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Wireless communication

Wireless communication requires optimized antenna designs to ensure maxi-
mum signal reception and transmission in today’s rapidly advancing technolo-
gies. Recent research emphasizes improving antenna efficiency and directivity
to support higher data rates, extended coverage, and reliable connectivity. How-
ever, conventional antenna structures often suffer from narrow bandwidth, low
radiation efficiency, and high return loss, which degrade signal quality and re-
strict operational range, particularly in complex electromagnetic environments.
This study introduces an innovative asymmetrical star-shaped fractal antenna
coupled with a metasurface layer consisting of periodic split-ring resonator
(SRR) unit cells on a FR4 substrate to overcome these restrictions. The SRR-
based metasurface plays a critical role in suppressing surface waves, improving
impedance matching, and enhancing radiation directivity. Experimental evalu-
ations were performed across 4.5-10 GHz, focusing on key performance mea-
sures such as gain, return loss, and voltage standing wave ratio (VSWR). The
suggeted antenna achieved a stable return loss below —10 dB and demonstrated
a strong operational peak at 5.2 GHz, with improved directivity and radiation
efficiency compared to conventional patch designs. The integration of asym-
metrical star-shaped fractal geometry with SRR-based metasurface technology
effectively addresses the shortcomings of traditional antennas, establishing the
proposed design as a compact, efficient, and reliable candidate for mid-band
wireless communication systems.
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1. INTRODUCTION

The evolution of wireless technology in recent times has increasingly demanded compact, efficient,
and wideband antennas that are easily capable of supporting multiple high data rate applications, requiring
both low latency and robust coverage. Mid-band frequencies, such as those used in Wi-Fi (5.2 GHz) and ISM
applications, are especially important as they balance coverage and capacity. Antennas for these ranges must
achieve superior impedance matching, high gain, and efficient radiation while maintaining a compact footprint
suitable for integration in modern wireless devices. In this context, fractal geometries and metasurface struc-
tures have gained attention for their ability to enhance antenna performance without significantly increasing

size or complexity.
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Conventional antenna designs, however, still face challenges in mid-band applications. Traditional
microstrip patch antennas, though popular for their simplicity and ease of fabrication, often suffer from narrow
bandwidth, low radiation efficiency, and high return loss. These drawbacks restrict operational distance and
degrade signal quality, particularly in dense environments where interference is prevalent.

Several improvement techniques such as slotting, defected ground structures (DGS), stacked patches,
and dielectric resonators have been proposed. While effective to some extent, they often introduce trade-offs
like larger size, fabrication complexity, or limited harmonic suppression. Moreover, few approaches achieve
simultaneous improvements in return loss, gain, and efficiency—key requirements for reliable mid-band wire-
less systems. Similarly, metasurface-enhanced antennas have been widely applied in mmWave and THz bands,
but their use in compact mid-band designs for Wi-Fi and ISM systems has not been sufficiently addressed.

To address these issues, this work presents an asymmetrical star-shaped fractal antenna integrated
with a metasurface layer on an FR4 substrate. The fractal geometry extends the current path and enhances
multi-resonant behavior, while the metasurface, composed of periodic split-ring resonator (SRR) unit cells,
suppresses surface waves and improves impedance matching and radiation efficiency. The proposed antenna
demonstrates reliable performance with enhanced bandwidth, directivity, and efficiency, making it a compact
and effective solution for Wi-Fi and ISM-band mid-band wireless applications.

Recent research has explored fractal and metasurface-based antenna designs with a focus on enhancing
bandwidth, polarization control, and radiation performance. These studies can be broadly categorized into four
main themes: directivity enhancement, miniaturization and compactness, ground plane effects, and advanced
integration approaches.

— Directivity enhancement: several works have aimed at improving antenna directivity and radiation control.
Alrashdan et al. [1]] applied the Taguchi method to optimize patch antenna directivity, demonstrating the
effectiveness of systematic optimization. Arenare et al. [2]] optimized deep-space antennas by combining
strut geometry and support structure parameters, while Mejjatti and Habbani [3] proposed innovative de-
signs for high-directivity applications. Okoh and Okhaifoh [4] developed circular microstrip patch antennas
with enhanced directivity for base stations, and Galeano and Penagos [3]] analyzed mutual impedance in
switched-beam arrays to improve directional performance.

