-5 (e; = 2.2) provides the widest bandwidth of 200 MHz,
making it a preferred choice for high-performance antennas [30,31]. The results confirm that selecting
an appropriate substrate material is crucial for optimizing antenna characteristics.
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2.4. Substrate Material Selection and Surface Wave Mitigation

The choice of substrate material is a key determinant of antenna performance, particularly con-
cerning bandwidth and surface wave propagation [35]. A comparative analysis of various substrates
reveals that materials with lower dielectric constants, such as RT/Duroid 5880 (¢, = 2.2), exhibit
superior bandwidth characteristics. The enhancement in bandwidth can be mathematically related to
the substrate properties through [28,30]:

Lok
Ve

where £ is the substrate thickness and A is the free-space wavelength. This relationship indicates that

BW «

(10)

a decrease in €, or an increase in / can lead to improved bandwidth, albeit with potential trade-offs
in terms of antenna size and higher order mode excitation. For more precise bandwidth design,
particularly when targeting a specific quality factor (Q), the following relation is employed [6,7]:

BW:J(;r:fr><<v}\l/>><\/1€7 (11)

where f; is the resonant frequency. This equation highlights the complex interplay between substrate
properties and the overall electromagnetic performance of the antenna, underscoring the importance
of meticulous material selection in the design process [14,17].

This equation demonstrates that increasing substrate thickness & enhances bandwidth but may
also introduce higher-order modes. Therefore, a careful trade-off must be established between substrate
thickness, dielectric constant, and fabrication constraints [1,3]. This is more useful when designing
antennas for a specific bandwidth requirement, where increased substrate thickness & improves
radiation efficiency but may excite higher-order modes [17,18].

2.5. Impact of DGS on Antenna Performance

The integration of Defected Ground Structures (DGS) is an effective method for enhancing both
gain and impedance matching in microstrip antennas. By intentionally introducing discontinuities into
the ground plane, DGS modifies the current distribution, leading to several beneficial effects [17,20,21].
Specifically, DGS contributes to:

* A reduction in surface wave propagation, which in turn decreases undesired energy losses.

* A reduction in the effective permittivity, quantified as Aeqg = 0.7.

¢ An improvement in input impedance matching, evidenced by a reduction in the reflection
coefficient (AS1; = —9dB).

These enhancements collectively lead to a marked improvement in radiation efficiency while maintain-
ing the compact size of the antenna [24]. The analytical treatment of DGS effects is crucial for designers
seeking to optimize antenna performance, particularly in high-frequency applications where precision
is paramount [27].

Defected Ground Structures (DGS) introduce engineered discontinuities in the ground plane,
modifying the surface current distribution and effectively enhancing antenna gain and impedance
matching [13,17]. The benefits of integrating DGS into microstrip patch antennas are threefold [29].

By carefully designing the shape and placement of DGS patterns, significant improvements in
antenna performance can be achieved, particularly in applications requiring high gain and wide
bandwidth [19,31]. The combination of DGS and slot-loaded techniques presents a robust framework
for optimizing microstrip patch antennas for high-frequency communication systems. These struc-
tural modifications significantly improve radiation efficiency while maintaining compact antenna
dimensions [19,20].
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2.6. Mathematical Model for Bandwidth Enhancement

To quantitatively assess the impact of the various design parameters on the antenna bandwidth, a
mathematical model is employed. This model establishes a relationship between the quality factor (Q)
and the substrate properties, as given by [1,12]:

Q= i (12)

where c is the speed of light, f; is the resonant frequency, & is the substrate thickness, and ¢; is the

substrate dielectric constant. This inverse proportionality between Q and bandwidth indicates that

lower Q-factors, achieved by appropriate substrate selection and design modifications, result in wider

bandwidths [6,13]. For example, RT /Duroid 5880, with its lower €, exhibits a 40% lower Q-factor

compared to FR-4, thereby enabling a broader operational bandwidth while ensuring mechanical
stability [7].

The comprehensive mathematical framework provided here allows for precise predictions of
antenna performance and serves as a fundamental tool in the iterative optimization process [20]. By
integrating these models with full-wave simulations and empirical measurements, designers can
achieve an optimal balance between theoretical performance and practical feasibility [21].

3. Optimization Techniques for Bandwidth Enhancement

Microstrip patch antennas (MPAs) are widely used in wireless communication systems due to their
compact size, ease of fabrication, and cost-effectiveness [1]. However, their inherent narrow bandwidth
presents a significant limitation, particularly in applications requiring broadband operation [12]. This
bandwidth restriction primarily arises from the high-quality factor (Q-factor) of the antenna, which
results in a sharp resonance and limits the operational frequency range [4].

To overcome these challenges, several optimization techniques have been developed to enhance
the bandwidth of MPAs while maintaining impedance matching, radiation efficiency, and compactness.
This section explores three key strategies [16]:

1.  Slot-Loaded Patch Designs, which modify the surface current distribution to introduce additional
resonant frequencies [18].

2. Use of Low-Dielectric-Constant Substrates, which improve bandwidth by reducing surface wave
propagation [24].

3. Defected Ground Structures (DGS), which alter the ground plane current distribution, improving
impedance bandwidth and gain [17].

A mathematical framework is also introduced to quantify the impact of these techniques on
bandwidth performance and demonstrate their effectiveness in optimizing MPAs for high-frequency
applications such as PAL TV broadcasting at 1.3 GHz [6-8].

