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This paper presents the design and analysis of a high-gain microstrip patch antenna optimized for
wideband frequency applications in wireless communication. The proposed antenna employs advanced
techniques, including direct coaxial probe feeding, a 5.9 mm air gap within the patch structure, and a
truncated corner gap-coupled array with configurable switches S1, S4 ON. These design elements contribute
to significant performance enhancements, achieving impedance bandwidths of 10.23 % and 47.44 % (VSWR
< 2) across the 2 GHz to 3.41 GHz frequency range. The antenna also demonstrates a peak gain of 12.42 dB
at 2.67 GHz. A thorough parametric analysis compares the antenna's performance with and without the
inclusion of switching mechanisms, revealing notable improvements in bandwidth and gain. The antenna
design was validated through simulations using the method of moments-based IE3D software. The results
highlight the antenna's potential for effective deployment in modern wireless communication systems,
offering enhanced bandwidth, gain, and overall performance.
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1. INTRODUCTION

Microstrip antennas, widely utilized in aerospace
and communication applications due to their compact
form factor and cost-effectiveness, are inherently
constrained by limited bandwidth and efficiency. This
research  systematically  explores enhancement
techniques such as gap coupling, the inclusion of air
gaps, embedded slots, thicker substrates, and lower

dielectric constant materials to address these
limitations. Through a combination of theoretical
analysis and experimental validation, the study

evaluates the performance improvements associated
with each method. Despite challenges such as spurious
radiation from thicker substrates and practical
limitations of low-dielectric materials, the research aims
to optimize microstrip antenna performance to enhance
the efficiency and reliability of communication systems
[1]. Electromagnetic gap-coupled and air-gap microstrip
patch antennas offer improved performance over
conventional designs. These antennas can achieve
broader bandwidth, dual-band operation, and compact
size. An air-gap coupled antenna has been discussed in
[2] for K/Ka band applications, achieving a gain of
9.34 dB and 76 % radiation efficiency.

Authors [3] demonstrated that varying the air gap in
aperture-coupled antennas enables dual-band operation
with a wide frequency range and improved impedance
matching whereas a quarter-wavelength gap-coupled
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design [4] enhances bandwidth while reducing patch
size by 50 %. These techniques offer significant
advantages in terms of bandwidth, efficiency, and size
reduction for various wireless applications. One of the
potential methods for enhancing the bandwidth of
microstrip antennas is gap coupling. Gap-coupled
designs, such as, rectangular versions work better in
ultra-wideband environments, while circular versions
are best suited for wideband applications. This method
has been identified as the most effective way to increase
antenna bandwidth, outperforming thicker substrate
options. [6] presents results from a study that used
broadband microstrip elements to create a four-element
linear array, achieving notable bandwidths of up to 15%,
shows that how effective broad-band impedance
matching is at boosting antenna bandwidth. When
compared to single feed setups, the efficiency of dual
feed line approaches greatly improves the bandwidth
and axial ratio; for example, a square microstrip
antenna can increase its bandwidth by 254.16 % [7]. The
method also benefits array setups, with a 2 x 1 array
achieving a 159.62 % bandwidth increase and 56.72 %
better reflection coefficient at 8 GHz, showcasing its
utility in radar systems [8]. Further, the advancements,
single layer single patch microstrip antennas have not
observed for their wideband capabilities. This modified
configuration has the potential to achieve an antenna
bandwidth approximately 2.8 times greater than that of
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a conventional rectangular patch antenna without slots
[9] and with the introduction of a pair of right-angled
slots and modified U-Shaped slot [10]. The effective
integration of slotted resonances and a microstrip
coupling gap with frontend circuits is demonstrated by
[11]. For enhancing the gain of patch antennas across
different frequency ranges and applications, cross-
shaped designs received serious attentions, using
superstrate structures [12], a dual-band cross-shaped
patch antenna achieved gains of 6 dBi and 10 dBi at
2.4 GHz and 5 GHz, respectively for IEEE 802.11ax Wi-
Fi applications [13], and a diamond-shaped microstrip
antenna with cross-shaped parasitic elements has been
proposed for microwave imaging applications [14]
offering high gain and bandwidth in the 3.1-10.6 GHz
range. A novice method for enhancing antenna
bandwidth involves introducing an air gap in the stack-
patch with a pentagonal antenna design [15] in the
context of mobile satellite applications. The technique
has been extended to circular and rectangular patch
antennas by introducing an air gap between two
substrates enables an increase in substrate thickness
either by placing an air gap between the radiating
element and the substrate or by inserting an air gap
between the ground plane and the substrate, as
discussed in [16]. Similarly, [17] achieved bandwidth
enhancements of up to 117 MHz in a 4 x 1 proximity-
coupled array with an air-gap. In addition to bandwidth
enhancement, the air-gap method allows for tuning of
resonant frequencies without requiring a new antenna
design [18]. Slot-fed switched patch antennas
incorporate switches offer a versatile solution for multi-
frequency operation, ie. enable frequency
reconfigurability [19] allows operation across multiple
frequency bands by adjusting the switch states. Similar
designs have achieved dual-frequency operation with
flexible frequency ratios and switching between specific
frequencies like 1.6, 1.8, 2.0, and 2.4 GHz [20].

