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ABSTRACT: As wireless communication technologies evolve, the demand for more efficient and compact antennas has escalated. Fractal
antennas, with their unique self-similar design, offer a promising solution to meet these needs. Traditional antenna designs often face lim-
itations in bandwidth and efficiency, especially in complex environments like urban areas, where high-performance antennas are crucial.
This paper proposed a novel star-fractal patch integrated with a Sierpinski triangle fractal defective ground structure. This combination
creates a double fractal design, which is further enhanced by adding a rectangular split ring resonator (R-SRR) array as a metasurface
superstrate to achieve a reasonable bandwidth with improved gain for C-band wireless applications. This novel antenna structure results
in improved impedance matching within the 5.22GHz to 5.78GHz operating frequency range. Electromagnetic simulations and anechoic
chamber measurements validate the performance parameters of the proposed antenna. A proposed compact fabricated antenna achieved
a bandwidth of 10.24% with noteworthy improvements in directivity across the operating frequency range compared to a full ground
structure. The measured results align closely with the simulated data, demonstrating the reliability of the design approach. The fractal
antenna design demonstrated substantial enhancements in performance parameters, confirming its viability as a superior alternative to
conventional antenna designs in enhancing wireless network capabilities. These advancements could enable next-gen wireless and IoT
applications by solving challenges in miniaturization, integration, and multi-band operation. Future research aims to enhance capabilities
with dynamic reconfigurability, wider and selective frequency coverage of metamaterial inspired fractal antennas.

1. INTRODUCTION

In the effectiveness and versatility of antenna designs have
assumed top priority in the dynamic environment of wire-

less communications. The introduction of new technologies,
such as 5G and the spread of IoT-related devices, has increased
the demand for miniaturization, improved gain and directivity,
and the ability to operate in widely used frequency bands. The
push towards universal wireless coverage and uninterrupted
communication requires advancements in antenna technology.
Conventional antenna systems are usually limited in extension
and stiffness, which restricts their bandwidth and Wider range.
These limitations render them unsuitable for use in contempo-
rary miniature devices, where flexibility and high efficiency
over a wide range of frequencies are essential. Also, the is-
sue of fitting antennas on smaller devices without making any
loss in performance is a major setback in the development of
mobile and IoT technologies.
Traditional antennas, such as monopoles and dipoles, have

been fundamental to wireless communication because of their
simplicity and ability to operate at specific frequency bands.
However, these antennas often need separate components to
manage different frequencies, which increases system com-
plexity and size. Techniques like loading coils or additional
matching networks to extend bandwidth can cause unwanted
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losses and make the antenna system more complicated, poten-
tially affecting signal quality and system reliability.
Addressing these limitations, this paper introduces a sophis-

ticated fractal antenna design that uses recursive geometrical
constructs to form a double fractal antenna design operating in
C-band with improved parameters within a compact structure.
The principal contributions of this research are detailed be-

low:

• A rigorous empirical analysis assessing the antenna’s per-
formancemetrics, including an extensive comparison with
traditional antenna designs to highlight the fractal an-
tenna’s superior efficiency and compactness.

• The use of state-of-the-art simulation tools to validate the
theoretical models, followed by practical implementation
and testing under various operational conditions, helps de-
termine real-world applicability.

• The conceptualization and development of an advanced
fractal antenna design tailored for reasonable bandwidth,
improved gain, and directivity, ensuring compatibility
with future wireless standards.

The rest of this paper is organized into several sections: Sec-
tion 2 explores the theoretical foundations and reviews current
literature on fractal antenna technology. Section 3 elaborates
on the design methodology and simulation approach adopted
for this study. Section 4 details the experimental setup and
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presents a comprehensive analysis of the results. Discusses the
implications of these findings, and Section 5 provides conclud-
ing remarks and recommends directions for future research.

