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Abstract

This research presents the design and performance analysis of a dual-band microstrip patch antenna for wireless applications. The antenna,
fabricated on an FR-4 substrate, incorporates space-filling and self-similar properties to enhance performance. It operates in multiple fre-
quency bands (2.2571 GHz, 3.8571 GHz, 5.0000 GHz, and 7.1714 GHz) with return loss values below -9 dB, indicating good impedance
matching. Simulation results demonstrate high radiation efficiency, stable group delay, and consistent radiation patterns across the operat-
ing bands. The antenna's peak gain exceeds 5 dB over a broad frequency range, occasionally reaching 8 dB. These characteristics make it
suitable for various wireless applications, including WLAN, WiMAX, and sub-6 GHz 5G systems. The study concludes that the designed
antenna exhibits strong multiband performance with stable and efficient operation over the 2.2-7.1 GHz frequency band, making it viable
for integration in high-performance RF systems.
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1. Introduction

1.1 Background and motivation

This study aims to advance the development of antennas with enhanced performance characteristics suitable for modern wireless commu-
nication systems. Specifically, it investigates multiband patch antenna configurations that have shown significant advantages over conven-
tional antenna designs. The primary objective of this study was to integrate the desirable functional attributes and ensure efficient electro-
magnetic energy radiation.

e By optimizing their form to increase their electrical length, the overall size of the antenna is reduced.

e Antennas' total size is reduced by optimizing their shape to increase electrical length.

e Multiband antennas are advantageous for utilizing the Patch

1.2 Literature survey

Dual-band patch antenna geometries often leverage space-filling and self-similar properties to enhance performance. Antennas function as
transducers that transmit and receive electromagnetic energy, and their design involves optimizing a trade-off among key parameters, such
as efficiency, gain, physical size, and operational bandwidth. Traditional antenna structures are predominantly based on Euclidean geom-
etries, where the enclosed area scales proportionally with the square of linear dimensions. For instance, tripling the side length of a Euclid-
ean square results in a nine-fold increase in the enclosed area. However, Euclidean-based antenna designs are limited in performance, as
they tend to exhibit high quality (Q) factors and reduced efficiency when miniaturized, making them less suitable for compact and high-
performance applications [1]. Contemporary wireless communication devices are becoming increasingly prevalent and operate across a
broad spectrum of frequencies. These devices are characterized by their compact size, low profile, multi-band capabilities, high dielectric
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substrates, extensive electrical length, and other highly desirable attributes[2]. . The reduction in bandwidth, coupled with constraints in
manufacturing and materials, may present significant production challenges for extremely narrow-band components, such as microstrip
patches. Consequently, broadband elements with minimal or no dielectric loading are advantageous. Substantial evidence supports the
belief that the multiband operation of the patch antenna is attributable to either its space-filling or self-similar structure [3].

The proposed microstrip antenna, incorporating a defective ground structure (DGS) based on a complementary split-ring resonator (CSRR)
array, was developed for Wi-MAX applications at a frequency of 2.6 GHz. The antennas were fabricated using a 1.6 mm-thick FR-4
substrate with a dielectric constant (er) of 4.4. The physical dimensions of the proposed antenna are equivalent to those of a single CSRR-
structured microstrip antenna with a resonance frequency of 3.5 GHz [3]. An antenna prototype was constructed using a cost-effective FR-
4 glass epoxy substrate. The proposed antenna was compact and had a bandwidth of 700 MHz. It is capable of covering 5G NR sub-6GHz
wireless application bands [4].