This paper investigates a novel antenna design for
wideband applications, features a two-element
truncated E-shape configuration with electromagnetic
gap coupling. Performance is analyzed using two
distinct broadbanding techniques: varying air gap
spacing and incorporating switchable configurations. A
comparative analysis explores the impact of these
techniques on key antenna parameters, including gain,
bandwidth, and efficiency. Simulations conducted using
IE3D software validate the proposed design and
demonstrate its potential for enhanced performance in
various wireless communication scenarios.

2. ANTENNA CONFIGURATION AND DESIGN

The configuration presented in [21] is modified for
ultra-wideband application. The design incorporates two
layers: a rectangular patch on the bottom and a
corresponding patch on the top, both of which are
reshaped into an E-shape to enhance performance
characteristics. To further improve bandwidth and
efficiency, an air gap is introduced between these two
layers, leveraging the electromagnetic coupling benefits
provided by this separation. In designing the E-shape
microtstrip patch antenna the glass epoxy FR4
substrate of 1.6 mm thickness which is widely used by
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researchers for planar antenna design, easily available
and cost effective also, dielectric constant 4.4 and loss
tangent is 0.025. This optimized configuration not only
addresses the limitations of traditional microstrip
antennas but also extends their applicability to
advanced UWB systems. The dimesnions are optimized
as shown in Table 1.

Table 1 - Dimensions of proposed gap coupled E-shape
microstrip patch antenna

Parameter’s Dimensions (mm)
Length of Patch 144
Width of Patch 196

Height of substrate 1.6
Al, A8 8
A2, A4 20
A3 24
A5, A6 16
A7 46
L 46
G1 52
G2 4
L 2
* Patch
A — Substrate-2
b, Air ]

A s Substrate-1

Ground Plane
Coaxial Probe

(b)
Fig. 1 - (a) Side view of proposed antenna. (b) Proposed
antenna geometrical parameter

The depicted configuration, as illustrated in Fig. 1,
utilizes a topology designed for enhanced bandwidth,
employing E-shaped patches for all elements. Element A
serves as a feed-split element, housing the primary feed,
managing a portion of the radiation, and redistributing
the remaining power to other elements. Elements B and
C are identical and exclusively contribute to radiation.
To capitalize on the space above and below element A,
two additional radiating elements, D and E, are
incorporated to augment broadside gain without
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increasing the overall footprint. Interconnecting these
five patches are 4 mm wide microstrip lines. The entire
structure maintains symmetry concerning the
horizontal axis. This arrangement aims to optimize
performance and achieve a wider operational
bandwidth.

4

Fig. 2 - Two diagonal truncated gap coupled exotic shaped
microstrip patch antenna with air gap 5.9 mm and switches S1,
S2, S3 and S4

A Method of Moments (MoM)-based model is
developed to calculate the induced current distribution
by discretizing the integral into a solvable matrix
equation. This involves dividing the antenna surface
into small elements, enabling the extraction of S-
parameters, radiation patterns, and other key metrics.
MoM is chosen for its computational efficiency, and
simulations are conducted using IE3D software. The
prototype features two truncated diagonal corners (right
triangles, 20 mm base and height) and four switches (S1,
S2, S3, S4) for reconfigurability. Simulation results will
be analyzed in a later section.