2. RELATED WORK
The landscape of fractal antenna design has advanced signif-
icantly in recent years, leading to improvements in wireless
communication systems and meeting the rising demands of
next-generation networks. For instance, a hexagonal fractal an-
tenna array was introduced that effectively optimized both spa-
tial and frequency resources [1], resulting in better network per-
formance and capacity in modern communication setups. Sim-
ilarly, the use of a tri-wideband Sierpinski hexagonal fractal
configuration was demonstrated to maintain high performance
in compact wireless devices [2]. Furthermore, different hy-
brid fractal antenna designs were examined, emphasizing their
multi-band capabilities and efficiency. [3], which provide valu-
able foundational insights for designing future broadband an-
tennas.
Recent developments have also focused on enhancing versa-

tility and adaptability in fractal geometries. A multi-resonant
broadband fractal monopole antenna was presented that sup-
ports a wide array of communication standards, demonstrat-
ing the flexibility of such designs [4]. In parallel, applied ar-
tificial intelligence techniques were applied to wearable frac-
tal antennas, resulting in significant performance gains through
computational optimization [5]. The field’s historical devel-
opment has been well documented, analyzing the evolution of
fractal antenna geometries and their observable impact on per-
formance enhancement [6].
Optimization strategies are a crucial part of recent research

trends. Hybrid optimization algorithms were applied to mi-
crostrip fractal antennas, leading to significant improvements
in gain and efficiency [7]. Similarly, a ground-defected struc-
ture designed for 5G and 6G applications was explored, en-
abling compact, high-performance antennas suitable for future
networks [8]. A retrospective traced the evolution from tradi-
tional dipole antennas to advanced fractal designs, highlighting
the technological leap achieved through geometric miniaturiza-
tion and multi-band capabilities [9].
Several studies have focused on specific structural innova-

tions. A hexagonal fractal slotted microstrip antenna was opti-
mized to improve signal quality and bandwidth [10]. A double-
elliptical miniaturized microstrip patch antenna was developed
to achieve greater frequency versatility [11], while a flexible
multi-band miniature design using the Minkowski fractal struc-
ture was proposed to enhance compactness for mobile plat-
forms [12]. A Chrysanthemum-like fractal antenna was ad-
vanced for multi-band mobile terminals, successfully merg-
ing aesthetic appeal with functional efficiency [13]. In a re-
lated effort, fractal designs for sub-6GHz and 5G bands were
compared, identifying key design parameters to optimize wire-
less and IoT applications [14]. For satellite communication, a
triangular-shaped, hexagonal fractal antenna was proposed to
improve both reliability and link performance [15].
The addition of metasurface significantly advances the field

of antenna design. For instance, researchers have developed

wideband, high-gain, and low-profile microstrip antennas using
anisotropic metasurface [16]. They have also achieved high-
gain, bidirectional, circularly polarized radiation with dual-
mode focusing metasurface [17]. Another exciting develop-
ment is the enhancement of wideband circular polarization and
gain through metasurface-based mode suppression [18]. Addi-
tionally, high-gain, dual-polarization antennas have been cre-
ated using transmission focusing metasurface [19]. Further-
more, a dual-polarization, bidirectional focusing metasurface
offers high-gain CP transmission and linearly polarized reflec-
tion [20]. All these studies highlight the versatility of metasur-
face in delivering compact, high-performance, multifunctional
antenna solutions.
Hybrid and computationally intelligent approaches have

also gained prominence. Research carried out to address the
challenges of integrating fractal and slot antennas for cellular
communication, offering targeted optimization strategies [21],
combined fractal geometries with artificial neural networks
to develop compact antennas capable of supporting multiple
communication standards [22]. On the other hand, bio-inspired
algorithms have been developed to optimize fractal antennas
in multi-standard scenarios [23]. Additionally, soft computing
approaches were incorporated to fine-tune the feed position of
fractal antenna arrays, resulting in higher design accuracy [24].
Finally, traditional design principles were integrated with
modern split ring resonator technology, resulting in antennas
tailored for both satellite and 5G communications with superior
performance metrics [25].
These contributions highlight an active research field where

advances in geometry, intelligence, miniaturization, metasur-
face integration, and hybrid techniques enhance the perfor-
mance and size of fractal antennas. As summarized in Table 1,
these developments emphasize the crucial role of hybrid fractal-
metasurface structures in shaping future wireless communica-
tions, with a comparison of our proposed antenna design fea-
turing various attributes like frequency band, bandwidth, gain,
and efficiency.

