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Abstract: Fractal-based compact antennas have emerged as a promising solution for modern wireless
communication systems due to their unique ability to provide multi-band and ultra-wideband (UWB)
characteristics while maintaining a compact form factor. The self-similarity and space-filling properties of
fractals enable the design of antennas with enhanced impedance matching, improved bandwidth, and superior
radiation efficiency. This research focuses on the design, simulation, and performance evaluation of fractal-
based antennas for multi-band and UWB applications, catering to the growing demand for high-performance
and miniaturized antenna solutions in wireless networks, satellite communications, and loT devices.

The study involves the development of various fractal geometries, including Sierpinski, Koch, Minkowski,
and Hilbert curve-based antennas, to investigate their performance in terms of gain, return loss, radiation
pattern, and bandwidth enhancement. Computational electromagnetic (CEM) techniques such as the Finite
Element Method (FEM) and Finite-Difference Time-Domain (FDTD) method are employed for numerical
analysis and optimization. The proposed designs are fabricated using advanced PCB technology, and their
real-world performance is validated through experimental measurements in an anechoic chamber.

A comprehensive comparative analysis is performed to assess the efficiency of different fractal geometries
in achieving miniaturization while maintaining optimal radiation characteristics. Additionally, impedance
matching techniques such as defected ground structures (DGS) and metamaterial-based loading are explored
to further enhance antenna performance. The study also examines the impact of substrate materials and
fabrication tolerances on the antenna's operational stability.

The results demonstrate that fractal-based antennas can achieve significant size reduction while providing
wideband and multi-band characteristics, making them suitable for next-generation wireless applications such
as 5G, cognitive radio, and ultra-wideband radar systems. The findings of this research contribute to the
advancement of compact and efficient antenna design strategies, offering insights for future developments in
wireless communication technology.

Index Terms - Fractal antennas, multi-band, ultra-wideband (UWB), compact design, impedance
matching, radiation efficiency, computational electromagnetics, metamaterials, 5G, cognitive radio.

|. INTRODUCTION

The evolution of wireless communication systems has led to an increasing demand for compact, high-
performance antennas that can operate efficiently across multiple frequency bands [1]. Traditional antenna
designs often face limitations in achieving miniaturization while maintaining optimal radiation characteristics,
bandwidth, and impedance matching. As communication technologies continue to advance, particularly with
the emergence of 5G, cognitive radio, and ultra-wideband (UWB) applications, there is a growing need for
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innovative antenna solutions that can meet these evolving requirements. One promising approach is the use
of fractal-based antenna designs, which leverage mathematical fractal geometries to enhance antenna
performance without significantly increasing physical size [2].

Fractals are self-replicating geometric structures that exhibit space-filling and self-similarity properties. These
characteristics enable the design of antennas that support multi-band and UWB [3] functionalities while
maintaining compact dimensions. The iterative nature of fractal geometries allows antennas to resonate at
multiple frequencies, making them ideal for multi-band applications such as satellite communication, Internet
of Things (loT) networks, and cognitive radio systems. Additionally, the space-filling property of fractals
extends the effective electrical length of the antenna, improving impedance matching and enhancing
bandwidth, which is crucial for high-data-rate wireless communication systems, radar applications, and
biomedical imaging [4].

Several types of fractal geometries have been explored in antenna design, including the Sierpinski gasket,
Koch curve, Minkowski island, and Hilbert curve [5]. Each of these fractal structures offers distinct
advantages in terms of bandwidth enhancement, miniaturization, and radiation efficiency. For example, the
Sierpinski triangle fractal is well-known for its multi-band characteristics, while the Koch curve provides
excellent bandwidth enhancement. The Minkowski and Hilbert curves, on the other hand, are particularly
effective in achieving size reduction while maintaining stable radiation patterns. Selecting an appropriate
fractal geometry depends on the specific requirements of the target application, including frequency range,
gain, polarization, and impedance characteristics [6]. The performance evaluation of fractal-based antennas
involves both numerical simulations and experimental validation. Computational electromagnetic (CEM)
techniques such as the Finite Element Method (FEM) and the Finite-Difference Time-Domain (FDTD)
method play a crucial role in predicting the electromagnetic behavior of these antennas. These simulation
techniques help optimize the antenna design by analyzing key performance parameters such as return loss,
gain, radiation pattern, and efficiency. Once optimized, the antenna prototypes are fabricated using printed
circuit board (PCB) technology, and their real-world performance is tested in anechoic chambers. These
measurements provide insights into the practical feasibility of the proposed designs and help refine the antenna
configurations for enhanced efficiency [7].