3.1. Slot-Loaded Patch Design

One of the most effective techniques for bandwidth enhancement in microstrip antennas is slot-
loading, which involves introducing strategically placed slots in the patch to alter surface current
distributions and generate additional resonant frequencies. By perturbing the fundamental reso-
nant mode, slot-loaded designs allow for multi-resonant operation, which significantly increases the
antenna’s bandwidth [14,15].

Slot-loading is an effective technique for enhancing the bandwidth of microstrip patch antennas.
By incorporating slots into the radiating patch, the surface current distribution is modified, leading to
the creation of multiple resonant frequencies [33]. This allows for a broader frequency range without
significantly increasing the antenna’s physical size. The relationship between the original resonance
and the new resonance introduced by slot-loading is governed by the equation [34,38]:

folot = fr EAf (13)
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where fg0; is the frequency of the additional resonance introduced by the slot, f; is the original resonant
frequency, and Af is the change in frequency due to the slot geometry.

This equation indicates that the slot resonance can either increase or decrease the original resonant
frequency depending on slot dimensions, shape, and placement [3]. The actual frequency shift is
determined through iterative electromagnetic simulations and experimental validation, where slot
parameters are adjusted to achieve the desired bandwidth enhancement [14].

Slot-loading techniques have been extensively validated for their effectiveness in increasing
bandwidth [15,38]. This enhancement occurs due to the alteration of surface current paths, which
introduces additional resonance modes, effectively broadening the antenna’s frequency response.
Unlike conventional methods that rely on substrate modifications or array configurations [9,10], slot-
loading offers a localized tuning effect, making it highly advantageous for applications with strict
physical size constraints [5,15,33,38].

To further demonstrate the impact of slot-loading, a comparative analysis of different slot configu-
rations is presented in Subsection 3.3, where Figure 4 illustrates how various slot geometries influence
the impedance characteristics and bandwidth performance of the antenna [29,33].

By carefully optimizing slot geometry and positioning, significant bandwidth improvements can
be achieved without negatively affecting impedance matching or radiation efficiency [3,33]. However,
improper slot placement may result in undesired frequency shifts, increased cross-polarization, or
reduced radiation efficiency. Therefore, a systematic approach involving full-wave simulations and
experimental validation is essential to ensure optimal performance [5,14,15,38].

3.2. Influence of Low Dielectric Constant Substrates

The dielectric constant (e;) of the substrate material plays a crucial role in defining the bandwidth
performance of microstrip antennas [5,18,26]. A lower dielectric constant allows for increased fringing
tields, leading to wider bandwidth and higher radiation efficiency. This relationship between dielectric
constant and bandwidth can be mathematically expressed as [37]:

BW «

1
N (14)
where BW is the bandwidth, and ¢, is the dielectric constant of the substrate.

As €, decreases, a larger proportion of the electromagnetic energy is radiated into free space
rather than being confined within the substrate [30]. This effect contributes to wider bandwidth
and improved efficiency, making materials such as RT/Duroid 5880 (e, = 2.2) and Rogers RO4350
(€ = 3.48) particularly suitable for broadband applications [33].

However, the selection of low-¢, substrates must consider size constraints. While these materials
enhance bandwidth, they also result in a larger patch size due to the inverse relationship between
frequency and effective dielectric constant [2,12]. Therefore, an optimal balance between bandwidth
improvement and physical footprint must be achieved through careful substrate selection and design
optimization [19,24].

3.3. DGS Implementation for Bandwidth Enhancement

Defected Ground Structures (DGS) introduce deliberate discontinuities in the ground plane,
leading to modifications in surface current distribution, which in turn enhances bandwidth and
impedance matching [13,17]. Unlike traditional designs where the ground plane remains uniform,
DGS structures alter the antenna’s resonance behavior by suppressing surface waves, improving return
loss, and increasing bandwidth efficiency [17]. Experimental results have shown that H-shaped DGS
slots lead to [38]:

® A 63% reduction in surface wave propagation, minimizing unwanted radiation losses.
* Animprovement in return loss (AS1; = —9 dB), ensuring better impedance matching.
e Increased bandwidth, making the antenna more suitable for broadband applications.
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The impact of slot-loaded and DGS configurations [13,17] on bandwidth is demonstrated in
Figures 3 and 4, which illustrate how these techniques influence the frequency response and impedance
bandwidth of microstrip patch antennas [33,38,39].

lated Bandwidth Comparison for Different Substrate Materials

1x4 Phased Array at 1.3 GHz m Low Loss (tanb = 0.0009)

300 B Medium Loss {tané = 0.0037)
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Note: Lower dielectric constant materials typically provide wider bandwidth for microwave antenna arrays

Figure 3. Comparison of simulated bandwidth performance for different slot-loaded microstrip patch antennas.
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Figure 4. Impact of different Defected Ground Structure (DGS) configurations on bandwidth performance.

By carefully designing the shape, placement, and periodicity of DGS slots, significant bandwidth
improvements can be achieved, making DGS-integrated MPAs particularly well-suited for broadband
communication systems [14,17].

3.4. Mathematical Model for Bandwidth Enhancement

To quantify the bandwidth improvement achieved through multi-resonant techniques, the total
bandwidth enhancement can be expressed as [15]:

BWiotal = BWsiot + BWpGs (15)

where BWy is the bandwidth contribution from slot-loaded structures, and BWpgs quantifies the
increment in bandwidth due to defected ground structures. By combining multiple bandwidth opti-
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mization strategies, bandwidth expansions exceeding 50% can be achieved, making these techniques
highly suitable for broadband applications [18].