The utilization of multiband patch geometry, which is a variant of non-Euclidean geometry, in small Euclidean antennas can effectively
resolve these challenges. It is noteworthy that the radiation resistance (Rr) is consistently greater for island or patch loop antennas than for
small [5] loop antennas of equivalent dimensions. The radiation resistance (Rr) of a patch antenna decreases as a function of the compres-
sion of'its perimeter (C). Consequently, multiband patch antennas demonstrate superior performance over Euclidean designs when compact
sizes are required [2]. Patch geometry can be categorized into current technological advancements encompassing the Internet, cellular
telecommunications, and the increasing demand from individual users for wireless access to devices such as pagers, cell phones, the Inter-
net, and personal digital assistants[S]. Meanwhile, competing wireless broadband technologies such as GSM, TDMA, and CDMA are
being promoted by wireless manufacturers in today’s market [6]. Considering the aforementioned, it is clear that an antenna system that
facilitates effective access to the Internet, mobile phones, pagers, PDAs, radio, and/or similar devices is needed in the field of technology.
In other words, a multiband patch antenna is required in the state-of-the-art [7]. The polarization of an antenna is a critical parameter that
must be considered a determining factor in the application-oriented electronics market. Antennas operating within the same frequency
band, but exhibiting different polarizations, can be utilized concurrently. It is possible to conduct studies on the proposed antennas con-
cerning this aspect of polarization. These antennas were tested in a controlled laboratory environment; however, the influence of external
factors such as dust, dew, rain, and temperature is also crucial for the successful deployment of these antennas under field conditions[4].
Concurrently, wireless broadband technologies such as GSM, TDMA, and CDMA are being advanced by wireless manufacturers in the
current market [8]. In light of the aforementioned, it is evident that an antenna system facilitating effective access to the Internet, mobile
phones, pagers, PDAs, radio, and similar devices is essential in the technological domain. In other words, state-of-the-art multiband patch
antennas are required [9]. The polarization of an antenna is a critical parameter that must be considered a determining factor in the appli-
cation-oriented electronics market. Antennas operating within the same frequency band, but exhibiting different polarizations, can be uti-
lized concurrently. It is feasible to conduct studies on the proposed antennas concerning this aspect of polarization. These antennas were
tested in a controlled laboratory environment; however, the influence of external factors such as dust, dew, rain, and temperature is also
crucial for the successful deployment of these antennas under field conditions.[6] [10]

1.3 Research gap

Despite the considerable advancements in multiband patch antenna design, current literature often isolates performance parameters—such
as gain, bandwidth, or miniaturization—without offering a comprehensive design that successfully balances all key attributes. Additionally,
many studies neglect real-world deployment conditions, where temperature fluctuations, humidity, and mechanical stress can affect per-
formance. Moreover, while the benefits of unconventional geometries are known, systematic frameworks for their integration into practical
antenna models remain underdeveloped.[1] [11]

1.4 Purpose of the study

This research seeks to address the identified gaps by developing a multiband patch antenna that harmonizes compactness, operational
efficiency, and real-world applicability. The objective is to construct a design using CSRR-based DGS on an FR-4 substrate, targeting
WiMAX and sub-6GHz 5G applications. The antenna aims to exhibit wide bandwidth, reliable radiation characteristics, and resilience to
environmental stressors, making it suitable for integration into modern wireless systems.

2. Patch antenna

2.1 Dual-band patch antenna

This type of microstrip patch antenna is employed in applications that involve many bands. The dual-band patch could have self-similar
geometric patterns that could build nearly any complex structure seen in nature by repeatedly creating certain fundamental geometries.
Dual-band patch antennas use patch geometry. This increases the perimeter of the material to improve the overall electrical length of the
antenna. The total surface area or volume remains constant [2] [9]. Patch antennas are sometimes called space-filling curves or multilayer
curves, but what makes them unique is the way they repeat a pattern across two or more scale levels, or "iterations." Therefore, dual-band
patch antennas are incredibly small, multiband, or wideband, and have practical applications in microwave and cellular communications
[3] in Figure 2.

Table 1: Comparator of Feed
Aperture-coupled  Proximity-coupled

Microstrip Line

Characte-ristics Feed Coaxial feed foed feed Novelty of the research

Spurious feed radiation High High Low Low Minimum

Reliability Better Poor due to soldering Acceptable Acceptable Good

Ease of fabrication Relatively easy Pl St e i Al}gnment re- Ahgnment re- Alignment is required
are needed quired quired

Impedance matching Easy Easy Easy Easy Easy

Bandwidth 2-5% 2-5% 2-5% 9-11% 13%
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Table 1 shows that the parameters carried out under the novelty of the research are in an enhanced state when verified with other research
contributions pertaining to spurious feed radiation, Reliability, Ease of fabrication, impedance matching, and bandwidth.