— Miniaturization and compact designs: achieving compactness without sacrificing performance has been a
key objective. Jahan et al. [6] presented compact antenna structures with improved gain, while Sheikh et
al. [7]] introduced a miniaturized Yagi-based antenna tailored for 5G applications. Lu et al. 8] explored
superdirective microstrip arrays using capacitive loading to push the limits of miniaturization. Jiang et
al. [9] demonstrated a low-profile tri-port metasurface antenna supporting multiple modes with isolation
above 25 dB, showing promise for compact multi-mode operation.

— Fractal and metasurface-based enhancements: fractal geometries and metasurface integration have received
particular attention. Yu et al. [10] proposed a Koch—Hex fractal antenna achieving bandwidths up to 20.3%
across 2.38-5.80 GHz, while Yaminisasi et al. [[11] designed a Fish-Tail monopole with triple-band reso-
nance for S, C, and X bands. Yadav et al. [12] developed a metasurface filtenna with 7.5 dBi gain in the
2.43-2.65 GHz range, though with sharp performance drop outside the band. Barros et al. [13]] introduced
a fractal OAM antenna at 5.88 GHz for circular polarization, while Wang et al. [[14] proposed a dual-band
holographic antenna supporting independent LHCP/RHCP operation. These works highlight the flexibility
of fractal and metasurface geometries in achieving wideband and polarization diversity.

— Ground plane effects and environmental considerations: the influence of ground planes has also been stud-
ied. Bendaoudi et al. [15] investigated graphene ribbon antennas and showed how ground plane modifica-
tions affect efficiency and directivity. Singh et al. [[16] examined return loss and gain-bandwidth trade-offs
in defective ground structures as a cost-effective enhancement strategy. Ribeiro et al. [17] focused on base
station ground antennas for air-to-ground communication links, while Kannadhasan et al. [[18]] studied the
environmental effects of 5G radiation, providing insights into societal impacts of antenna deployment.

— Advanced and emerging approaches: finally, recent studies have explored new paradigms. Hao et al. [19]
presented a metasurface-based channel estimation antenna for handling multipath with a single RF link,
albeit with high dependency on tuning. Maeng et al. [20] examined 3D antenna radiation effects on UAV
communication, while Haque et al. [21] integrated machine learning into LTE antenna design, enabling
predictive performance optimization. Zhu et al. [22] and Prince et al. [23] explored beam shaping for
satellite communication and direction-finding via Luneburg lenses, respectively, highlighting broader use
cases for specialized antenna systems.
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— Research gap: while these studies demonstrate significant progress, most focus on either bandwidth en-
hancement, directivity, or miniaturization individually. Few works simultaneously integrate fractal geom-
etry with metasurface layers to achieve improved impedance matching, radiation efficiency, and stable di-
rectivity in compact mid-band antennas suitable for Wi-Fi and ISM applications. This motivates the present
work, which introduces an asymmetrical star-shaped fractal antenna with metasurface integration as a uni-
fied approach to address these challenges.

2. METHOD

The proposed antenna was designed and optimized in ANSYS HFSS, fabricated on an FR4 substrate,
and experimentally validated in an anechoic chamber. The antenna geometry employs an asymmetrical star-
shaped fractal structure integrated with a metasurface layer composed of periodic rectangular SRR unit cells.
This hybrid configuration was chosen to suppress surface waves, improve impedance matching, and enhance
directivity, thereby overcoming the limitations of conventional patch antennas such as narrow bandwidth and
high return loss. The combined fractal-metasurface structure minimizes return loss, reduces power reflection,
and improves radiation performance at mid-band frequencies. Figure [I]illustrates the triangular fractal ground
layer, while Figure [2| presents the complete layered view showing how the radiating patch, dependent notches,
feed line, and metasurface are integrated.
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Figure 1. HFSS-simulated triangular fractal ground layer enhancing patch coupling
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Figure 2. Layered structure of the proposed asymmetrical star-shaped fractal antenna with metasurface and
fractal ground

The triangular fractal ground layer (Figure[T)) and the asymmetrical star-shaped fractal patch (Figure[2))
are integrated in a complementary manner: while the ground fractalization introduces phase discontinuities
and improves coupling with the radiating patch, the patch fractalization extends the current path and enhances
resonance behavior. This combined effect significantly contributes to the observed improvement in impedance
bandwidth, return loss, and radiation efficiency.