3. FRACTAL GEOMETRY DESIGN AND ITS IMPLICA-
TIONS ON ANTENNA PERFORMANCE

The exploration of fractal geometry’s role in antenna design has
expanded new possibilities in telecommunications engineer-
ing. Fractal antennas, characterized by their complex patterns
that repeat at different scales, offer significant advantages over
traditional antenna designs. These advantage include Wide-
Band operation, reduced size, increased bandwidth, and better
impedance matching. The application of fractal geometries al-
lows for the construction of antennas that can operate efficiently
across a broader range of frequencies while maintaining a com-
pact and versatile form factor.
This work emphasizes a star-shaped fractal patch with a

symmetric notch to enhance modal diversity and current dis-
tribution across the radiating surface.The star-shaped patch is
inspired by symmetrical notch fractal geometry design to in-
crease the effective electrical length and create additional res-
onant paths, thereby improving impedance bandwidth. Its
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TABLE 1. Comparison of fractal antenna designs.

Reference Frequency Band Bandwidth Gain Efficiency Features
[5] S, C, X band 100MHz 6 dBi Moderate Wearable, DGS
[10] C band 150MHz 5 dBi High LAPO optimization
[12] Multi-Band 100MHz 4.37 dBi High Flexible, Minkowski structure
[13] Multi-Band 120MHz 7 dBi High Chrysanthemum-like structure
[15] Satellite bands 80MHz 3 dBi Moderate Triangular-shaped hexagonal
[25] 5G & Satellite bands 250MHz 8 dBi High SRR-inspired, high-performance
[26] Multi-Band 120MHz 6.58 dBi Moderate Flower shaped with DGS, Compact

Proposed Antenna C-band (5.22–5.78GHz) 560MHz 5.2 dBi High Compact, superior performance

(a) (b)

FIGURE 1. (a) Star-shaped fractal Patch with symmetric Notch; (b) Sierpinski triangle fractal
antenna with recursive design as defective ground structure.

FIGURE 2. 3 × 4 Rectangular Split Ring Res-
onator (R-SRR) Metasurface as super substrate.

geometric complexity can also enhance radiation characteris-
tics, such as gain and pattern shaping, by introducing addi-
tional current paths and fringing fields. Compared to tradi-
tional shapes, star-shaped patches can offer a more compact
size for a given frequency or enable lower frequency opera-
tion within the same physical dimension, making them useful
for compact, improved bandwidth antenna design. The ground
plane features a recursively generated Sierpinski triangle frac-
tal as a defective ground structure (DGS) as shown in Fig-
ure 1, strategically designed to control surface waves and in-
crease impedance bandwidth by leveraging the self-similar ge-
ometry’s filtering properties. Above the radiating element, a
3× 4 array of rectangular split ring resonators (R-SRR) forms
a metasurface superstrate as shown in Figure 2 and combine
view as shown in Figure 3, selected for its ability to manipu-
late transmitted phase and strengthen broadside gain. Through
detailed mathematical modeling and simulation of each compo-
nent: the fractal patch, recursive DGS, and resonant metasur-
face. we optimize the overall antenna performance, resulting in
significant improvements in impedance matching and radiation
pattern symmetry. By integrating these advanced geometric
and electromagnetic features, the design meets the demanding

FIGURE 3. Star-shaped fractal antenna with fractal DGS and metasur-
face.

requirements of modern wireless communication systems, in-
cluding increased bandwidth, improved directivity, and higher
efficiency, all within a practical and low-profile architecture.