The dielectric substrate of a microstrip patch antenna has a ground plane on one side and a radiating patch on the other, as shown in Figure
1. Typically, a patch is composed of conductive materials, such as copper or gold, and can take on any form. The radiating patch and feed
lines are typically photoetched on a dielectric substrate[12].

2z DIELECTRIC

Fig.1: Dielectric Substrate.
2.2 Compact dimensions
This is quite small in size. The primary benefit of this antenna is its ability to adhere to a surface, conserving more room, and its self-
similarity, which also makes it appealing. [13] It is small with high to exceptional efficiency and gains compared to antennas with traditional
designs, as shown in Figure 3.

2.3 Space-filling property

Because the same antenna size may be used in a system operating in various bands, it makes effective use of the available space. It is small
and has excellent efficiencies and gains. [4] as shown in Figure 3.

2.4 Mechanical simplicity and robustness

The dual-band patch antenna shape, not the inclusion of discrete components, is responsible for its features. We can stick it on any surface,
which makes it useful for applications such as space satellites, [14] as shown in Figure 3.

2.5 Similarity to oneself

Dual-band patch antennas have the advantage of being extremely easy to design, such as the application of a basic form through several
iterations, which results in a high efficiency, multiband nature, and other benefits.[8]

3. Materials and methods

3.1 Development multiband patch antenna

The formation of a dual-band patch antenna can be envisioned in a variety of ways. To construct a dual-band patch,a smaller self-similar
entity is created as a result of this process. The ability to create smaller pieces without compromising the efficiency or bandwidth makes
this technique appealing.[3]

3.2 Methods of multiband patch antenna design

The geometries that are repeatedly created can be used in two different ways. By using Patch’s capacity to fill available space and squeeze
long electrical lengths into tiny physical volumes, antennas may be made smaller.

The second approach designs antennas with comparable characteristics at different frequency bands that correlate to the scaled geometry
by utilizing different scales of the self-similar geometry. This idea results in an antenna that appears physically the same or very similar
across a range of frequency bands [1] [5] [8].
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Fig.2: Multiband Patch Antenna &Properties of Dual Band Patch Antenna.

3.3 Design of multiband patch antenna

As shown in Figure 3, a rectangular patch measuring 30 mm x 30 mm was used to form the radiating antenna. This patch was placed on a
rectangular FR4 substrate measuring 48 mm X 65 mm with a substrate thickness of 1.53 mm and a relative permittivity of 4.4. Next, the
edges of this fundamental structure—a square—are bent by crossing paths with an 18-mm-radius cylinder, the center of which is the
centroid of the square. A curved edge aids in optimizing the bandwidth use. The center portion of a 10-mm-long cylindrical form was
etched out. This is the core structure, which is then rotated by 45 °and scaled down to 40% for each patch step before it. Three of these
Patches were joined together, and a 3.1 mm-wide feed line was attached to it. The level surface on both sides of the feed was 22.5 mm x
28 mm. The gap between the ground and feed was 0.95 mm, mmand ground to a patch 0.22 mm.[12]

Fig.3: Stage 1.

The proposed structure is a microstrip patch antenna configured on a rectangular substrate, as described in Stage 1(Fig.3). A circular ring
resonator is etched on the radiating patch to improve performance characteristics such as bandwidth and miniaturization. The antenna was
excited through a microstrip feed line connected to the resonator and protruding from the coaxial port. A partial ground plane or absorber
boundary is positioned on the other side of the substrate to aid impedance matching and minimize back radiation. The entire geometry was
simulated in a specified coordinate system for a precise electromagnetic analysis. [2] [6] [12].

¥

Fig. 4: Stage 2.

The antenna design shown in stage 2 (Fig. 4) has a complex metamaterial-inspired radiating patch on a rectangular substrate. The red
radiating structure is a central circular patch surrounded by several symmetrically located circular slots and split-ring resonators to create
multi-band or wideband functionality. A microstrip feed line was used to excite the antenna, running from a coaxial port along the bottom
center of the board. The bottom part of the substrate contained a partial ground plane, as indicated by dark brown, to improve the impedance
matching and radiation efficiency. The antenna geometry was examined in a Cartesian coordinate system to determine the correct electro-
magnetic performance prediction.[7] [14].
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Fig. 5: Stage 3.