2.1. Antenna design specifications

The prototypes are implemented on FR4 substrates and combine an asymmetrical star-shaped fractal
geometry with metasurface integration to enhance radiation efficiency, directivity, and impedance matching.
The overall antenna structure is shown in Figure[3] while the key design parameters are summarized in Table[T]
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covering substrate properties, fractal iteration, notch width, metasurface dimensions, and ground configura-
tions.

]
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Figure 3. Overview of the proposed asymmetrical star-shaped fractal antenna with metasurface and fractal
ground

Table 1. Key design parameters of the proposed asymmetrical star-shaped fractal antenna

Parameter Value

Substrate material FR4 (¢, = 4.4)
Substrate dimensions 32%23%x1.6 mm

Fractal iteration level 2 (asymmetrical star-shaped fractal)
Notch width 3 mm

Patch thickness 0.035 mm (copper)
Metasurface unit-cell pitch 4x4 mm

Metasurface layer thickness 0.5 mm

Ground plane configuration Full/partial (defected ground)

FR4 was selected as the substrate owing to its stable dielectric constant (¢, = 4.4), robustness, and
cost-effectiveness for prototyping. The substrate dimensions of 32x23x 1.6 mm? and standard copper cladding
thickness of 0.035 mm were adopted to maintain compactness while ensuring mechanical durability. The
triangular fractal ground plane on the reverse side was incorporated to introduce phase discontinuities, which
improved coupling with the radiating patch and enhanced radiation efficiency.

2.1.1. Fractal antenna design

The proposed antenna employs an asymmetrical star-shaped fractal geometry to enhance directivity
and support potential multi-band operation. The star-shaped structure introduces multiple arms and edge dis-
continuities, which effectively increase the current path length and produce additional resonances. This geom-
etry, combined with asymmetrical notches, maintains a compact footprint while enabling improved impedance
bandwidth. The fractal arrangement ensures efficient electromagnetic field distribution across the patch, result-
ing in modified radiation patterns, broadened impedance bandwidth, and improved overall performance.

2.1.2. Notch characteristics

Strategically positioned dependent notches are embedded within the copper patch to control frequency-
selective behavior. The notch width (w,, = 3 mm) was determined through parametric sweeps in HFSS, where
narrower widths reduced coupling efficiency while wider notches increased impedance mismatch. By altering
the surface current distribution, the notches extend effective resonant paths and generate additional resonances,
thereby broadening the impedance bandwidth. Functionally, the dependent notches act as integrated band-
stop filters, suppressing unwanted harmonics while reinforcing desired resonances. This dual role enhances
frequency selectivity and contributes to stable performance within the mid-band spectrum.

2.1.3. Metasurface integration
The proposed antenna incorporates a metasurface layer to further optimize radiation behavior and elec-
tromagnetic response. The metasurface unit-cell pitch of 4 mm was selected to balance compactness with effec-
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tive suppression of surface waves, consistent with prior studies [14]. This choice ensures improved impedance
bandwidth and directivity without significantly increasing antenna size. The metasurface modifies the elec-
tromagnetic field distribution around the antenna, leading to enhanced directionality and more uniform energy
concentration in desired orientations. In addition, it provides fine control of phase and amplitude, supporting
applications that demand high polarization purity and directional sensitivity. By shaping current flow and re-
ducing surface-wave losses, the metasurface also improves harmonic suppression and reduces back radiation
[24]. Collectively, these characteristics enable the antenna to achieve stable gain, reduced return loss, and
efficient operation across the mid-band frequency range.