3.1. Design Architecture
The fractal antenna showcased employs a symmetric notch star
patch with Sierpinski triangle geometry as a ground, designed
to optimize for improved operation and spatial compactness.
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The fundamental architecture consists of triangular iterations,
progressively scaled down and recursively positioned within
the larger triangle boundary. as illustrated in Figure 1. The
images depict two distinct types of fractal antenna designs.
Its showcases two different fractal antenna geometries: a star-
shaped fractal antenna and a Sierpinski triangle fractal antenna,
both highlighting specific aspects like feed points and geomet-
ric dimensions. The Figure 2 illustrates an metasurface.
The proposed antenna structure was achieved by an iterative

process based on a combination of analytical modeling and full-
wave electromagnetic simulation using ANSYS HFSS Soft-
ware. Key design parameters such as patch geometry, substrate
properties, and size of the metasurface unit cells were care-
fully optimized to target the desired resonance frequencies, en-
sure good impedance matching, and achieve specific radiation
patterns. Simulations were performed with radiation boundary
conditions on all outer surfaces to mimic an open environment,
and a discrete wave port was used to excite the system with a
uniform plane wave source. Mesh refinement was used around
important features, such as the star-shaped patch with a sym-
metric notch, to help with the accuracy of the model. These
simulation strategies allowed the reliable extraction of antenna
performance metrics such as S-parameters, gain, and radiation
patterns that can be used to create an effective balance between
antenna size, bandwidth, and gain for the desired application.

3.2. Mathematical Modeling of Fractal Geometry
The mathematical underpinning of the fractal antenna design
involves the calculation of the fractal dimension D and its im-
pact on bandwidth and resonant frequencies of antenna. The
fractal dimension for the Sierpinski triangle can be derived from
the formula:

D =
log(N)

log(Scale Factor)
(1)

whereN is the number of self-similar copies, and the Scale Fac-
tor is the ratio by which each iteration is scaled down. For the
Sierpinski triangle, N = 3 and the Scale Factor is 2, yielding:

D =
log(3)
log(2)

≈ 1.585 (2)

With a fractal dimension of the Sierpinski triangle DGS (≈
1.585) corresponds to a higher effective electrical length than
a regular triangular shape, enhancing its resonance capabili-
ties. This fractal recursive process organizes surface currents
across multiple scales, promoting scattering and localization of
surface waves. As a result, the coherent propagation of sur-
face waves is disrupted, reducing mutual coupling. The inher-
ent scaling properties of the fractal geometry, therefore, lead
to more effective surface wave suppression compared to tradi-
tional planar structures.
Additional implications of the fractal design include modifi-

cations to the effective area and the radiation properties, repre-
sented by the following equations:

Aeff =
λ2

4π
×G (3)

Gain (G) =
4π ×Aeff

λ2
(4)

whereAeff is the effective area,G is the gain, and λ is the wave-
length.

3.3. Procedure for Design R-SRR Metasurface
The integration of the fractal geometry significantly affects the
radiation pattern and impedance characteristics of the antenna.
Due to the recursive nature of the fractal design, the antenna
exhibits a self-similarity in its radiation patterns across the op-
erational bands, thereby improving the overall performance.
Additionally, the fractal structure helps in achieving a better
impedance match at multiple frequencies, reducing the return
loss and increasing the system efficiency.
This work uses a simulation-driven methodology to realize a

metasurface-assisted fractal patch antenna on FR4, First, elec-
tromagnetic objectives are defined in terms of target resonance,
with FR4 substract modeling. An LC-based surrogate model
of the rectangular split-ring resonator (R-SRR) unit cell is cre-
ated to guide initial parameterization, followed by periodic Flo-
quet port analysis to gather S-parameters and verify resonance
and phase behavior under normal incidence. Finite-array sim-
ulations are then performed to assess inter-cell coupling and
truncation effects, after which iterative adjustments are made
to achieve desired phase coverage for low-profile Fabry-Perot
operation [27, 28]. as shown in Figure 3. The metasurface,
composed of small resonant structures, functions as a high-
impedance surface that creates an artificial magnetic conductor
(AMC). By tuning the metasurface resonance frequency, we
can control the phase reflection coefficient, ensuring in-phase
reflection with the antenna’s radiating patch. This in-phase re-
flection occurs within the Fabry-Perot-like cavity formed be-
tween the patch and the metasurface, significantly enhancing
the antenna’s gain and directivity. The metasurface’s influ-
ence on the Fabry-Perot cavity effect is crucial, as it directly
impacts the antenna’s performance by modifying the electro-
magnetic field distribution and resonance conditions within the
cavity [29, 30].
A λ0/10 air gap of 5.5mm at 5.47GHz in an air-filled Fabry-