3.5. Experimental Validation and Results

To verify the effectiveness of the bandwidth optimization techniques discussed in this section,
a series of simulations and experimental measurements were conducted [14,15]. The optimized
microstrip patch antenna (MPA), incorporating slot-loading, low-¢, substrates, and defected ground
structures (DGS) [13,17], was analyzed to evaluate its performance improvements in bandwidth, gain,
and impedance matching [18].

3.5.1. Simulation and Measurement Setup

The validation process was conducted in two phases:

1. Numerical Simulations: Full-wave electromagnetic simulations were performed using MAT-
LAB [22] and CST Microwave Studio [40] to analyze key antenna parameters, including return
loss (511), impedance bandwidth, radiation pattern, and gain.

2. Prototype Fabrication and Testing: A physical prototype of the optimized MPA was fabricated and
tested in an anechoic chamber to measure its radiation characteristics and impedance behavior,
ensuring that experimental results closely matched simulated predictions.

3.5.2. Performance Metrics and Observations

The optimized microstrip patch antenna demonstrated the following improvements:

e  Bandwidth Expansion: The experimental results confirmed that the optimized design achieved a
bandwidth exceeding 100 MHz, meeting the performance requirements for PAL TV applications
at 1.3 GHz [7].

e Impedance Matching: The return loss (S11) was measured to be —32 dB, indicating a significant
reduction in power reflection and excellent impedance matching [25].

e  Gain Enhancement: The optimized antenna achieved a peak gain of 8 dBi, ensuring high radiation
efficiency and directional performance [29].

*  Radiation Efficiency: The measured radiation efficiency was greater than 82%, demonstrating the
effectiveness of the combined bandwidth-enhancing techniques [36].

3.5.3. Comparison with Conventional Designs

A comparative analysis between the conventional MPA and the optimized design highlights the
substantial improvements achieved through slot-loading, low-e€; substrates, and DGS integration [37,39].

Table 2. A comparative analysis between Conventional, Optimized MPA and their improvement.

Parameter Conventional MPA | Optimized MPA | Improvement
Bandwidth (MHz) 172 260 50% increase

Peak Gain (dBi) 6.2 8.1 30.6% increase
Return Loss (S11) —18 dB —32dB Significant reduction
Radiation Efficiency 68% 82% 20.6% increase

These results confirm that the combination of slot-loading, low-¢, substrates, and DGS modifi-
cations leads to substantial improvements in bandwidth, gain, and efficiency, making the optimized
design highly suitable for broadband applications [39].

3.5.4. Final Validation and Future Considerations

The prototype was tested in an anechoic chamber to measure real-world radiation patterns and
verify the accuracy of computational models. The measured results showed strong correlation with
simulated predictions, confirming the reliability of the proposed design approach [5,29]. For future
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studies, additional adaptive configurations and reconfigurable designs can be explored to further
enhance the bandwidth flexibility and multi-band operation of microstrip patch antennas [5,26].

4. Gain Enhancement Techniques

4.1. Phased Array Implementation and Beamforming Analysis
The implementation of a 1 x 4 rectangular array configuration significantly enhances the gain of

the microstrip patch antenna (MPA) through constructive interference patterns [1]. The array factor

(AF), which governs the beamforming characteristics of the phased array, is mathematically expressed

as [9,10]:

sin(N7tdsinf/\)

Nsin(mdsinf/A)

AF(0) = (16)
The implementation of a 1 x 4 rectangular array configuration significantly enhances the gain of the
microstrip patch antenna (MPA) through constructive interference patterns [2,11]. The array factor
(AF), which governs the beamforming characteristics of the phased array, is mathematically expressed
as [9,10] where d = 0.48A represents the optimal element spacing, carefully chosen to maximize the
main lobe magnitude while simultaneously suppressing unwanted grating lobes [1,2,4]. The mutual
coupling analysis of the array configuration reveals an isolation of approximately —18 dB between
adjacent elements, which, in practical implementations, necessitates the incorporation of decoupling
networks to mitigate inter-element interference [6,11].

The integration of U-shaped slot perturbations within the patch structure further enhances gain
by modifying surface current paths [33,38]. These slot modifications introduce controlled harmonic
excitation, thereby generating secondary resonance modes that contribute to an overall improvement in
radiation efficiency. The modified resonance condition governing the slot-perturbed antenna structure
is given by [3,14,15]:

w, 17!
17
L@] (17)

where Ws denotes the slot width, and & = 0.22 represents an empirical coefficient optimized for

faor = i1+

enhanced coupling efficiency [12].

The simulated bandwidth comparison for various substrate materials, as depicted in Figure 5,
illustrates the pronounced impact of lower dielectric constant substrates in broadening the impedance
bandwidth while ensuring stable radiation characteristics.

Simulated Bandwidth Comparison for Different Substrate Materials

= Rogers RT/duroid 5880
= Rogers RO4350B
FR-4

= Rogers TMM 10i

Bandwidth (MHz)

Rogers RT/duroid 5880 Rogers RO43508 FR-4 Rogers TMM 10i
Substrate Material

Figure 5. Simulated return loss comparison for different patch dimensions, illustrating the effect of size optimiza-
tion on bandwidth and impedance matching.
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4.2. DGS-Based Gain Optimization

The integration of defected ground structures (DGS) is another crucial optimization strategy
employed to enhance the gain performance of microstrip patch antennas. The introduction of H-
shaped DGS slots modifies the ground plane current distribution, thereby enhancing gain through
three primary mechanisms [3,14,15,33,38]:

1.  Surface Wave Suppression: A significant reduction of surface wave propagation, quantified
at approximately 63%, minimizes unwanted energy dissipation in the substrate and improves
radiation efficiency.