2.2. Anechoic chamber testing of fractal antenna

The asymmetrical notch fractal antenna was designed and simulated using ANSYS HFSS software
to predict radiation behavior, return loss, gain, and directivity under ideal conditions. After fabrication on an
FR4 substrate, the prototype was experimentally evaluated in an anechoic chamber to validate the simulations.
The chamber provides free-space conditions by absorbing electromagnetic reflections through pyramid-shaped
foam absorbers, as illustrated in Figure [d] ensuring accurate measurements without external interference. The
testing apparatus utilized a calibrated vector network analyzer (VNA) connected to the antenna via highly reli-
able, low-loss cables. This minimized the chance of systematic errors. It was mounted on a computer-controlled
positioning system that enabled precise azimuth and elevation adjustments for radiation pattern and gain mea-
surements across a wide range of angles. Return loss and voltage standing wave ratio (VSWR) were measured
directly from the VNA, while gain and directivity were obtained using a standard gain comparison method
with a reference horn antenna. Although the chamber minimizes interference, minor uncertainties remain due
to calibration limits, connector losses, and small positioning variations. Based on repeated measurements and
equipment specifications, the estimated margins are within 0.2 dB for return loss and +0.5 dB for gain and
directivity, which are negligible compared to the overall performance, confirming the reliability of the results.
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Figure 4. Experimental setup of the fractal antenna inside the anechoic chamber

2.2.1. Ground plane configurations

Three ground plane configurations were modeled in HFSS and fabricated for comparison. In the full
ground case, the substrate was backed with a continuous copper layer, serving as the reference. In the partial
ground case, the ground plane was truncated to introduce a DGS, modifying surface current distribution and
improving impedance matching. In the without metasurface case, the triangular fractal ground was retained but
the metasurface layer removed, isolating the effect of the metasurface. These configurations (full, partial, and
without metasurface) enabled a systematic evaluation of their impact on return loss, impedance bandwidth, and
radiation efficiency.
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2.3. Performance optimization

Antenna performance is evaluated using key metrics such as efficiency, return loss, gain, directiv-
ity, and VSWR. High efficiency minimizes power losses, while low return loss ensures effective impedance
matching and reduced reflections. These parameters are mathematically defined as follows.

Radiation efficiency, denoted as 7,., describes the proportion of input power that is successfully radi-
ated, and is expressed as (1):

Ny = (?) x 100% (1)

t

where P, is the radiated power (W) and P, is the total power delivered to the antenna (W).
The return loss, RL, which quantifies power reflected due to impedance mismatch, is defined as (2):

RL =-20 10g10 (‘Sll‘) (2)

with S7; representing the reflection coefficient (unitless).
Antenna gain, G, measuring the ability to concentrate energy in a given direction, is given by:

Ul
G, = 10logy, ( Pi /ﬁ)> 3)

where U (6, ) is the radiation intensity (W/sr) in the direction (6, ¢) and P; is the transmitted input power
(W).
Directivity, D,, representing the maximum directional concentration of radiated power, is defined as (4):

4 max
D, = it 4
P, @)

where Uy, ax 1S the peak radiation intensity (W/sr).
The VSWR, used to evaluate impedance matching, is expressed as (5):

1+ T

VSWR = =T

&)

where I is the reflection coefficient (unitless).

3.  RESULTS AND DISCUSSION
3.1. Return loss and bandwidth

The simulated S1; response of the proposed antenna across 2.0-7.0 GHz is shown in Figure[5} The
antenna exhibited a resonant frequency of 5.2075 GHz with a return loss of —32.67 dB and an impedance
bandwidth of 8.5%. These results confirm that the design ensures efficient energy transfer with minimal re-
flection. The improved impedance matching at this band is directly attributed to the metasurface integration,
which suppresses surface waves, and the asymmetrical notch configuration, which extends the current path and
stabilizes resonance.
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Figure 5. Simulated S-parameter (.5711) plot across 2.0-7.0 GHz
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The measured reflection loss using VNA is shown in Figure [6] with high and low frequency reso-
nances in Figures and [(b)] The measured resonance also occurs at 5.2075 GHz, with a minimum return
loss of —32.67 dB and a measured impedance bandwidth of 440 MHz (4.99-5.43 GHz). These results show
close agreement with simulation, with a frequency shift of less than 0.2% and a magnitude difference of only
0.77 dB. The similarity between simulated and measured results demonstrates the effectiveness of the frac-
tal-metasurface configuration in enhancing impedance bandwidth and return loss performance.