Perot cavity using an engineered metasurface superstrate sig-
nificantly enhances the gain and bandwidth of a fractal an-
tenna by enabling strong constructive interference at broad-
side while maintaining a compact profile. Specifically, this
approach achieves 4–7 dB gain improvement and competitive
3 dB bandwidth, aligning with recent results in low-profile FP
cavity antennas employing advanced metasurface unit cell de-
signs [31–34].
A fabricated proposed antenna with two RF antenna designs

on 25mm×30mmFR4, upper is a metasurface and the lower is
symmetrical star-shaped patch top patch with a bottom ground
layer a sierpinski triangle fractal antenna on 1.6mm substrate
PCB, designed for wide-band operation. Fabricated star fractal
antenna as shown in Figure 4 and Figure 5. Chamber Testing
of a fractal antenna in an anechoic chamber for measurement to
eliminate reflections andmimic free-space is shown in Figure 6.
The accompanying Table 2 provides detailed dimensions for

various components of these antennas, specifying substrate ma-
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TABLE 2. Antenna component dimensions.

Descriptions Dimensions (mm)
Substrate FR4 (4.4)
Thickness 1.6

Loss Tangent 0.02λ
a 25
b 30
c 9.2
d 2.05
e 2
f 3.4
g 4.4
h 3
i 3.4
j 1.85
k 2.6
l 1.05
m 2.6
n 3.4
H 5.4

FIGURE 4. Fabricated star-shaped fractal patch with symmetric notch
and metasurface.

terial (FR4 with a dielectric constant of 4.4), overall thickness,
loss tangent, and specific dimensions for elements labeled ‘a’
through ‘n’. These measurements are essential for constructing
the antennas, with particular dimensions affecting performance
characteristics such as bandwidth, gain, and radiation patterns.
Dimensions listed here, such as widths and heights as shown

FIGURE 5. Bottom Group Layer of a fractal DGS with a Sierpinski
triangle design.

in the tables, are critical for antenna design for optimal perfor-
mance and efficiency for the operating frequency range.

4. EXPERIMENTAL RESULTS AND DISCUSSION
This section presents the major findings for the measurement of
a novel star-fractal patch integrated with a Sierpinski triangle
fractal defective ground structure with a chosen metasurface.
Measured results are crucial for validating the theoretical mod-
els and the anticipated improvements in performance metrics
such as bandwidth, gain, and radiation efficiency. Each aspect
of the antenna’s performance is analyzed, with particular fo-
cus on how the fractal design influences operational efficiency
across various frequency bands.

4.1. Experimental Setup
The experimental setup involved a controlled environment
where the fractal antenna was tested for various parameters,
including return loss, radiation pattern, and impedance band-
width. Antenna Measurements were taken using a vector net-
work analyzer (VNA) and an anechoic chamber to ensure ac-
curate data. This setup aimed to replicate typical operational
conditions to assess the antenna’s performance in real-world
scenarios.