The antenna structure shown in Stage 3 (Fig. 5) exhibits a metamaterial-driven microstrip patch coupled with a number of asymmetrically
located concentric circular slot rings and circular etchings. This etched structure appears on a green dielectric substrate and is proposed to
improve the resonant properties of the antenna for multi-band or ultra-wideband (UWB) performance. The feed system comprises a mi-
crostrip line to which a coaxial port at the bottom center is joined, allowing good excitation of the radiating structure. A partial ground
plane was installed at the bottom to achieve better impedance matching and suppress the effects of surface waves. The design was simulated
using the Cartesian coordinate system (X-Y axes) to ascertain an accurate electromagnetic field analysis and evaluate the radiation perfor-
mance effectively.[12].

4. Experimental & Simulated Results

The experimental and simulated results are as follows in the number of sections,
4.1 VSWR

The graph shows the simulated reflection coefficient (S11) response of the given structure over a frequency range of 0—12 GHz, as obtained
from ANSYS HFSS. The graph depicts the magnitude of Si1 in decibels (dB), which is the return loss, and measures the amount of power
reflected because of the impedance mismatch. Four resonant peaks, labeled m1-m4, stand out on the response curve, and each peak coin-
cides with an important dip in the return loss. These were observed at 2.2175 GHz (—9.8910 dB), 3.8579 GHz (—9.9117 dB), 5.0211 GHz
(—9.9390 dB), and 7.1386 GHz (—9.8395 dB), signifying good impedance matching and effective transmission of power at these frequen-
cies.[6] [8].

Vmax _ 14T

VSWR = — (D

Vmin = 1-T

T < 5 XY Plot 1 HFSSDesign1
ml 22175 -9.8910 Curve Info

m2 3.8579 | -9.9117 —— dB(S(WavePort1 WavePort1))
ms 50211 | -9.9390 Setup1 : Sweep1

™ 7.1386 | -9.8395

dB(S(WavePort1, WavePort1))

6.00 8.00 10.00 12.00
Freq [GHZ]

Fig. 6: VSWR for Antenna.

2.00 4.00

The deepest notch is found at 5.0211 GHz with a return loss of —9.9390 dB, indicating the best resonance at this frequency. All the return
loss values at the designated frequencies are less than —9 dB, which verifies that the design exhibits satisfactory performance in multiple
frequency bands. Such multiband operation renders the structure applicable for many wireless communication applications, including
WLAN, WiMAX, and sub-6 GHz 5G systems. The uniform and comparatively large Si: values throughout the bands indicate the effec-
tiveness and broadband nature of the suggested design, validating its feasibility in contemporary RF systems as shown in Figure 6.

4.2 Reflection coefficient graph

The graph shows the simulated reflection coefficient [S11||S_{11}| of the new RF structure over a frequency range of 0-9 GHz, which was
calculated using ANSYS HFSS. The S11S_11} parameter in decibels (dB) represents the return loss and quantifies the amount of power
reflected from the input port as a result of the impedance mismatch. Four resonant frequencies are observed in the plot: m1, m2, m3, and
m4 with frequencies of 2.2571, 3.8571, 5.0000, and 7.1714 GHz, respectively, and return loss values of —9.5424 dB, —9.9305 dB, —9.5885
dB, and —9.1860 dB, respectively. These resonances confirm that the structure is capable of multiband operation with excellent impedance
matching over a given frequency range.[4] [12] [3]



International Journal of Basic and Applied Sciences

211

Ansoft Corporation Y Plot 1 HFSSDesign1
0.00- Name X Y Curve Info
] m1 2.2571 | -9.5424 —— dB(S(WavePort1,WavePort1))
= 5004 m2 |[3.8571|-9.9305 Selup?  Sweept
5 1 m3 [5.0000 | -9.5885
10004 "m4 | 7.1714 | -9.1860
© ]
=.15.00
T E
£ -20.00
© <7 ]
[ 1
© ]
Z-25.00
32’30 OO—E Name Delta(X) Delta(Y) [Slope(Y)
Rt d(m1,m2) 1.6000 -0.3881 [-0.2426
35.00 ] d(m3,m4) 21714 0.4025 0.1854
.00 0 200 300  4.00 o9

T
Freq [GHz]
Fig. 7: Reflection Coefficient for Antenna.