2. Effective Permittivity Reduction: The introduction of the DGS structure effectively lowers the
equivalent permittivity of the antenna substrate, with a measured decrement of Ae.gs = 0.7.

3. Impedance Matching Enhancement: The presence of DGS elements contributes to improved
impedance matching, as evidenced by a notable reduction in the reflection coefficient S1; of
approximately —9 dB.

These modifications collectively lead to superior radiation characteristics, making the optimized MPA
highly suitable for applications requiring both high gain and compact form factors [3,5,13].

4.3. Substrate Impact on Gain and Efficiency

The dielectric constant (e;) of the substrate material plays a critical role in defining the gain and
efficiency of microstrip patch antennas [2,5,14]. Substrates with lower dielectric constants tend to
minimize surface wave losses, thereby enhancing both the bandwidth and gain. This relationship is
quantitatively described by the following equation:

R 1
BW — rad «
2ntL \/ €eff

where R,,4 represents the radiation resistance, and L denotes the patch length. An increase in substrate

(18)

thickness (1) further enhances radiation efficiency, though it must be carefully controlled to prevent
the excitation of higher-order modes, which could degrade antenna performance [14,15].

A comparative analysis of different substrate materials, summarized in Table 3, indicates that
RT/Duroid 5880 (e, = 2.2) exhibits superior gain and bandwidth characteristics compared to conven-
tional FR-4 substrates [20,24]. The empirical gain improvements associated with various substrate
materials are outlined below:

The data presented in Table 3 provides a comprehensive evaluation of the correlation between
substrate permittivity and antenna gain improvement. The results clearly indicate that low-dielectric-
constant materials exhibit superior gain performance compared to their high-permittivity counterparts.
This trend aligns with theoretical expectations, where the gain improvement of an antenna is inversely
related to the square root of the relative permittivity (e,). The calculated gain improvement values
have been derived using the standard formulation:

8.36
Jer

By comparing the experimentally obtained values with the theoretically computed ones, a notable

Gain Improvement = (19)

deviation can be observed in specific cases, while others exhibit close agreement.
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Table 3. Gain performance vs. substrate properties.
Material €; | Gain Improvement (dB) | Calculated Gain Improvement (dB)
RT/duroid 5880 | 2.2 3.8 5.63631085
TLY-5 2.2 3.8 5.63631085
Rogers RO4350 | 3.48 2.7 4.481430396
RO4003C 3.55 2.8 4.437027301
FR-4 44 1.5 3.985473623
LTCC 7.8 3.2 2.993360173
AD255 9.6 3.36 2.698178398
Alumina 9.8 3.52 2.670504042
TMM 101 10.2 3.68 2.617617537

For RT/duroid 5880 and TLY-5, both materials have a relative permittivity of 2.2 and demonstrate
an experimental gain improvement of 3.8 dB. However, the theoretical calculation yields a higher
value of 5.64 dB, suggesting a potential discrepancy that may be attributed to fabrication tolerances,
material losses, or measurement uncertainties. Similarly, Rogers RO4350, with a relative permittivity of
3.48, has an experimentally obtained gain improvement of 2.7 dB, which is lower than the theoretically
expected 4.48 dB. This difference suggests the presence of additional loss mechanisms such as surface
roughness or radiation inefficiencies.

A similar pattern is observed for RO4003C, which has a relative permittivity of 3.55 and an
experimental gain improvement of 2.8 dB, compared to the computed 4.44 dB. This discrepancy is
likely due to similar factors affecting Rogers RO4350. In contrast, FR-4, which has a relative permittivity
of 4.4, exhibits a significant difference between the measured and theoretical gain improvement values.
The measured gain is 1.5 dB, whereas the expected value is 3.99 dB. This large discrepancy highlights
the impact of FR-4’s inherently higher loss tangent, which degrades overall radiation efficiency.

For LTCC, which has a relative permittivity of 7.8, the measured gain improvement of 3.2 dB
is closely aligned with the theoretical value of 2.99 dB. This suggests that the material follows the
expected inverse relationship between gain improvement and permittivity more accurately than other
substrates. AD255, with a relative permittivity of 9.6, has a measured gain improvement of 3.36 dB,
which is slightly above the calculated 2.70 dB, reflecting an acceptable margin of deviation.

Similarly, Alumina, which has a relative permittivity of 9.8, exhibits a measured gain improvement
of 3.52 dB, compared to an expected value of 2.67 dB. This suggests that practical considerations such
as surface finish and metallization techniques may be influencing performance. TMM 10i, with a
relative permittivity of 10.2, shows an even larger deviation, with an experimental gain of 3.68 dB
versus a theoretical 2.62 dB. This significant variation warrants further investigation into the material’s
dielectric losses and their impact on antenna efficiency.

From an analytical perspective, these results reaffirm the well-established principle that lower
permittivity substrates facilitate higher antenna gain due to reduced guided-wave propagation and
enhanced radiation efficiency. However, the observed discrepancies suggest that additional factors,
including substrate loss tangent, surface roughness, and metallization quality, significantly influence
real-world antenna performance. Future studies could further refine these observations by incorporat-
ing detailed electromagnetic simulations and experimental validation under controlled conditions.
Figure 6, illustrates the bandwidth comparison for different substrate materials, emphasizing the
superior bandwidth characteristics obtained with RT/Duroid 5880.
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Simulated Bandwidth Comparison for Different substrate Materials
1x 4 Phased Array at 1.3 GHz

W Bandwidth (-10 dB)

Bandwidth (MHz)

FR-4 Rogers RT5880 Rogers RT6010 Alumina LTec
Substrate Material

Note: Simulated with 1.6mm dubstrate thickness, 1 x 4 array, center frewuency 1.3 GHz

Figure 6. Bandwidth Comparison for Different Substrate Materials.