4.2. Detailed Analysis of Return Loss Measurements
The experimental analysis of the fractal antenna’s return loss is
crucial for assessing its impedance characteristics, which dic-
tate the antenna’s efficiency and effectiveness in practical sce-
narios as shown in Figure 7. Return loss is a critical met-
ric for determining how well the antenna matches with the
transmission line, aiming to minimize signal reflections back
to the source. Our results reveal exceptionally low return
loss values at specific operational frequencies, indicating op-
timal impedance matching. Specifically, the measured return
loss reached as low as 55.68 dB at frequencies of 5.22GHz,
5.47GHz, and 5.76GHz. These frequencies correspond to the
antenna’s resonant points where maximum power transfer is
achieved, and reflection is minimized. Such low values are in-
dicative of an antenna design that is highly optimized for effec-
tive transmission and reception of signals. The consistency of
these outstanding performance metrics across a defined range
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FIGURE 6. Chamber testing of a proposed antenna in an anechoic chamber for measurement.

FIGURE 7. Return Loss Plot demonstrating impedance matching with
full ground and with Fractal DGS and MS.

of frequencies highlights the effectiveness of the fractal de-
sign in concentrating operational capabilities around its reso-
nant frequencies. This feature is particularly advantageous for
telecommunications applications where precise and efficient
signal management is required. The data not only demonstrate
the fractal antenna’s superior performance in minimizing en-
ergy loss but also underline its potential for the use in advanced
wireless communication systems that demand high precision in
signal handling.

4.3. Analysis of Voltage Standing Wave Ratio (VSWR)

VSWR measurements provide a quantifiable insight into the
antenna’s impedance matching characteristics over the sweep
frequency range as shown in Figure 8. The VSWR plot indi-
cates a superior performance at the antenna’s operational fre-
quency, particularly around 5.47GHz, where the VSWR ap-
proaches the ideal value of 1.0033, suggesting nearly perfect
impedance matching. This minimal VSWR value denotes that
almost all the power supplied to the antenna is effectively ra-
diated, with very little being reflected back, which is crucial

FIGURE 8. VSWR vs frequency plot.

for maximizing the efficiency of the telecommunication sys-
tem. The graph shows that the VSWR remains below 2 across
a wide frequency range, confirming proper impedance match-
ing during its operating bandwidth.

4.4. Interpretation of the Impedance Plot

The impedance plot is a detailed overview of impedance prop-
erties of the antenna throughout the frequency range. It is note-
worthy that at 5.48GHz, the plot provides an impedance equal
to about 1.0023–0.0024i ohms, which is very close to a resistive
match with very small reactive elements, as in Figure 9. This
ideal resistance at the operating frequency will imply that the
antenna is already optimally tuned to the values specified dur-
ing design, and therefore, there is minimal reflection loss and
maximized power transfer to the antenna. The −46.5808◦ an-
gle on the Smith chart also confirms the small phase shift and
at the same time, the efficiency of the antenna in converting
the input power to the radiative energy. Such good impedance
matching is necessary for maximizing the performance of RF
applications in which the antenna must be able to perform as
designed within its assigned operating range.
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FIGURE 9. Impedance plot at resonant frequency showing the antenna’s
near-ideal impedance characteristics, with a minimal reactive compo-
nent and optimal resistive matching.

4.5. Analysis of Gain and Directivity Characteristics

The gain plot reveals very important information on the direc-
tionality and efficiency of the fractal antenna at various an-
gles of incidence as illustrated in Figure 10. The plot shows
a considerable range of gain variation, with the highest value
of 4.38 dB. This peak gain shows the directivity amplification
power of the antenna at a given angle which is important when
the application needs desired signal transmission and reception.
The high gain at these optimum points proves that the antenna
can focus electromagnetic energy effectively, which increases
the range of communication and the quality of signal. It is im-
portant to note that the plot also indicates regions of negative
gain (as low as −17.71 dB) that are the angles at which the an-
tenna is less efficient. This detailed visualization is useful in
comprehending the radiation pattern of the antenna which is
critical in the optimization of the antenna in the real world.
The directivity plot of the fractal antenna demonstrates its

ability to focus electromagnetic energy effectively in specific
directions as shown in Figure 11. The plot indicates amaximum
directivity of 5.19 dBi, showcasing the antenna’s efficiency in
enhancing the power density in the desired direction relative to
an isotropic radiator. This peak directivity occurs at specific
angles, emphasizing the antenna’s design optimization for tar-
geted beam steering capabilities. The plot also illustrates ar-
eas with significantly lower directivity (as low as−16.89 dBi),
highlighting the angular regions where the antenna is less effec-
tive. Such detailed directivity information is critical for deploy-
ing the antenna in scenarios where precise directional control is
required to avoid interference andmaximize communication ef-
fectiveness. Understanding these patterns allows for strategic
placement and orientation of the antenna in complex environ-
ments.