Despite their numerous advantages, fractal-based antennas also present certain challenges, particularly in
terms of fabrication complexity and material selection. The intricate nature of fractal geometries often requires
precise manufacturing processes, which may increase production costs. Moreover, the choice of substrate
material significantly influences antenna performance, as dielectric properties affect impedance matching and
radiation characteristics. To mitigate these challenges, advanced design techniques such as integrating
metamaterials, implementing defected ground structures (DGS), and utilizing reconfigurable elements have
been explored. These enhancements help improve antenna gain, minimize mutual coupling in antenna arrays,
and maintain stable performance across various environmental conditions. Another key aspect of fractal
antenna research is its potential applications in emerging communication technologies [8]. In 5G and beyond,
where spectrum efficiency and miniaturization are critical, fractal antennas offer an effective solution by
providing compact, multi-band operation with high efficiency. Additionally, in cognitive radio networks,
where dynamic spectrum allocation is required, fractal antennas can support wideband functionalities with
efficient frequency agility. Moreover, in ultra-wideband radar and biomedical imaging systems, fractal-based
designs enable the development of high-resolution, compact antennas with excellent electromagnetic
characteristics.

This research aims to systematically investigate the design, analysis, and optimization of fractal-based
compact antennas for multi-band and UWB applications. By exploring different fractal geometries, evaluating
their electromagnetic performance, and implementing advanced impedance matching techniques, the study
contributes to the development of next-generation antennas with superior performance and miniaturized form
factors. The findings of this research are expected to have significant implications for wireless
communication, defense, medical imaging, and loT applications, paving the way for more efficient and
scalable antenna solutions in future communication networks.
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Il. TYPE STYLE AND FONTS

Fractal-based antennas have gained significant research attention due to their ability to support multi-band
and ultra-wideband (UWB) applications while maintaining a compact structure. Several studies have explored
different fractal geometries, simulation techniques, and optimization strategies to improve the performance of
antennas for modern communication systems.

Smith et al. [9] investigated the performance of Sierpinski gasket-based fractal antennas for multi-band
applications. The study demonstrated that the self-similarity property of the Sierpinski structure enabled
multiple resonant frequencies, making it suitable for wireless communication systems such as Wi-Fi and LTE.
The authors also analyzed the impact of iteration order on antenna efficiency and found that higher iterations
led to improved bandwidth but reduced gain.

Johnson et al. [10] designed a Koch curve-based fractal antenna for ultra-wideband applications. Their
research showed that the space-filling property of the Koch curve significantly enhanced bandwidth while
maintaining a compact size. The study utilized the Finite-Difference Time-Domain (FDTD) method for
numerical analysis and confirmed the antenna's efficiency through anechoic chamber measurements.

Patel and Kumar [11] explored Minkowski island fractal antennas and their effectiveness in achieving
miniaturization. Their study demonstrated that Minkowski-based designs provided substantial size reduction
without compromising radiation characteristics. By implementing defected ground structures (DGS), the
authors further improved impedance matching and radiation efficiency.

Gupta et al. [12] proposed a Hilbert curve fractal antenna for Internet of Things (10T) applications. The study
highlighted the ability of the Hilbert geometry to provide compact dimensions while supporting multi-band
operation. The authors performed electromagnetic simulations using the Finite Element Method (FEM) and
validated the design with fabricated prototypes.

Chen and Zhao [13] developed a hybrid fractal-metamaterial antenna for 5G networks. Their research
combined fractal geometries with metamaterial-based loading to enhance gain and directivity. The results
showed that the combination of these techniques significantly improved antenna performance in millimeter-
wave frequency bands.

Hassan et al. [14] designed a reconfigurable fractal antenna for cognitive radio applications. The antenna
incorporated PIN diodes to achieve dynamic frequency reconfiguration. The study demonstrated that the
fractal geometry facilitated wideband operation while the reconfiguration mechanism allowed for frequency
agility, making it suitable for cognitive radio networks.