(b)

Figure 6. Measured reflection loss (S11) of the fabricated antenna; (a) higher-frequency resonance and (b)
lower-frequency resonance

3.2. Voltage standing wave ratio analysis

The VSWR plot, shown in Figure [7] evaluates impedance matching of the antenna across 1.00—
9.75 GHz. An ideal VSWR of 1.0 corresponds to perfect matching, with values below 2 generally considered
acceptable. The antenna exhibits optimal performance at 5.2075 GHz with a VSWR of 1.0476, approaching
the ideal and confirming maximal power absorption with minimal reflection. This strong impedance matching
is achieved through the combined influence of the asymmetrical notch fractal geometry, which fine-tunes the
surface current distribution, and the metasurface layer, which balances phase and amplitude to stabilize reso-
nance. At frequencies below 4.50 GHz, the VSWR rises sharply (exceeding 100), indicating poor matching
and higher reflection losses. Above 5.2075 GHz, the VSWR values remain stable though slightly higher than at
resonance, reflecting the antenna’s tuning around the mid-band. These observations confirm that the design is
optimized for efficient operation at 5.2 GHz while retaining adequate performance across a broader spectrum,
making it well suited for Wi-Fi and ISM-band mid-band wireless applications.

VSWR Plot 1 HFSSDesign1 Ansys
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Figure 7. VSWR plot across a wide frequency range for the proposed fractal antenna

3.3. Gain and directivity

The gain and directivity attributes of the antenna, which are important in evaluations, are depicted in
Figure [8] This gain plot presents the antenna’s capability to capture signals from various directions. It also
highlights a peak efficiency of 4.21 dBi and a minimum of -22.62 dBi in certain orientations. The directivity
plot demonstrates that the antenna operates as a directional device, attaining a maximum directivity of 5.07 dBi
and a minimum of -21.76 dBi relative to isotropic reference levels. These results reveal both strengths and
limitations of the antenna. The high maximum values confirm its capability for directional radiation, which is
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essential for communication links requiring focused beams, while the negative values simply indicate regions
where radiation is significantly weaker compared to isotropic reference. In this context, the negative minimum
values represent radiation nulls, which are typical in practical antenna patterns and denote directions of very
low or negligible radiated power. Overall, the antenna exhibits strong performance, making it suitable for high-
gain directional applications where reduced interference and improved communication quality are critical. The
combined assessment of gain and directivity in Figure [§] confirms that this antenna provides reliable point-to-
point communication capability.

Gain Plot 1 Directivity Plot 1
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Figure 8. Gain and directivity plots with maximum and minimum values across various angles

3.4. Radiation patterns and axial ratio

The polar radiation characteristics and axial ratio variations of the antenna’s array element were com-
pared in three specific orientations, with respect to the plane of the antenna. The results are shown in Figures[9]
and[1Q

Gain plot 2 (Figure[J(a)) shows radiation levels ranging from -2 dBi to -23 dBi horizontally and from
-9 dBi to -16 dBi vertically when oriented at & = 0°. The radiation pattern maintains stability across distinct
orientations at the same frequency, as seen in gain plot 3 (Figure [J[b)). Circular polarization performance is
observed at ® = 0° and & = 90°, while Figure @ indicates a notable axial ratio increase at ® = 180°,
suggesting reduced polarization purity. Circular polarization benefits satellite, RFID, and IoT applications by
reducing polarization mismatch and improving link reliability. The stable axial ratio confirms suitability for
such systems, though optimization is needed at ® = 180°. Overall, the antenna shows strong potential for
mid-band applications requiring polarization diversity and robust performance.