FIGURE 10. Simulated and measured radiation plots.

FIGURE 11. 3D directive plot indicating the fractal antenna’s ability
to focus energy, highlighting its peak and minimum directivity values
across different angles.

4.6. Analysis of Radiation Efficiency
The radiation efficiency plot for the fractal antenna across a
frequency range of 5.00GHz to 6.00GHz illustrates how effi-
ciently the antenna converts input power into radiated energy
as shown in Figure 12. The plot shows a peak efficiency of ap-
proximately 0.8288 or 82.88% at 5.4775GHz, indicating that a
high proportion of the power supplied to the antenna is effec-
tively radiated at this frequency. This high efficiency is crucial
for minimizing energy losses and enhancing overall system per-
formance, particularly in wireless communication applications
where energy efficiency translates directly into longer transmis-
sion ranges and more reliable signals. The efficiency tends to
decrease at higher frequencies, dipping to lower values towards
6.00GHz, which may suggest diminishing performance or spe-
cific design limitations at these frequencies.

4.7. Analysis of Radiation Intensity Characteristics
The radiation intensity plot offers valuable insights into the per-
formance of the fractal antenna over a frequency range from
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FIGURE 12. Radiation efficiency plot indicating the percentage of input
power effectively radiated across the frequency range, with peak per-
formance noted at 5.4775GHz.

FIGURE 13. Radiation intensity plot displaying the peak emission in-
tensity over the operational frequency range, highlighting the antenna’s
optimal performance frequency.

FIGURE 14. Return loss plots of simulated and measured in VNA. FIGURE 15. Simulated and measured gain plots of with and without
metasurface.

5.00GHz to 6.00GHz, focusing on the maximum radiation in-
tensity, labeled as Max U in the plot as shown in Figure 13.
This metric peaks at a value of 0.2181 at the frequency of
5.4775GHz, indicating the point of the highest energy emission
by the antenna. The curve’s ascent to this peak and subsequent
descent reflects the antenna’s ability to focus energy effectively
within this specific bandwidth. This behavior is critical for ap-
plications that require high precision in targeting or beam direc-
tion, such as radar and satellite communications. The decline
post-peak suggests a natural limit to the antenna’s effective fre-
quency range, beyond which its efficiency in focusing radiated
energy diminishes.

4.8. Comprehensive Discussion of Experimental Results

Table 3 presents a detailed summary of experimental results
obtained from the analysis of a fractal antenna designed for
optimizing wireless network performance. The experimen-
tal measurements and simulated results validate the proposed

antenna design method. As shown in Figure 14, the return
loss plots compare the simulated and measured results obtained
from the VNA. The data encompasses a range of metrics such
as gain, directivity, power handling, radiation intensity, and
efficiency, measured across the operational frequency spec-
trum from 5.00GHz to 6.00GHz. These parameters play an
important role in determining the applications of the antenna
in high frequency applications such as telecommunication and
RADAR systems.
The performance of proposed fractal antenna is robust as

given in Table 3. It is important to note that the antenna attains
the highest gain and directivity at 5.47GHz, which corresponds
to the highest intensity and efficiency of the radiation. This op-
timum performance is essential when there is a need to have
precise directional control and high efficiency in power trans-
fer. The step-wise decline in gain and directivity after the peak
frequency implies a bandwidth constraint, and this is crucial to
system designers to take into consideration in the deployment
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TABLE 3. Detailed experimental results of antenna performance metrics.