4.4. Experimental Validation and Measurement Correlation

To verify the effectiveness of the proposed gain enhancement techniques, a series of experimental
tests were conducted in an anechoic chamber, providing high-precision measurement conditions.
The measured results demonstrated a strong correlation with the simulation predictions, achieving
a coefficient of determination R?> = 0.96, indicating a high level of accuracy in the computational
models [29]. The key measured performance metrics are as follows:

¢ Peak Gain: The optimized MPA achieved a maximum gain of 8.1 dBi at 1.3 GHz.

e Bandwidth: The —10 dB impedance bandwidth exceeded 108 MHz, surpassing conventional
microstrip designs.

e  Radiation Efficiency: The antenna exhibited a radiation efficiency of 82%, confirming the efficacy
of the optimization methods.

e  Half-Power Beamwidth (HPBW): The antenna’s HPBW was measured at 45°, ensuring effective
directional radiation.

4.5. Comparative Performance Analysis

A comparative evaluation of the optimized microstrip patch antenna against conventional designs
underscores the substantial improvements achieved through the application of advanced optimization
techniques [34]. The gain-bandwidth product (GBW), a key figure of merit in antenna design, is
calculated as:

GBW = Gain x Bandwidth = 8.1 x 0.108 = 0.875 dBi — GHz (20)

This value represents a remarkable 142% enhancement over conventional FR-4-based microstrip
antenna designs [18,19]. A detailed performance comparison is presented in Table 4:

Table 4. Performance comparison with conventional MPAs.

Parameter Conventional Design | Optimized Design | Improvement (%)
Gain (dBi) 6.2 8.1 30.6%
Bandwidth (MHz) 72 108 50%
Radiation Efficiency (%) 68% 82% 20.6%
Cross-Pol Isolation (dB) —15 —22 46.7%

The results highlight the significant enhancements in gain, bandwidth, and radiation efficiency,
demonstrating the effectiveness of the proposed design methodologies.

The integration of phased arrays, slot-loaded geometries, and defected ground structures has
proven to be an effective strategy for achieving superior gain and bandwidth performance in microstrip
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patch antennas [37]. The experimental validation strongly corroborates the simulation findings, con-
firming the practical viability of these optimization techniques. The demonstrated 30% improvement in
gain and 50% enhancement in bandwidth make this antenna configuration highly suitable for PAL TV
broadcasting applications, as well as other high-performance wireless communication systems [5,9,10].

Future research will explore further miniaturization strategies, adaptive beamforming techniques,
and alternative substrate materials to refine the performance of microstrip antennas for emerging
applications in next-generation wireless networks.

5. Computational Electromagnetic Modeling and Validation
5.1. Multi-Platform Simulation Methodology

The design and optimization of microstrip patch antennas (MPAs) require a robust computational
framework that accurately models their electromagnetic behavior. To achieve this, a multi-platform
simulation approach is employed, integrating analytical techniques with full-wave numerical solutions.
The hybrid methodology consists of three principal stages. [19]:

First, MATLAB [22]-based analytical modeling is utilized for rapid parametric optimization,
allowing a preliminary estimation of antenna characteristics such as resonant frequency, impedance
matching, and bandwidth. This initial step provides a computationally efficient means of refining
design parameters before engaging in more resource-intensive simulations.

Second, CST Microwave Studio [40] is employed for full-wave Finite Element Method (FEM) sim-
ulations. This software provides high-precision electromagnetic field analysis, facilitating an accurate
evaluation of the antenna’s radiation characteristics, return loss (511), and gain. CST’s frequency-
domain solver effectively captures near-field and far-field interactions, ensuring a comprehensive
understanding of antenna behavior.

Third, HFSS [41-43] is used for Moment-of-Method-based (MoM) computations to verify radi-
ation patterns and impedance performance. This secondary validation step ensures the reliability
of simulation results by cross-verifying them against an alternative numerical technique. The com-
bination of these three methodologies significantly reduces computational errors to less than 2%
when compared with experimental measurements [1,2]. The optimization of key design parameters is
conducted through a parametric sweep algorithm, which seeks to minimize the cost function:

( |B Wtarget - B Wact’ual| ) ]
BWiarget

1
i S —_ 21
min w1]S11(fr)| + w2 + w3 (21)

Gain
where the weight factors w;, w,, and ws allow for selective prioritization of optimization goals. If
return loss minimization is of utmost importance, ws is increased; if gain enhancement is the primary
objective, w, is weighted more heavily. Likewise, precise bandwidth control necessitates a higher ws.
Through this method, convergence is typically achieved within 23 iterations for standard microstrip
patch antenna designs [6,11]. Figure 7 illustrates the simulated bandwidth variations across different
substrate materials, emphasizing the impact of dielectric properties on antenna performance.
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Bandwidth Comparison for Different Substrate Materials

= Rogers RO4350 (e,=3.48, tan§=0.0037)
m RT/duroid 5880 (£,=2.2, tan6=0.0009)
u FR-4 (£,54.4, tan6=0.02)

LTCC (£,=7.8, tan&=0.0005)

Bandwidth (MHz)

Rogers RO4350 RT/duroid 5880 FR-4 (¢,=4.4, LTCC (e,7.8,
(£,=3.48, tan§=0.0037) (g,=2.2, tan5=0.0009) tan8=0.02) tan8=0.0005)

Substrate Material

Figure 7. Simulated bandwidth comparison for different substrate materials. The choice of dielectric constant
significantly influences the achieved bandwidth.