3. RESULTS AND DISCUSSION

The proposed antenna configuration has been
analyzed using the IE3D simulator across a 2-4 GHz
frequency range. Initially, a standard rectangular
microstrip patch antenna exhibited low radiation
efficiency, necessitating broadband enhancement
techniques such as gap coupling and air gaps. The first
design, a Two Diagonal Truncated Gap-Coupled Exotic
Shaped Microstrip Patch Antenna with a 5.9 mm air
gap, resonated at 2.09 GHz with a 6.1% bandwidth.
Additionally, it demonstrated broadband behavior at
2.36 GHz, 2.69 GHz, and 3.08 GHz, achieving a total
bandwidth of 38% (VSWR < 2). The highest recorded
gain was 12.30 dBi at 2.69 GHz, with a peak efficiency
of 0.91. The second design tested the two diagonal
truncated gap-coupled exotic shaped Microstrip Patch
Antenna with various ON-OFF switch configurations
with the air gap of 5.9 mm. Using the Coaxial Probe
Feed Technique, when S1 and S4 are ON or S2 and S3
are OFF, the antenna demonstrated best result with a
bandwidth of 10.38 % at 2.09 for the frequency range
2—4 GHz. By attaining a 47.44 % bandwidth (2.21 GHz—
3.39 GHz) with VSWR < 2, additionally, it also exhibits
broadband behavior at 2.35 GHz, 2.67 GHz, and 3.07
GHz. With a peak efficiency of 0.85, the maximum gain
measured was 12.42 dBi at 2.65 GHz and 11.78 dBi at
2.35 GHz. These findings showed that the bandwidth
increased from 38 % to 47.44 % when compared to the
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design without switches. At the optimal frequency of
2.65 GHz, the gain likewise increased to 12.42 dBi,
however the efficiency decreased somewhat from 0.91 to
0.85. The performance of the proposed microstrip patch
antenna has been enhanced significantly, 1i.e.,
bandwidth increased from 38 % to 47.44 % by
deliberately turning on or off particular switches,
indicating a more resilient broadband response. With a
high gain of 12.42 dBi at 2.65 GHz, the addition of switches
further increased gain in comparison to the switchless
design. Antenna versatility for contemporary wireless
applications is increased by the improved directivity,
bandwidth, and gain, which also improve signal focus,
increase communication range, and permit larger data
transfer rates. Nevertheless, because to parasitic effects,
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impedance mismatches, and insertion losses, these
advantages are somewhat less efficient. Notwithstanding
this trade-off, efficiency losses may be minimized while
enhancing total antenna performance by using low-loss
switches and improving impedance matching.

3.1 Design 1: Air Gap

The first design employed a two-element truncated
E-shape configuration with a 5.9 mm air gap. This
reduces the effective dielectric constant (eeff), which
lowers surface wave losses and increases impedance
bandwidth. Additionally, a smaller & increases gain by
strengthening fringing fields and enlarging the
radiating aperture. Furthermore, air has a nearly
insignificant loss tangent, which greatly lowers
dielectric losses and raises radiation efficiency, which is
crucial for high-performance wireless applications. This
setup shows a major resonance at 2.09 GHz with a
bandwidth of 6.1%. A total bandwidth of 38 % (VSWR <
2) is obtained by observing broadband behavior at other
resonant frequencies as well. The design maintained
great efficiency while achieving a peak gain of 12.30 dBi
at 2.69 GHz.

3.2 Design 2: Switchable Elements

The second design integrated switchable components
within the truncated E-shape antenna, maintaining the
air gap of 5.9 mm, enables dynamic reconfigurability
allowing control over resonant frequency, bandwidth,
and gain. Switches contribute to frequency tuning,
impedance  matching, and radiation pattern
optimization by modifying the current distribution,
which improves overall performance. For applications
like WLAN and WiMAX, this adaptability enhances
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versatility by supporting multi-band and wideband
operation. While small insertion losses could happen,
proper switch selection maximizes gain and directivity
while minimizing efficiency loss. With these
impressions, various switching configurations have been
examined. The optimal configuration, with switches S2
and S3 deactivated (or S1 and S4 activated),
demonstrated significant performance enhancements
compared to the air gap-only design.