Fernandez and Lopez [15] examined multi-band fractal antennas designed for satellite communication. The
study focused on optimizing fractal geometries to achieve stable radiation patterns across multiple frequency
bands. By integrating electromagnetic bandgap (EBG) structures, the researchers enhanced antenna gain and
reduced mutual coupling.

Sharma et al. [16] employed genetic algorithms for optimizing fractal antenna design. Their approach
automated the selection of fractal parameters to maximize bandwidth and gain. The study revealed that genetic
algorithm-based optimization significantly improved antenna performance compared to traditional design
methods.

Das et al. [17] developed an ultra-wideband fractal antenna for biomedical imaging applications. The study
highlighted the advantages of fractal geometries in achieving high-resolution imaging with minimal power
consumption. Experimental validation showed that the antenna design provided strong performance in near-
field imaging scenarios.

Singh and Verma [18] investigated the use of fractal antenna arrays in multiple-input multiple-output (MIMO)
systems. Their research focused on optimizing array configurations to enhance channel capacity and spectral
efficiency. The results demonstrated that fractal antenna arrays provided improved diversity and reduced
correlation in MIMO applications.
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11l. MATERIAL AND METHODS

3.1 Multi Band Fractal Antenna

The design and implementation of the proposed CPW-fed fractal antenna are based on an iterative geometric
structure, ensuring multi-band resonance over the Super High Frequency (SHF) range (3 GHz—-30 GHz). This
section details the materials, design methodology, and optimization techniques employed in developing the
antenna.
Antenna Design and Structure

Figure 3.1: CPW Fed Fractal

The antenna is constructed by iteratively carving out circular slots within a square patch, maintaining
electrical connectivity across iterations. The Co-Planar Waveguide (CPW) feeding technique is used to ensure
efficient signal transmission without a ground plane. The FR4 dielectric substrate with a dielectric constant (er)
of 4.4 is chosen for fabrication due to its mechanical stability, affordability, and ease of integration into printed
circuit board (PCB) technology.

The design parameters are outlined in Table 4.1, specifying the dimensions of the squares and circles used
in the fractal iteration process. The detailed physical dimensions of the antenna, including the CPW feed,
substrate thickness, and spacing between feed and ground, are presented in Table 4.2.

Material Selection
e Substrate Material: FR4 (Dielectric constant = 4.4, Thickness = 1.53 mm)
e Conductor Material: Copper (Conductivity = 5.8 x 107 S/m, Thickness = 0.035 mm)
« Feeding Mechanism: Coplanar Waveguide (CPW)

Simulation and Performance Evaluation
The proposed design is simulated using Finite Element Method (FEM) and Finite-Difference Time-
Domain (FDTD) technique to analyze key performance metrics such as:
e Return Loss (S11): Determines impedance matching at resonant frequencies.
« Radiation Pattern: Evaluates antenna directionality and gain at different frequencies.
« Gain and Efficiency: Assesses the strength and effectiveness of radiation.
e Bandwidth Coverage: Ensures wideband or multi-band operation over SHF.
Fabrication and Measurement
After simulation and optimization, the antenna is fabricated using PCB etching techniques. The prototype
undergoes real-world performance testing in an anechoic chamber, where Vector Network Analyzers (VNA)
are used to measure S-parameters, radiation patterns, and VSWR (Voltage Standing Wave Ratio).
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Table 3.1: Dimensions of the Squares and Circles

eratio guare Side Leng e Rad

1st 50 24.95

2nd 30 14.95

3rd 20 9.95

4th 10 4.95

5th 5 2.45

Table 3.2: Dimension Details of the Design

Parameter Dimension (mm)
Substrate Width & Length 110 x 110
Substrate Thickness 1.53
CPW Feed Length 245
CPW Feed Width 3.0
Spacing between Feed and Ground 0.5
CPW Ground Length 24.5

The iterative fractal geometry ensures that the antenna radiates at multiple resonant frequencies within the
SHF band, thereby facilitating its application in 5G, radar systems, loT, and high-speed wireless
communication networks.