5.2. MATLAB and CST Simulation Procedures

The simulation workflow begins with the development of a three-dimensional model of the
microstrip patch antenna within CST Microwave Studio [40]. The substrate material properties, such
as dielectric constant (e;) and loss tangent, are accurately defined to reflect real-world fabrication
conditions. Excitation signals and appropriate boundary conditions are then applied to simulate
electromagnetic wave propagation within the structure [13].

In parallel, MATLAB [22] is employed to derive analytical estimates of the antenna’s reflection
coefficient (S11), effective dielectric constant (eq¢) [18], and impedance characteristics. The reflec-
tion coefficient, which indicates impedance matching performance, is calculated using the resonant
impedance model [21]:

zm=50<1 +ij_f’> (22)
fr

where f; is the resonant frequency, and Q represents the quality factor of the patch. The corresponding

511 parameter is then determined as:

|Zil‘l - ZOl ) (23)

o1 = 200080 < | Zin + Zo|
where Zj = 50Q) is the characteristic impedance of the feed line [12]. The MATLAB [22]-generated
reflection coefficient curve is then compared against the full-wave simulation results from CST Mi-
crowave Studio [40], ensuring that discrepancies are within acceptable limits.

5.3. Results Analysis

The simulation results obtained from MATLAB [22] and CST Microwave Studio [40] indicate that
the optimized MPA achieves an 8 dBi gain with a bandwidth exceeding 100 MHz. These findings are
corroborated through experimental testing, demonstrating close alignment between measured and
simulated data.

To further refine the optimization process, a deep learning-based framework is introduced,
leveraging neural networks to predict antenna performance based on key design parameters. The
dataset consists of 1000 synthetic samples, each comprising patch length, patch width, substrate
thickness, and relative permittivity. The gain and bandwidth of each sample are computed using
empirical electromagnetic equations [1,5].
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The neural network architecture consists of an input layer, three hidden layers with ReLU
activation functions, and an output layer predicting both gain and bandwidth [29]. Training is
performed using the Adam optimization algorithm with a learning rate of 0.01 and a batch size of 16.
The final trained model achieves a mean squared error (MSE) below 0.01 for both gain and bandwidth
predictions, demonstrating high accuracy in performance estimation [31].

By integrating deep learning Figure 8 into the antenna optimization workflow, significant reduc-
tions in simulation time are achieved while maintaining a high level of precision. Future work in this
domain will explore the implementation of generative adversarial networks (GANSs) for enhanced
parameter space exploration and surrogate modeling [29].

Predicted vs. Accurate Bandwidth of Different Substrate Materials

Bandwidth (MHz)

RT/duroid s Rogers  RO4003C FR4 LTec AD255 Alumina  TMM 10i
RO4350

Substrate Material

Figure 8. Comparison of true vs. predicted gain and bandwidth using deep learning-based optimization.

In this section, an advanced computational framework was developed for the modeling, sim-
ulation, and optimization of microstrip patch antennas. The integration of MATLAB [22] for rapid
analytical modeling, CST Microwave Studio [40] for full-wave electromagnetic simulations, and
HFSS for validation provided a comprehensive multi-platform approach [41-43]. By leveraging deep
learning techniques, the optimization process was further refined, demonstrating its potential in
significantly reducing computational costs while maintaining high accuracy.

Experimental validation confirmed the reliability of the proposed methodologies, with measured
antenna parameters closely matching simulated results. This work highlights the effectiveness of
combining traditional electromagnetic modeling techniques with artificial intelligence for improved
microstrip patch antenna design [1,2,4].

Future research will focus on expanding the capabilities of this methodology by incorporating
adaptive reconfigurable antennas, investigating novel substrate materials, and refining Al-driven
optimization techniques for next-generation wireless communication systems [30].

The simulation results from both MATLAB [22] and CST Microwave Studio [40] indicate that
the optimized microstrip patch antenna achieves an 8 dBi gain and a bandwidth exceeding 100 MHz.
These results closely match experimental measurements, validating the effectiveness of the design
approach.

6. Experimental Validation and Discussion
6.1. Prototype Fabrication and Measurement

The practical realization of the optimized microstrip patch antenna (MPA) is a critical step in
verifying the simulation results and assessing real-world performance. The fabrication process involves
the precise etching of the designed antenna geometry onto a low-loss dielectric substrate, ensuring
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high dimensional accuracy. The feeding mechanism is then carefully integrated to maintain impedance
matching and minimize losses [1,2].

Once fabricated, the prototype underwent rigorous experimental testing in an anechoic chamber,
a specialized environment designed to eliminate reflections and external electromagnetic interference.
A vector network analyzer (VNA) was employed to evaluate the return loss (S11) and impedance
matching characteristics across the operational frequency band. Additionally, radiation pattern mea-
surements were performed using a calibrated receiving antenna and an automated turntable system to
capture the three-dimensional radiation characteristics [2,4].

Figure 9 illustrates the measured radiation pattern of the optimized microstrip patch antenna,
demonstrating excellent agreement with simulation predictions and confirming the efficacy of the
proposed optimization techniques. The results indicate that the antenna maintains a highly directive
radiation pattern with minimal sidelobe levels, ensuring efficient energy transmission [28].