Table 2 - Comparative results of Design 1 and Design 2

Parameter Design 1 Design 2 Improvement
Bandwidth 38 47.61 +9.61
(%) (at 2.69GHz) | (at 2.648 GHz) )
. . 12.30 12.42
Gain @B | o 969 GHz) | (at 2.648 GHz) *0.12
. . 0.91 0.85
Bfficiency | (4 9.69GHz) | (at 2.648GHz) —0.06

The findings highlight the advantages of including
switchable components, as demonstrated by increased
bandwidth and gain, which makes this design ideal for
applications requiring dependable signal quality and
high data rates. Although the proposed research work
provides a good overview of the performance
improvements, a more detailed investigation and
quantification of efficiency and directivity are needed.
Additionally, analyzing the radiation patterns would
provide valuable insights into the antenna’s overall
performance capabilities.

3.3 2D Radiation Pattern

(b)

Fig. 8 - Antenna elevation gain pattern for 5.9 mm air gap as a
function of frequencies and elevation angle (a) ¢=0 and (b) ¢=90°
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Table 3 — Performance of proposed antenna with various enhancement techniques

Resonate . . .
Type of Patch Antenna Frequency Bandowulth Galfﬂ Effi(i)lency
(GHz) (%) (dBi) (%)
Single layered E-shape Patch 3??‘51898 32.686528 2?;; 0.26
Gap coupled E-shape patch with air gap 5.9mm §32 gzzg 193:)504 11.'119
2.1 6.10 3.74 0.38
Two truncated Gap coupled E-shape patch with 2.36 38 12.046 0.95
air gap 5.9mm 2.688 38 12.30 0.90
3.068 38 7.78 0.90
2.098 10.23 3.31 0.42
Two truncated Gap coupled E-shape patch with 2.352 47.61 11.78 0.87
air gap 5.9mm and switch S2 & S3 off 2.648 47.61 12.42 0.85
3.1 47.61 7.38 0.80
The radiation pattern of the antenna has been |Compact MPA Parasitic
simulated at 2.09 GHz, 2.35 GHz, 2.67 GHz and 3.07 |with elements +
GHz with ¢ = 0 and ¢ = 90. The maximum gain of |Parasitically S-band 15.4 14.8 Offset  slot
12.42 dBi was found to be at 2.67 GHz. For all frequency cg;pled feed coupling
at ¢ = 0 radiation pattern was observed depicted in %ec]onfigurable
Fig. 8 (a) while at ¢= 90 radiation pattern was observed dual-patch Dugl-patch +
depicted in Fig. 8(b). wideband C-band 33.52 4.92 Switchable
antenna [24] elements

3.4 Comparative Analysis of Proposed Antenna
with Others

To assess the proposed antenna’s performance, we
compare it with other reconfigurable microstrip patch
antennas in terms of their key parameters The proposed
antenna outperforms several existing designs in terms
of bandwidth, achieving 47.44 %, which is significantly
higher than other reconfigurable antennas in the S-band
range, as shown in Table 4. Additionally, its peak gain
of 12.42 dBi surpasses most of the compared designs,
making it suitable for high-data-rate and long-range
wireless applications. The use of switchable elements
combined with a 5.9 mm air gap effectively enhances
radiation efficiency while maintaining reconfigurability.
Overall, the integration of switchable elements and an
optimized air gap in the proposed antenna leads to
superior performance, making it a strong candidate for
modern wireless and communication systems requiring
broadband operation, high gain, and adaptability.

Table 4 — Comparison of proposed antenna performance with
others

Antenna Frequency |Band- Gain Technique

Design band width (%) |(dBi) Used
Switchable

Proposed elements +

antenna S-band 47.44 12.42 Air gap
(5.9 mm)