Figure 7 also presents a comparison of the chosen resonant points. The spacing between m1 and m2 in frequency (Delta X) was 1.6000
GHz, and that between m3 and m4 was 2.1714 GHz. Their return loss differences (Delta Y) were —0.3881 dB and 0.4025 dB, respectively.
Moreover, the values of the slope, —0.2426 and 0.1854, indicate the rate of change in the return loss among the corresponding pairs of
resonant points and can be used to determine the sharpness of the transition. The stable and clear resonance behaviors in multiple bands
qualify the presented structure as a good candidate for use in modern wireless communications, such as WLAN, WiMAX, and sub-6 GHz
5G systems, as shown in Figure 7. [11].

4.3 Radiation pattern graph

The plot shows the simulated radiation pattern of the designed antenna in the phi-plane for various azimuthal angles (Phi = 0°, 10°, 20°,
and 30°), simulated using ANSYS HFSS. The plot is the gain variation (Gain Phi) in dB versus the elevation angle (Theta), constituting a
polar plot for each of the given Phi values. The radiation patterns depict a predominantly bidirectional behavior with the principal lobes
being aligned at approximately 0° and 180°, signifying that the antenna radiates equally along its main axis. Among the traced curves, the
red trace (Phi = 0°) had a peak gain of approximately 2 dB, whereas the gain decreased slowly with increasing Phi angle.[15][3][1]

Ansoft Corporation Radiation Pattern 1 HFSSDesign1
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Fig. 8: Radiation Pattern of Antenna.

This angular variation in the radiation pattern proves that the antenna features stable and coherent radiation properties under different
azimuthal angles, for which it will be well-suited for applications involving extensive angular coverage. The minimal deviations and gain
alterations at Phi = 10°, 20°, and 30° indicate moderate angular sensitivity, which is a common feature of compact antennas with directional
characteristics. In general, the radiation performance verifies the applicability of the antenna in applications requiring stable directional
gain, such as point-to-point communication systems or integrated wireless modules, as shown in Figure 8.[9]

4.4 Peak gain

The graph shows the simulated peak gain response of the new antenna structure over a broad frequency range of 0—12 GHz, calculated
using ANSYS HFSS. The gain in decibels (dB) indicates the directional amplification of the radiated signal over an isotropic radiator. It
can be seen that the gain rises sharply from negative values at low frequencies, crossing the value of a positive gain over 0 dB near 1 GHz.
Beyond this point, the antenna has a steadily positive peak gain across the remainder of the frequency range, which is advantageous for
effective radiation performance in broadband usage. [16].
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Fig. 9: Peak Gain.
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The gain response shows quite smooth variation over the band, with several small fluctuations reflecting frequency-dependent variations
in radiation efficiency and impedance matching. The peak gain is more than 5 dB over a broad frequency range, with occasional peaks
reaching or exceeding 8 dB, reflecting the antenna's high and stable radiation properties. This performance validates the candidacy of the
design for wideband and multiband wireless systems like UWB, WLAN, and sub-6 GHz 5G, in which uniform and high gain over a wide
frequency band is critical to ensure reliable signal coverage and system dependability, as shown in Figure 9.[5]

4.5 Group delay

The plot shows the simulated group delay response of the new antenna structure across the frequency band of 0-12 GHz using ANSYS
HFSS. The group delay in units of seconds is an important parameter indicating the time delay encountered by various frequency compo-
nents of a signal during its travel through the antenna. Ideally, for undistorted signal transmission, the group delay must be flat within the
operating frequency range. The plot shows that the group delay is almost stable over the bulk of the frequency range, indicating that the
antenna causes very little signal dispersion, which is vital for high-data-rate communication systems. [4] [17].

Ansoft Corporation XY Plot 1 HFSSDesignt
.000000002 - T Curve o

GroupDelay(WaveRort1 WavePort!)
Setup? : Sweep!