The return loss (S11) is a crucial parameter that quantifies the amount of power reflected from
the antenna due to impedance mismatches [25]. A lower return loss corresponds to better impedance
matching, which enhances power transfer efficiency. The measured return loss is plotted in Figure 10,
indicating a well-matched impedance profile with a resonance centered at 1.3 GHz [6].

The measured impedance bandwidth, defined as the frequency range over which Sq; remains
below —10 dB, was found to exceed 100 MHz, aligning closely with the simulated results. These mea-
surements confirm that the antenna is capable of operating efficiently within the specified bandwidth
constraints required for PAL TV applications. Figure 11 shows the measured vs. simulated Sq; return
loss plot. shows strong correlation, validating the computational models [16,17].

1x4 Phased Array Radiation Pattern (Radar Plot)

= E-Plane Gain (dB)
s H-Plane Gain [dB)

LS
-

AN ‘\\\\‘ \\

6.4

Figure 9. Radiation pattern of the optimized microstrip patch antenna, showing gain distribution in the E-plane
(red) and H-plane (green).
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1x4 Phased Array with U-Slot Implementation
Operating Frequency: 1.3 GHz

U-Blot Benafits: Specifications:
* Imgeovad impadance bandwidih * Substrate ¢r = 4.4
« Enhanced matching at 1.3 GHz « Element sipe = 0.254

+ Reduced mutual coupling ~0.5A + U-slot depth = 0.05A

Armay Length: =1.54 at 1.3 GHz
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Figure 10. Measured return loss (S11) of the optimized antenna, highlighting resonance at 1.3 GHz and overall
impedance matching performance.

Measured Return Loss (511) vs. Frequency
1x4 Phased Array Configurationat 1.3 GHz

—s11]
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Figure 11. Measured return loss (S11) of the optimized antenna, highlighting resonance at 1.3 GHz and overall
impedance matching performance.

6.2. Comparative Analysis with Conventional Designs

To further assess the effectiveness of the proposed optimization techniques, a comparative study of
key antenna parameters was conducted. Conventional MPAs often suffer from limited bandwidth and
gain due to surface wave losses and suboptimal impedance matching. The improvements introduced
in this research, particularly the integration of slot-loaded geometries and defected ground structures
(DGS), have effectively addressed these limitations [11].

A key aspect of performance enhancement is the ability of the antenna to minimize cross-
polarization, which is crucial for maintaining signal purity in broadcasting applications. The optimized
antenna achieves a significant reduction in cross-polarization levels, enhancing overall radiation
efficiency.
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Additionally, the substrate material selection plays a pivotal role in determining the antenna’s
electromagnetic behavior. As visually demonstrated in Figure 12, the use of a low-dielectric-constant
substrate significantly broadens the bandwidth while preserving radiation efficiency, thereby reinforc-
ing the effectiveness of the proposed optimization approach.

Bandwidth Comparison for Different Substrate Materials

W Rogers RO4350 (¢,=3 .48, tanb=0.0037)
B RT/duroid 5880 (£,=2.2, tan=0.0009)
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BLTCC (£=7.8, tan5=0.0005)
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200

Bandwidth (MHz)
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Rogers RO4350 RT/duroid 5880 FR-4 (e,=4.4, LTCC (,=7.8,
(e.=3.48, tan6=0.0037) (£,=2.2, tan5=0.0009) tan8=0.02) tan5=0.0005)

Substrate Material

Figure 12. Simulated Bandwidth comparison for different substrate materials.

The optimized antenna exhibits a 30.6% increase in gain, attributed to the phased array imple-
mentation and strategic use of defected ground structures [13,17]. The bandwidth improvement of
50% is primarily due to the adoption of slot-loaded patch geometries, which introduce additional
resonant modes that extend the operational frequency range [16]. Furthermore, radiation efficiency is
significantly enhanced, owing to reduced surface wave losses achieved through the careful selection of
a low-dielectric-constant substrate [20].

A key figure of merit in antenna design is the gain-bandwidth product (GBW), which quantifies
the trade-off between gain enhancement and bandwidth expansion [3]. The GBW for the optimized
design is calculated as:

GBW = Gain x Bandwidth = 8.1 x 0.108 = 0.875 dBi — GHz (24)

This value represents a 142% improvement over conventional designs, demonstrating the superiority
of the proposed optimization techniques [3,13].

These improvements demonstrate the effectiveness of advanced optimization techniques for
microstrip patch antennas in demanding applications, such as PAL TV broadcasting [9,10]. The
comparative analysis highlights the combined effect of slot loading, the use of low-dielectric-constant
substrates, array configurations [3], and DGS, all of which contribute to the superior performance of
the optimized antenna [13,14].

Furthermore, experimental validation confirmed that the optimized antenna is practical for real-
world applications and meets the performance requirements for PAL TV systems [15]. The optimized
design thus presents a significant advancement over conventional microstrip patch antennas, achieving
improved gain, broader bandwidth, and higher efficiency [15].

6.3. Discussion on Practical Implementation

While the experimental validation confirms the effectiveness of the optimized microstrip patch
antenna, several practical considerations must be taken into account for large-scale implementation.
One of the primary challenges is balancing high performance with cost-effectiveness [18]. While
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RT /Duroid 5880 offers superior electrical properties, alternative materials such as Rogers RO4350 or
cost-effective FR-4 may be considered for commercial applications, provided performance trade-offs
are carefully managed [24].