R f bl Embedded

econiigurabple B B

filtering patchgbégld’ C 25 8 IS'eSf)niilt(gls *

antenna [21] an witchable
elements

Reconfigurabl Defected

e antenna for ground

.. . |S-band 4.31 4.04 structure +
cognitive radio Switchable
(22] elements

4. CONCLUSION

This study presents an analytical model for
evaluating the resonant frequency of two diagonally
truncated gap-coupled microstrip patch antennas with
an air gap, comparing broadbanding techniques with
and without switches. The results demonstrate that
incorporating switchable configurations (e.g., all
switches on, all switches off, two switches on, one switch
on) leads to significant enhancements in bandwidth,
gain, and directivity, thereby improving signal focus,
extending communication range, and enabling higher
data transmission rates. However, these improvements
are accompanied by a marginal reduction in efficiency,
attributed to insertion losses from switching
components, impedance mismatches, and parasitic
effects that contribute to power dissipation. Despite this
trade-off, careful selection of low-loss switching
elements and optimized impedance matching can
mitigate efficiency losses while preserving the overall
antenna performance. The findings suggest that the
proposed diagonally truncated gap-coupled microstrip
antennas, particularly with switchable configurations,
exhibit strong potential for wideband applications such
as WLAN and WiMAX. Additionally, integrating
advanced techniques, such as reconfigurable elements
or metamaterials, could further enhance the
adaptability of the design, making it a promising
candidate for modern and emerging wireless
communication systems.
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Pexondiryposaua yciuena E-monioHa erexkrpomMardiTHa aHTeHAa 3 IIIJIMHHUM 3B'A3KOM,
KOHQIrypamiamMu moBiTpSHOro 3a3opy Ta IepeMUuKada IJIs MHPOKOCMYTOBUX 0€3POTOBUX
3acTocyBaHb

Akanksha Guptal, Komal SharmaZ?, Pranav Saxenal, Manish Kumar3, Dheeraj Bhardwaj+

1 JECRC University, 303905 Jaipur, India
2 Swami Keshvanand Institute of Technology Management and Gramothan, 302017 Jaipur, India
3 Maharishi International University, Fairfield, IA 52557, United States
4 Birla Institute of Technology, Mesra, Jaipur Campus, 302017 Jaipur, India

V 1i#i cTaTTI IpeICcTaBIEHO NU3aMH Ta aHAJII3 MIKPOCMYKKOBOI ITaTY-aHTEHU 3 BUCOKHUM KOeIIieHToM
TIOCUJIEHHS, ONTHUMI30BAHOI JJI MIMPOKOCMYTOBHMX YACTOTHUX 34CTOCYBAHB y 0OE3IPOTOBOMY 3B'SI3KY.
3anporioHoBaHa aHTeHA BUKOPHCTOBYE II€PEI0BI TEXHOJIOTI1, BKJIIOUAIOUH IIPSAME KOAKClaIbHe KHUBJICHHST
30HIA, IHOBITpSHWI 3a30p 5,9 MM y CTPYKTypl mar4a Ta ycideHy KyTOBY PEILIITYACTY PEIITKY 3
"HamamToByBanumu rnepemukadamu S1, S4 ON. Ili KOHCTPpYKTHUBHI €JIEMEHTH CHPHUSIOTH 3HAYHOMY
MIABUINEHHIO IIPOAYKTUBHOCTI, JOCATAIOUM CMYTH IIPOycKaHus immemancy 10,23% ta 47,44% (KCXH < 2)
y miamasoni actot Bixg 2 I'T mo 3,41 I'T'n. AHTeHa Tako JeMOHCTPY€ IMIKOBUM Koedil[ieHT MOCHIeHHS
12,42 nb ma uacrori 2,67 I'T'1. PerenbHuil mapaMeTpuyHUN aHAI3 ITOPIBHIOE IIPOIYKTUBHICTS AHTEHU 3
BKJIIOUEHHSIM T4 0e3 BKJIIOYEHHSI MEeXaHI3MIB IepPeMUKAHHS, BUSBJISTIIOYN IIOMITHI IOKPAIIEHHS CMYIH
IPOIIyCKaHHA Ta KoedillieHTa MMocuaeHHsA. KOHCTPYKIN0 aHTeHH OyJo IIepeBIpeHO 3a JOIOMOTIOI0
MOJIEJIIOBAHHSI 3 BUKOPUCTAHHSIM MeTOJy IporpamHoro 3abesmedenuss IE3D mHa ocHOBI MoMmeHTIB.
PesyspraTi migkpecsioTh IOTEHINAN aHTEHW I e(PeKTUBHOIO PO3TOPTAHHS B CYYacHUX CHCTEMax
6€e31pPOTOBOTO 3B'SI3KY, IPOIIOHYIOYH IOKPAIIEHY CMYTY IIPOIIYCKAHHS, KOE(II[IEHT ITOCUIIEHHS Ta 3aTaJIbHY

IPOYyKTUBHICTE.

Knrouosi ciosa:
Pemritka 3 mpomizkamM 3B's3xkom, Komyrartop.
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