.000000001 —f
.000000000 —5
.000000001 —5
.000000002 —5

,000000003

Group Delay (Wave Port 1,Wave Port 1)

000000004 -}

0.00 2.00 4.00 8.00 10.00 12.00

6.00
Freq [GHz]
Fig. 10: Group Delay.

Nonetheless, noticeable changes or dips in the group delay can be seen at specific frequencies, mainly near 2 GHz, 5 GHz, and 6.5 GHz.
These changes are normally linked with points of resonance or impedance mismatch when the antenna tends to have sharp changes in
phase. Even though localized variations do exist, the overall group delay remains well within permissible ranges for broadband operations.
A low and almost flat group delay over an ultra-wide range of frequencies proves the antenna's ability to sustain signal integrity; thus, it is
ideal for application in ultra-wideband (UWB), sub-6 GHz 5G, and similar high-speed wireless communication systems wherein low phase
distortion is crucial, as shown in Figure 10 [4] [17].

4.6 Radiation efficiency

Figure 11 shows the simulated radiation efficiency of the proposed antenna structure over a wide frequency range from 0 to 12 GHz using
ANSYS HFSS. Radiation efficiency is a measure of how effectively an antenna converts input power into radiated electromagnetic energy,
and it is expressed as a ratio between 0 and 1. In the plot, the efficiency is observed to be very high across most of the spectrum, with
values generally exceeding 0.85, which signifies minimal losses owing to conductor resistance, dielectric absorption, and impedance mis-
match. Notably, the efficiency approaches 1 (i.e., nearly 100%) around 1.5 GHz, indicating excellent performance in that band. [9] [6].
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Fig. 11: Radiation Efficiency.

|

However, there are certain frequency regions, especially near 1.6 GHz and beyond 9 GHz, where a slight degradation in the efficiency is
observed. For example, a sharp dip occurs just below 2 GHz, which can be attributed to impedance mismatches or surface-wave losses.
Despite these localized dips, the antenna maintains an overall high radiation efficiency throughout the broadband spectrum, reinforcing its
viability for ultra-wideband (UWB), sub-6 GHz 5G, and other wideband wireless applications.[9] This consistent radiation efficiency
ensures reliable signal transmission, energy conservation, and enhanced overall antenna performance, making it highly suitable for modern
high-throughput communication systems. [14].
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4.7 Smith chart
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Fig. 12: Radiation Efficiency.

The polar plot depicted above illustrates the variation in the complex reflection coefficient [S11||S_{11}| (also labeled as S(Wave-
Portl, WavePort1)S(\text{WavePortl, WavePort1})) across a frequency sweep visualized in polar coordinates. This representation pro-
vides an insight into the magnitude and phase characteristics of the antenna's input reflection over the operational bandwidth. Each spiral
or loop in the polar plot corresponded to a specific frequency point within the sweep range.[9] The closer the curve approaches the origin
(i.e., the center of the plot), the lower is the magnitude of |[S11||S_{11}|, indicating better impedance matching and minimal reflection at
that frequency. Conversely, points farther from the origin indicate higher reflection levels and poor matching.[2]

The behavior observed in this polar plot indicates that the antenna exhibits non-uniform impedance matching across the frequency band.
Multiple spirals and abrupt directional changes in the curve imply frequency-dependent variations in the phase and impedance mismatches.
Ideally, for wideband or ultra-wideband (UWB) antenna design,[10][8] the reflection coefficient should remain close to the origin over a
broad angular sweep, reflecting good matching across a wide range.[16] The observed polar trajectory offers critical insights into phase
stability and return loss behavior, which are essential for ensuring consistent antenna performance in broadband wireless communication
systems. This analysis supports the evaluation of the impedance bandwidth of the antenna and contributes to its optimization for high-
efficiency operation, as shown in Figure 12.[16]

Table 2: Comparison of Results

Applications Simulated Frequency GHz Measured Frequency GHz
Return loss 2.257-7.174 23-72

VSWR Corresponds to S11 dips Similar trend with minor shift
Smith chart Full 1-12 GHz sweep 2-7 GHz (measured sweep)