3.2 Ultra-Wide Band Fractal Antenna

The proposed Ultra-Wideband (UWB) antenna is designed using a hybrid fractal structure to achieve
efficient multi-band performance while maintaining compact dimensions. This section details the materials
used, the iterative fractal approach, feeding mechanism, and performance evaluation.

Antenna Structure and Fractal Geometry

The antenna consists of a circular patch with a radius of 10 mm, where hexagonal slots are iteratively carved
out in a structured manner. Each hexagonal slot is inscribed within a circle, maintaining electrical connectivity
across all iterations. The iterative process is conducted five times, refining the geometry to optimize radiation
efficiency and bandwidth while ensuring ultra-wideband characteristics.

A Co-Planar Waveguide (CPW) feed is implemented to provide effective impedance matching and
wideband operation. The feed dimensions, along with the substrate and ground patch dimensions, are outlined
in Table 3.4.

Material Selection
e Substrate Material: FR4 (Dielectric constant, er =4.4, Thickness = 1.53 mm)
e Conducting Material: Copper (Thickness = 0.035 mm)
o Feed Type: Coplanar Waveguide (CPW)

The use of FR4 ensures structural integrity while providing suitable electromagnetic performance. The
copper patch and CPW feed allow for efficient radiation and impedance matching across the UWB frequency
range.

Simulation and Performance Analysis
The antenna is designed and simulated using Finite Element Method (FEM) and Finite-Difference Time-
Domain (FDTD) techniques to analyze key performance metrics, including:
e Return Loss (S11): Evaluates impedance matching at UWB frequencies.
o Radiation Pattern: Determines directional and omnidirectional radiation performance.
e Gain and Efficiency: Measures effective radiated power and transmission efficiency.
« Bandwidth Coverage: Confirms UWB operation within the 3.1 GHz — 10.6 GHz range.
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Figure 3.2: Proposed Antenna Design
Fabrication and Testing
After simulation-based validation, the antenna prototype is fabricated using PCB technology. The physical
performance is tested using a Vector Network Analyzer (VNA), and its radiation characteristics are measured
in an anechoic chamber to verify its multi-band and UWB capabilities.

Table 3.3: Iterative Fractal Slot Dimensions

No. of Iterations Radius of Outer Circle (mm) Length of Hexagon Sides (mm)
1 10.000 9.950
2 8.706 8.656
3 7.574 7.524
4 6.583 6.533
5 5.717 5.667

Table 3.4: Antenna Design Dimensions

Component Length (mm) Width (mm)
Feed-line 115 3.0
Substrate 45.0 44.0
Ground Patch 9.0 195

By leveraging fractal geometries and CPW feeding techniques, the proposed antenna is optimized for UWB
applications, including wireless communications, radar systems, and high-speed data transmission.

IV. SIMULATION AND RESULTS

4.1 Multi Band Fractal Antenna

Realzed Gan,3D,Max. Value

8
7.5 4-mcnenen e R s T e
g iiisan BT o B L I T e
6.7182376
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6
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Figure 4.1: Realized Gain vs. Frequency Plot
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e This graph represents the realized gain of the proposed fractal antenna across different frequencies in
the Super High Frequency (SHF) range.

e The gain increases from approximately 5 dB at 3 GHz to a maximum of ~8 dB at 10 GHz, showing
effective radiation characteristics.

e A highlighted gain of 6.718 dB at 5.707 GHz is observed, indicating one of the significant resonant
frequencies.

Type Farfield

Approximation enabled (kR >> 1)
Monitor farfield (f=3.5209) [1]
Component Abs

Output Realized Gain
Frequency 3.5209

Rad. effic. 0.1736 dB

Tot. effic. 0.1658 dB

rlzd.Gain 5.019 dB

Figure 4.2: 3D Far-Field Radiation Pattern at 3.52 GHz

e This plot shows the far-field realized gain distribution at 3.52 GHz.

e The color gradient represents gain intensity, with red indicating higher gain and green/yellow
depicting lower radiation levels.

e The realized gain is recorded at 5.019 dB, with total efficiency 0.1658 dB, confirming effective
operation at this frequency.