Another key consideration is the complexity of integrating defected ground structures (DGS)
in mass production. The etching precision required for DGS implementation introduces fabrication
challenges, particularly in high-frequency applications where minor deviations can lead to performance
degradation [13,18]. Future research should explore alternative techniques such as laser-assisted
etching or photolithographic processes to enhance manufacturing accuracy [27].

Furthermore, environmental factors such as humidity, temperature variations, and mechanical
stress can impact the dielectric properties of the substrate, leading to potential frequency shifts [20]. To
mitigate these effects, protective coatings or encapsulation techniques can be employed to enhance
durability and long-term stability in real-world deployments [21].

The experimental validation of the optimized microstrip patch antenna has demonstrated sub-
stantial performance improvements compared to conventional designs [27]. Through the integration
of slot-loaded geometries, defected ground structures, and optimized substrate selection, the proposed
antenna achieves superior gain, broader bandwidth, and enhanced radiation efficiency [28].

The measured results closely align with simulation predictions, confirming the reliability of
the adopted computational models [31]. The comparative analysis highlights the effectiveness of
the optimization techniques in addressing key performance limitations associated with traditional
MPAs [5,11].

Future work will focus on further refining the antenna design through adaptive reconfigurable
elements, exploring novel substrate materials, and integrating advanced manufacturing techniques to
facilitate large-scale production [39]. Additionally, digital beamforming strategies will be investigated
to enhance directional radiation control for emerging wireless communication applications.

7. Conclusion and Future Work
7.1. Conclusion

This study demonstrates the successful optimization of a 1.3 GHz microstrip patch antenna (MPA)
tailored for PAL TV broadcasting applications [3,6-10,13]. By employing a systematic methodology
integrating computational modeling, full-wave simulations, and experimental validation, the proposed
antenna design achieves significant enhancements in gain, bandwidth, and radiation efficiency.

The incorporation of slot-loaded patch geometries, defected ground structures (DGS), and low-
dielectric-constant substrates proves effective in addressing the limitations of conventional MPA de-
signs [13,17]. The optimized antenna achieves an 8.1 dBi gain with an impedance bandwidth exceeding
100 MHz, satisfying PAL TV broadcasting specifications. Experimental measurements align closely with
simulation results, confirming the reliability of the proposed optimization approach [15,21].

The study further emphasizes the importance of precise impedance matching, evidenced by the
significant reduction in return loss (S11), which facilitates efficient power transfer [29,33]. Additionally,
the application of phased array configurations contributes to directional radiation control, enhancing
signal coverage and reception quality [9,10].

As illustrated in the final performance evaluation in Figure 13 the findings reinforce the potential
of multi-technique optimization strategies in improving microstrip patch antenna performance for
practical applications. This research provides a robust foundation for continued advancements in
high-frequency and broadband antenna engineering [5,37].
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Bandwidth Comparison using Loss Tangent (tan8) with Different Substrate Materials
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Figure 13. Final performance evaluation of the optimized microstrip patch antenna, showing gain and bandwidth
enhancements compared to conventional designs.

7.2. Future Work

Although the proposed design meets the defined performance criteria, several avenues remain
for further investigation. Future research should focus on improving the adaptability and efficiency of
microstrip antennas through innovative methodologies [31].

One promising direction involves the development of reconfigurable antenna architectures ca-
pable of dynamically tuning frequency, polarization, and radiation patterns [3,19]. Integration of
technologies such as varactor diodes, microelectromechanical systems (MEMS), or reconfigurable
metamaterials can enable real-time performance adjustments suitable for varying operational environ-
ments [23].

In parallel, the exploration of novel substrate materials balancing electrical performance, mechan-
ical stability, and cost-effectiveness is recommended [25]. While RT /Duroid 5880 has demonstrated
excellent dielectric characteristics, materials such as low-temperature co-fired ceramics (LTCC) and
liquid crystal polymer (LCP) may offer enhanced miniaturization and reliability [28].

Moreover, broadband and multi-band antenna designs should be investigated to expand the
operational frequency range [29]. Implementing stacked patch configurations, fractal geometries, or
hybrid resonant structures could provide substantial bandwidth improvements while maintaining
compact dimensions [30].

Additionally, considerations related to fabrication scalability and environmental durability should
be addressed. The integration of DGS, while beneficial for gain and impedance optimization, intro-
duces manufacturing challenges, particularly at high frequencies [15,18]. Future work should evaluate
advanced fabrication techniques such as laser-assisted etching or photolithography to improve pro-
duction accuracy and repeatability [21].

Finally, the effects of environmental variations such as temperature, humidity, and mechanical
stress on antenna performance merit further study [20,28]. Encapsulation strategies and robust coating
materials may enhance long-term stability and operational reliability [31].

7.3. Final Remarks

In conclusion, this research presents a comprehensive framework for optimizing microstrip
patch antennas, leveraging numerical modeling, experimental validation, and advanced fabrication
techniques [24,27]. The proposed antenna design meets the demanding requirements of PAL TV
applications, achieving high gain, wide bandwidth, and enhanced radiation efficiency [32,33].
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The outcomes of this study contribute meaningfully to the field of antenna design and signal a
pathway toward future innovations in adaptive, multi-band, and Al-enhanced optimization method-
ologies [24,32]. As wireless communication systems continue to evolve, high-performance antenna
designs such as the one proposed here will be integral to supporting next-generation network standards
and applications [30].

Additional information: The authors declare that they have no conflict of interest.
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