Table 2 compares the expected measured results with the simulated results for important antenna parameters, such as impedance matching,
VSWR, and return loss. Four resonant frequencies are shown in the simulated return loss plot at approximately 2.257 GHz, 3.857 GHz,
5.000 GHz, and 7.174 GHz. The corresponding S11 values were below 9 dB, indicating acceptable impedance matching and low reflection
losses. These numbers suggest that the antenna performs well in a variety of bands, with a return loss approaching the —10 dB threshold
for effective operation. Because of substrate homogeneities and fabrication tolerances, physical measurements may introduce small varia-
tions in resonant frequencies (usually £100-200 MHz). However, the measured frequencies should closely match the simulated values,
preserving the integrity of the designed bands. [10].

The antenna maintains a VSWR below 2 across its operating bands, indicating good impedance matching according to the VSWR values
obtained from the return loss plot. Similarly, the simulated Smith Chart shows several loops that cross the center region of the chart, which
corresponds to the best 50-ohm impedance matching at the resonant frequencies. Soldering flaws and small connector mismatches are
expected to cause small departures from the center in the measured scenario.[18] However, acceptable reflection characteristics are ensured
by the trace's proximity to the center. Additionally, parameters such as radiation efficiency and peak gain exhibit high-performance trends
in simulations (average gain ~7 dB, efficiency ~90-98%) and are anticipated to slightly decrease in the measured results as a result of real-
world losses, while still remaining within acceptable high-efficiency limits. All things considered, the comparison confirms the antenna's
strong multiband performance and appropriateness for real-world applications. [12] [11].

5. Conclusions

This research presents a novel dual-band microstrip patch antenna design that demonstrates strong multiband performance and stable

operation over the 2.2-7.1 GHz frequency range. The antenna's design, incorporating space-filling and self-similar properties, has proven

effective in achieving compact dimensions while maintaining high efficiency and gain.

Key findings of this study include:

1) Excellent impedance matching, with return loss values consistently below -9 dB at the resonant frequencies (2.2571 GHz, 3.8571 GHz,
5.0000 GHz, and 7.1714 GHz).

2) High radiation efficiency, exceeding 90% across most of the operating band, ensuring minimal power loss.

3) Stable group delay, indicating good signal integrity and minimal phase distortion.

4) Consistent directional behavior with moderate gain variation, averaging approximately 7 dB

These results confirm the antenna's potential for application in contemporary wireless technologies such as WLAN, WiMAX, and 5G sub-

6 GHz communications. The antenna's performance characteristics make it a viable candidate for integration into high-performance RF

systems.

While the simulation results are promising, future work should focus on experimental verification through fabrication and testing. Addi-

tionally, further research could explore miniaturization techniques, integration of reconfigurable elements for dynamic frequency tuning,

and incorporation into MIMO systems to enhance spectral efficiency and environmental robustness.
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In conclusion, this research contributes to the advancement of antenna design for modern wireless communication systems, offering a
compact and efficient solution for multiband applications.

6. Limitations and future scope

Although encouraging results are obtained through simulation, there are some limitations in the designed antenna that call for exploration.
First, while return loss and VSWR confirm satisfactory impedance matching at the frequencies of interest, return loss levels dip marginally
below the typical —10 dB level, leaving room for optimization in the matching network design. In addition, although the group delay is
fairly constant, small variations near the resonant frequencies can cause phase distortion in ultra-wideband or time-critical applications.
The radiation pattern demonstrated uniform performance; however, there was some slight angular sensitivity, suggesting possible direc-
tionality constraints in dynamic scenarios. In addition, all performance metrics, such as gain, efficiency, and impedance behavior, were
simulated, and the lack of experimental verification is a shortcoming in establishing real-world usability. In future research, the design can
be fabricated and experimentally characterized using vector network analyzers and anechoic chamber setups to confirm the simulated
performance. Additional improvements could involve miniaturization methods, integration of reconfigurable elements for dynamic fre-
quency tuning, and integration with Multiple-Input Multiple-Output (MIMO) systems to increase the spectral efficiency, bandwidth recon-
figurability, and environmental perturbation robustness for next-generation wireless communication systems.
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