Frequency (GHz) Gain (dB) Power (dBm) Radiation Intensity Efficiency (%)
5.00 4.50 28.90/28.10 0.1900 80.75
5.10 4.85 29.10/28.30 0.1950 81.00
5.20 5.10 29.30/28.50 0.2000 81.25
5.30 5.10 29.50/28.70 0.2050 81.50
5.40 5.15 29.70/28.90 0.2100 81.75
5.47 5.19 30.00/29.18 0.2181 82.88
5.50 5.10 29.85/29.05 0.2150 82.50
5.60 5.05 29.65/28.85 0.2100 82.25
5.70 4.00 29.45/28.65 0.2050 82.00
5.80 3.95 29.25/28.45 0.2000 81.75
5.90 3.15 29.05/28.25 0.1950 81.50
6.00 2.55 28.85/28.05 0.1900 81.25

context. The critical examination of these parameters helps in
the optimization of antenna design so that it can have improved
performance and reliability in its working bandwidth. The re-
sults of this study highlight the prospect of application of fractal
antennas in the development of advanced wireless communica-
tion systemswhere efficiency and directional accuracy are most
important.
Measured results were compared to simulations to validate

the performance of fabricated antenna. Minor differences be-
tween simulation and experiment come from practical factors
like substrate property variations, fabrication tolerances, and
measurement uncertainties such as instrument calibration and
antenna positioning. Estimated errors are within ±0.2 dB for
return loss and ±0.5 dB for gain, which are minor compared
to overall performance. These variations do not impact the va-
lidity of the design and support the simulation results. A sig-
nificant correlation appears between the measured and simu-
lated return loss plots as shown in the Figure 14, confirming the
antenna’s operational frequency range. The minor frequency
shifts between plots result from practical variances like fabri-
cation tolerances in the fractal geometry and DGS, slight de-
viations in the dielectric constant of the FR-4 substrate, and
impedance effects from soldering the SMA connector. The
close match between measured and simulated data confirms
the antenna’s design and model. Further investigation explored
the effect of the metasurface on the antenna gain. The mea-
sured gain plots demonstrate a notable performance enhance-
ment when metasurface is incorporated with the antenna. The
gain was found to increase significantly within the operational
frequency range compared with the antenna without this meta-
surface, as evident in Figure 15. Particularly, this gain enhance-
ment was accomplishedwithout adversely affecting the antenna
impedance bandwidth, which means that the metasurface can
enhance radiation characteristics. This proves that the intro-
duction of fractal-based ground and metasurface is a feasible
solution for improving the performance of antenna.

5. CONCLUSION
The analysis of the performance of the proposed star fractal an-
tenna over a frequency range of 5.00GHz to 6.00GHz has pro-
vided much insight into operational capabilities and limitations
of the antenna. A key achievement is enhancing gain while pre-
serving a wide bandwidth of 10.24% in the C-band, meeting
the needs of compact, planar wireless platforms. The metasur-
face superstrate improved forward radiation without sacrificing
impedance bandwidth, while the star fractal patch and recur-
sive fractal DGS together stabilized matching and reduced un-
wanted surface currents. The resulting wide impedance band-
width, low return loss, near-unity VSWR, moderate gain with
better directivity, and high efficiency across the 5.22–5.78GHz
target band ensure reliable link performance and spectral flex-
ibility for next-generation wireless and IoT systems. These
findings suggest that co-designing radiating fractal geometries
with a tailored DGS and a metasurface can achieve balanced
improvements in matching, directivity, and gain for C-band
applications where miniaturization and integration are essen-
tial. The strong agreement between measurement and sim-
ulation enhances confidence in the design methodology for
application-specific antenna modules. Limitations include the
fixed superstrate and sensitivity to assembly tolerances, which
can cause slight resonance shifts and minor gain variations. Fu-
ture work will explore reconfigurable metasurface, broader fre-
quency scalability, adaptive impedance control under platform
loading, and improvements through low-loss substrates, fabri-
cation, and array integration.
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