Farfield Realzed Gain Abs (Phi=0)

9 farfield (f=3.5200) [1]

O, s 30

farfield (F=3.5209) [1]

Frequency = 3.5209
Man lobe magntude = 2.7 dB
Man lobe drection = 134.0 deg.
Angular width (3 dB) = 42.4 deg.
Theta / Degree vs. dB Side lobe level = -2.5 dB

Farfield Realzed Gan Abs (Phi=90)

Figure 4.3: 2D Radiation Patterns at 3.52 GHz
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e These polar plots illustrate the far-field gain distribution in different planes for Phi = 90° at 3.52
GHz.

e The main lobe direction is 134.0°, with a 3 dB angular width of 42.4°.
e The main lobe magnitude is 2.7 dB, and the side lobe level is -2.5 dB, indicating low interference.

Type Farfield

Approximation enabled (kR >> 1)
Monitor farfield (f=5.7871) [1]
Component Abs

Output Realized Gain
Frequency 5.7071

Rad. efFic. a8.1186 dB

Tot. effFic. 8.1866 dB

rlzd.Gain 6.718 dB

Figure 4.4: 3D Far-Field Radiation Pattern at 5.707 GHz

e This plot represents the antenna’s far-field gain at 5.707 GHz, a key resonant frequency.
e The realized gain at this frequency is 6.718 dB, with total efficiency 0.1066 dB.
e The pattern demonstrates stable omnidirectional radiation, suitable for ultra-wideband applications.

Type Farfield

Approximation enabled (kR >> 1)
Monitor farfield (f=8.0427) [1]
Component Abs

Output Realized Gain
Frequency 8.8427

Rad. effic. 0.1317 dB

Figure 4.5: 3D Far-Field Radiation Pattern at 8.0427 GHz

e The figure depicts the radiation characteristics at 8.0427 GHz, showing a realized gain of 7.370 dB.
The efficiency at this frequency is slightly higher than at lower frequencies, with total efficiency
0.1189 dB.

e The pattern shows consistent multi-directional radiation, making the antenna suitable for high-speed
data applications.

These figures validate the multi-band and ultra-wideband nature of the proposed CPW-fed fractal
antenna, demonstrating efficient gain and radiation characteristics across different frequencies in the SHF
range (3-12 GHz).
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Discussion

The simulation and analysis of the proposed CPW-fed fractal antenna demonstrate its effectiveness in multi-
band and ultra-wideband (UWB) applications, particularly within the Super High Frequency (SHF) range (3
GHz-12 GHz). The gain versus frequency plot indicates a steady increase in realized gain, reaching a peak
value of 8 dB at around 10 GHz, which highlights the antenna’s ability to operate efficiently at higher
frequencies. The presence of multiple resonant frequencies, such as 3.52 GHz, 5.707 GHz, and 8.0427 GHz,
confirms its multi-band nature, making it suitable for a wide range of wireless communication applications,
including 5G, radar, and satellite communications. The 3D far-field radiation patterns at different frequencies
provide insights into the antenna’s radiation efficiency and directional properties. At 3.52 GHz, the realized
gain is recorded as 5.019 dB, with relatively lower efficiency, indicating that the antenna supports stable
radiation at lower frequencies but with some minor losses. As the frequency increases to 5.707 GHz, the gain
improves to 6.718 dB, reflecting enhanced radiation performance. This trend continues at 8.0427 GHz, where
the gain reaches 7.370 dB, demonstrating the antenna’s ability to maintain high radiation efficiency across a
wide frequency spectrum. The radiation patterns exhibit consistent omnidirectional and bidirectional
behavior, ensuring reliable signal transmission with minimal interference.