Gain Plot 2 HFSSDesign1 Ansys Gain Plot 3 HFSSDesign1 Ansys
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Figure 9. Polar radiation characteristics of the proposed antenna at f = 5.2075 GHz; (a) gain plot 2 for
® = (0° and ® = 90° and (b) gain plot 3 for ©® = 0° and © = 90°

3.5. S-parameter and impedance
The S-parameter chart, shown in Figure [T1] illustrates the reflection characteristics at 5.2075 GHz,
specifically examining the S7; parameter. The notably low reflection coefficient highlights superior impedance
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matching, which is indicative of efficient power transmission, a critical aspect for antennas operating at high
frequencies. The chart also details both the resistive and reactive components of the antenna’s impedance,
confirming its high efficiency in managing high-frequency signals.
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Figure 10. Axial ratio variations at 5.2075 GHz for & = 0°, ® = 90°, and ® = 180° orientations

Ansys

S Parameter Chart 1 HFSSDesign

1cn 20
Name ‘ Freq [GHz] Ang ‘ Mag RX
m1 5.21 122.6540‘0.0232 0.9745 + 0.0382i 10
.00 020 0.50 00

Curve Info

— s(1,1) -170
Setup1 : Sweep)

L

-120 -6
-110,409 .80 70

Figure 11. S-parameter chart showing reflection characteristics at 5.2075 GHz

Figure |12| presents a detailed examination of the gain and directivity attributes of the antenna across
5.00-6.00 GHz, with emphasis on 5.2075 GHz. At this frequency, the antenna attains a gain of 4.2132 dBi
and a directivity of 5.0692 dBi, demonstrating its ability to amplify signal strength and focus energy effectively
compared to an isotropic radiator. The gain curve (green) rises toward 5.2075 GHz, peaks at resonance, and then
declines, indicating the antenna’s optimal operational bandwidth centered around 5.2075 GHz. Meanwhile, the
directivity curve (red) remains relatively stable, peaking slightly at the same frequency. This stability confirms
a focused radiation pattern, essential for efficient energy utilization and effective signal transmission. This
concludes that the antenna is well equipped for targeted communication and offers exceptional clarity and
range, which are necessary for optimal performance.
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Figure 12. Antenna gain and directivity over the frequency range of 5.00-6.00 GHz

3.6. Efficiency and radiation intensity
Figure [13| presents the radiation efficiency and normalized peak radiation intensity of the antenna
between 5.00-6.00 GHz. As shown in Figure|l13{(a)l the radiation efficiency reaches a maximum of 0.8211 (i.e.,
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82.11%) at 5.2075 GHz, confirming optimal power conversion at resonance. Similarly, Figure [T3(b)|illustrates
that the normalized radiation intensity peaks at 0.2098 (i.e., 20.98%) at the same frequency, demonstrating
the antenna’s strong directional transmission capability. These results emphasize the importance of precise
frequency tuning to maintain efficiency and polarization integrity in high-performance wireless applications.
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Figure 13. Antenna performance between 5.00-6.00 GHz; (a) radiation efficiency and (b) radiation intensity
with peaks at 5.2075 GHz

3.7. Power handling and ground effects

Figure [[4]summarizes the antenna’s power handling capability and the influence of ground configura-
tions. As shown in Figure the accepted power at 5.2075 GHz is 29.9977 dBm, while the radiated power
is 29.1417 dBm, corresponding to a small loss of 0.856 dB due to resistive and dielectric inefficiencies. The
accepted power remains nearly constant across the studied band, whereas the radiated power shows a slight
roll-off at higher frequencies, suggesting potential for further optimization. Figure compares the return
loss performance for three ground configurations: full ground, partial ground, and without metasurface. The
partial ground setup demonstrates superior impedance matching with a return loss of approximately —30 dB at
5.46 GHz, while the full-ground and no-metasurface cases exhibit weaker performance with shifted resonances.
These results confirm that ground plane engineering plays a critical role in enhancing antenna efficiency and
impedance stability.