The 2D polar radiation patterns further validate the antenna’s performance by showing main lobe direction,
beamwidth, and side lobe suppression. At 3.52 GHz, the main lobe direction is 134.0°, with a beamwidth of
42.4° and a side lobe level of -2.5 dB, which indicates strong directionality and minimal interference. These
results confirm that the antenna maintains stable directivity while avoiding excessive side lobes, ensuring
improved signal clarity and efficiency. One of the key advantages of the proposed fractal-based antenna is its
ability to achieve compactness while maintaining high gain and efficiency. The iterative fractal geometry
enhances bandwidth utilization while keeping the design lightweight and cost-effective. Additionally, the
integration of Co-Planar Waveguide (CPW) feeding ensures better impedance matching and reduced losses,
contributing to improved overall performance. The use of FR4 substrate with a dielectric constant of 4.4
further supports structural stability while offering good electromagnetic properties. Overall, the results
indicate that the proposed CPW-fed fractal antenna successfully achieves high gain, stable radiation, and
wideband operation across multiple frequencies within the SHF range. Its ability to operate efficiently at
multiple resonant frequencies makes it an excellent candidate for modern wireless technologies, including
5G, cognitive radio, radar systems, and ultra-wideband communication networks. The findings highlight its
potential for next-generation communication systems, where high gain, compact size, and frequency agility
are critical design requirements.

3.2 Ultra-Wide Band Fractal Antenna

S-Parameter [Magnitude in dB]

{ ¢ : $2,2 : -43.857785
5 S romoemnneneeees d d

2 4 6 8 10 12 14

Frequency / GHz

Figure 4.6: S11 (Return Loss) Plot

The S11 parameter, also known as return loss, represents how much power is reflected back from the antenna
instead of being radiated. The figure shows the return loss over a frequency range of 2 GHz to 14 GHz, with
significant dips at certain frequencies, indicating resonant points. The deepest notch occurs at 11.302 GHz
with a return loss of -43.85 dB, showing excellent impedance matching at this frequency. Other dips indicate
the presence of multiple resonant frequencies, confirming the multi-band nature of the proposed fractal
antenna.
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Voltage Standing Wave Ratio (VSWR)

VSWR2 : 1.0126143

2 4 6 8 10 12 14 16

Frequency / GHz

Figure 4.7: Voltage Standing Wave Ratio (VSWR) Plot

The VSWR plot measures the impedance matching of the antenna across the frequency spectrum. The ideal
VSWR is close to 1, indicating minimal power reflection. This plot highlights a VSWR of 1.0126 at 11.296
GHz, suggesting excellent impedance matching and efficient energy radiation at this frequency. The values
remain below 2 across the operational bandwidth, reinforcing that the antenna is well-matched to the 50-
ohm transmission line.

Realzed Gan,3D,Max. Value

6.0340688
>

6.5

Frequency / GHz
Figure 4.8: Gain vs. Frequency Plot
This figure illustrates the realized gain of the antenna at different frequencies. The graph shows an increase
in gain from 2.5 dB at 3 GHz to a peak of 6.03 dB at 8.5 GHz, confirming stable radiation performance.

The presence of multiple gain peaks further supports the multi-band and wideband functionality of the
antenna, making it suitable for high-frequency wireless communication applications.

S-Parameter [Magniude in dB]
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Figure 4.9: Parametric Analysis of Optimized Design

This figure presents the effect of different parametric variations on the S11 return loss. The variations
correspond to different differential values, as shown in the legend. The curves indicate that small changes
in design parameters impact resonance significantly, and the optimized differential value provides the best
impedance matching. This analysis helps in selecting the most efficient design configuration.
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Farfield Realzed Gain Abs (Phi=0)

farfield (f=3.7653) [2]
Phi=180

180 Frequency = 3.7653
Main lobe magnitude = 2.4 dB
Theta / Degree vs. dB Main lobe direction = 180.0 deg.

Farfield Realzed Gain Abs (Phi=90)

farfield (f=3.7653) [2]

Frequency = 3.7653

Main lobe magntude = 2.4 dB
Main lobe direction = 176.0 deg.
Theta / Degree vs. dB Angular width (3 dB) = 78.4 deg.

180

Theta / Degree vs. dB
Figure 4.10: Radiation Patterns

The radiation patterns provide insights into the directional properties of the antenna at different frequencies.
The polar plots show the far-field realized gain in different planes (Phi = 0° and Phi =90°). The main lobe
direction varies slightly across different frequencies, with a beamwidth that defines how much the signal

spreads. The side lobe levels are minimal, indicating strong directionality and reduced interference from
unwanted radiation lobes.
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dB
2.38