3.8. Comparative analysis with recent studies

A comparative examination of the proposed antenna against contemporary designs is provided in Ta-
ble 2| The table delineates essential metrics such as antenna dimensions, operational bandwidth, peak gain,
and radiation efficiency, underscoring the benefits of the asymmetric star-shaped fractal design with metasur-
face integration. The proposed design features a compact footprint of 32x23x1.6 mm3, achieving a bandwidth
of 8.5% (4.99-5.43 GHz), a peak gain of 4.21 dBi at 5.2075 GHz, and radiation efficiency of 82.11%. The
diagonal square fractal (DSF) antenna [24] (20.42x22.71x4.72 mm?) achieves higher efficiency (93.34-96%)
and peak gains of 2.43 dBi and 7.88 dBi across dual bands, but at the cost of a thicker profile (4.72 mm).
The RIS-patch antenna for Wi-Fi [25], with dimensions 60x60x3.6 mm?, provides a wide bandwidth of 26%
(4.98-6.48 GHz) and a peak gain of 6.5 dBi, though its large size limits suitability for compact devices. The
reconfigurable varactor-based metasurface antenna [26] offers tunability between 2.6 GHz and 3.4 GHz, with a
compact profile of ~ 0.51A x 0.49\ x 0.013X at 2.6 GHz, achieving 7.5 dBi peak gain and 72-82% efficiency.
While its tunability is advantageous, its efficiency is comparable to the proposed design and it targets a different
frequency band.
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Figure 14. Antenna performance; (a) power handling and (b) return loss for different ground configurations

Overall, Table 2] demonstrates that the proposed star-shaped fractal antenna provides a balanced trade-
off between compact size, stable gain, and high efficiency. Although some existing designs achieve higher
bandwidth or tunability, the proposed antenna is designed to perform well in mid-band applications, with a
compact structure that provides reliable wireless communication and radar capabilities.

Table 2. Comparison of the proposed antenna with recent state-of-the-art designs

Study Size (mm?) Bandwidth (%) Peak gain (dBi) Efficiency (%)
DSF [24] 20.42x22.71x4.72 1295 @ 5.9, 10.89 @ 9.5 2.43/7.88 93.34/96
GHz
RIS-patch [25] 60x60x%3.6 26 (4.98-6.48 GHz) 6.5 -
Varactor [26] ~0.51A x 049\ x 5 (2.51-2.64 GHz), tun- 7.5 72-82
0.013\ able to 3.4 GHz
Proposed 32x23x%x1.6 8.5 (4.99-5.43 GHz) 421 @ 5.2075 82.11

4. CONCLUSION

The design and evaluation of the star-shaped fractal antenna integrated with a metasurface demon-
strated robust performance for mid-band wireless communication applications. The antenna achieved a reso-
nance at 5.2075 GHz with a return loss of —32.67 dB and an impedance bandwidth of 8.5% (4.99-5.43 GHz),
ensuring effective power transfer with minimal reflection. The VSWR was optimized to 1.0476 at resonance,
confirming near-ideal impedance matching. Radiation characteristics showed a peak gain of 4.21 dBi and direc-
tivity of 5.07 dBi, validating its capability for directional communication. Furthermore, the radiation efficiency
reached 82.11%, while normalized radiation intensity peaked at 20.98% at the same frequency, highlighting
strong directional transmission. Power handling analysis indicated an accepted power of 29.99 dBm and radi-
ated power of 29.14 dBm, with only 0.856 dB loss. Ground configuration studies confirmed that partial ground
offered superior impedance matching with —30 dB return loss at 5.46 GHz. While the proposed antenna
achieves compact size, stable gain, and high efficiency, the study is limited to FR4 substrates and controlled
anechoic chamber testing. A key limitation is the relatively narrow bandwidth trade-off and increased fabri-
cation complexity due to fractal and metasurface integration. Future work will focus on evaluating alternative
substrate materials for improved bandwidth, validating performance in real-world multipath environments, and
extending the design toward true multi-band operation. These directions will further enhance the practicality
and versatility of the proposed antenna for next-generation wireless systems.
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