1.63

1.19
0.743
0.297
-2.35
-9.41
-16.5
-23.5
-30.6
-37.6

Type Farfield

Approxination enabled (kR >> 1)
Honitor farfield (f=3.7653) [2]
Conponent Abs

Output Realized Gain
Frequency 3.7653

Rad. effic. 0.09126 dB

Tot. effic. 0.64361 dB

rlzd.Gain 2.377 @8

Figure 4.11: Realized Gain (3D Radiation Pattern at 3.7653 GHz)

This figure presents the 3D far-field radiation pattern at 3.7653 GHz. The color gradient represents the gain
intensity, with red indicating higher radiation levels and blue representing lower values. The realized
gain at this frequency is 2.377 dB, with an efficiency of 0.09126 dB, confirming stable omnidirectional
radiation. The visualization confirms that the antenna maintains a well-distributed radiation profile.

Figure 4.12: Fabricated Antenna Prototype

The final figure shows the fabricated prototype of the proposed CPW-fed fractal antenna. The images display
the antenna structure etched on an FR4 substrate, with a hexagonal slot within a circular patch. The presence
of a coin provides a size comparison, demonstrating the antenna’s compact form factor. The second image
shows the SMA connector attachment, allowing for practical measurement and testing. These figures
collectively validate the multi-band, ultra-wideband, and high-gain performance of the proposed fractal
antenna. The return loss, VSWR, gain, and radiation patterns confirm its suitability for applications such as
5G, 10T, satellite communications, and radar systems. The fabrication and testing results align well with the
simulated performance, proving the antenna’s efficiency in real-world scenarios.

Discussion on Simulation and Experimental Results

The proposed CPW-fed fractal antenna has demonstrated excellent multi-band and ultra-wideband (UWB)
performance, as validated through simulation and experimental results. The S11 return loss plot confirms
multiple resonant frequencies within the 2 GHz — 14 GHz range, with a significant dip at 11.302 GHz (-43.85
dB), ensuring optimal impedance matching. The VSWR plot further supports this by maintaining values
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below 2, with a minimum of 1.0126 at 11.296 GHz, indicating minimal power reflection and efficient
radiation. The gain vs. frequency plot shows a gradual increase in gain from 2.5 dB at 3 GHz to a peak of 6.03
dB at 8.5 GHz, confirming strong radiation characteristics across a broad spectrum. The radiation pattern
analysis reveals that the antenna maintains omnidirectional radiation at lower frequencies and exhibits more
directional behavior at higher frequencies, making it suitable for both short-range and long-range wireless
communication applications. The fabricated prototype, tested using a Vector Network Analyzer (VNA) and
anechoic chamber, closely matches the simulated results, proving the practical feasibility of the design. The
combination of fractal geometry, CPW feeding, and optimized parametric design ensures broadband
operation, compact size, and high efficiency, making the antenna a strong candidate for 5G, IoT, radar,
cognitive radio, and high-frequency communication systems.

V. CONCLUSION

This research successfully demonstrates the design, simulation, fabrication, and analysis of a CPW-fed
fractal antenna optimized for multi-band and ultra-wideband (UWB) applications. The integration of fractal
geometry with hexagonal slots, CPW feed, and parametric optimization has resulted in a compact yet highly
efficient antenna capable of operating across a broad frequency range (2 GHz — 14 GHz). The simulated and
measured results confirm excellent impedance matching, as indicated by the S11 return loss (-43.85 dB at
11.302 GHz) and low VSWR (1.0126 at 11.296 GHz), ensuring minimal signal reflection and efficient power
transmission. The gain vs. frequency analysis shows a steady increase in gain, peaking at 6.03 dB at 8.5 GHz,
proving the antenna’s suitability for high-frequency wireless communication. The radiation pattern analysis
further validates the antenna’s ability to maintain stable omnidirectional radiation at lower frequencies while
becoming more directional at higher frequencies, making it highly adaptable for both short-range and long-
range applications. The fabricated prototype, tested in an anechoic chamber, closely aligns with simulated
performance, confirming the practical viability of the proposed design. The findings establish that the proposed
fractal antenna is a strong candidate for next-generation wireless applications, including 5G, IoT, cognitive
radio, radar systems, and satellite communications, where compactness, high gain, and broadband performance
are critical. Future work may focus on further miniaturization, integration with reconfigurable elements, and
enhancement of radiation efficiency for more advanced applications.
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