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Abstract

This paper presents a comparative study of two fractal antennas—the Sierpinski
Carpet and Koch Snowflake-designed with identical dimensions and operating
at 2.3 GHz. Although similar in size, their different fractal geometries lead
to distinct electromagnetic behaviors. Key performance metrics such as input
impedance, reflection coefficient, and radiation patterns are analyzed.
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1 Introduction

Fractal geometry has emerged as a powerful tool in the analysis and design of complex
structures that defy classical Euclidean dimensionality. Many natural and artificial
systems exhibit forms that are better described using non-integer, or fractional, dimen-
sions. The foundational work of mathematicians such as Georg Cantor, Helge von
Koch, Gaston Julia, Pierre Fatou, and Sierpinski laid the groundwork for the study of
such geometries. The term fractal, coined by Benoit Mandelbrot, formally characterizes
these structures, which are defined by their self-similarity and fractal dimension [1-5].

Fractal objects possess several remarkable properties beyond their non-integer
dimension. For instance, they may enclose a finite area while having an infinite perime-
ter, or occupy a finite volume while exhibiting infinite surface area. Most notably, their
self-similarity allows them to replicate structural patterns across scales, a property
that has profound implications in physics, engineering, and signal processing.

Related to fractals are space-filling curves—such as those introduced by Peano
and Hilbert-which, although not fractals in the strict sense, fill a finite area with
curves of infinite length. These mathematical constructs have opened new pathways
for applications in electrical and electronic engineering [6-11].

Among the most prominent engineering applications of fractals are:

1. Fabrication of high-capacitance devices by maximizing conductor surface area
within limited volumes;

2. Enhancement of integrated circuit (IC) performance through lateral capacitance in
fractally partitioned layouts;

3. Development of compact, multiband antennas that utilize self-similar geometries
for efficient impedance matching and frequency agility.

Fractal geometries provide unique advantages in antenna design, such as self-
similarity, space-filling characteristics, and scalability. These properties address critical
demands in modern wireless systems, including miniaturization, wide frequency cov-
erage, and efficient multi-band performance [12-14]. Fractal antennas also reduce
mutual coupling in array configurations, enhancing their effectiveness in compact
systems [15-19].

Various fractal structures—such as the Sierpinski gasket, Koch curve, and
Minkowski island-have been employed to design antennas that are lightweight, low-
profile, and capable of supporting multiband or broadband operations without the
need for additional matching networks [20-24].

Fractal antenna arrays, which use recursive or self-similar arrangements of radi-
ating elements, further enhance design flexibility. These arrays enable efficient
beamforming, reduced sidelobes, and compact multiband functionality by exploiting
the geometrical advantages of fractals [19, 25-28].

For example, the Sierpinski gasket antenna has demonstrated multiband oper-
ation across five distinct frequency bands, a behavior attributed to its inherent
self-similarity [29-32]. Similarly, Koch snowflake geometries have been employed in
compact array designs that preserve bandwidth and directional performance [33].

In this paper, we present a comparative study of two widely known fractal anten-
nas: the Sierpiniski Carpet and the Koch Snowflake. Both designs are constructed



with identical physical dimensions and are tuned to operate at 2.3 GHz which is
suitable for the renowned Wi-Fi application. We examine and contrast their elec-
tromagnetic properties-including input impedance, reflection coefficient (S11), and
radiation patterns-through numerical simulations. This analysis highlights how varia-
tions in fractal geometry, particularly the fractal dimension, can be leveraged to tailor
antenna performance for specific wireless communication applications.

2 Fractal Geometry in Antennas

Fractal geometries such as the Koch curve, Sierpinski triangle, and Minkowski loop
have been widely utilized in antenna design due to their unique properties. A key con-
cept in evaluating these structures is the fractal dimension, typically calculated using
Hausdorff or box-counting methods, which directly influences the electromagnetic
behavior and radiation characteristics of the antenna [19].

3 Antenna Design Methodology

Fractal geometries were generated using iterative algorithms to develop two specific
antenna types: the Koch snowflake antenna and the Sierpiriski carpet antenna [29-32].
These designs are particularly effective for multiband and wideband applications due
to their self-similar and space-filling properties [34-36]. The primary design parameters
and geometry for each antenna are summarized below.

3.1 Koch Snowflake Antenna

The Koch snowflake antenna is constructed using three recursive iterations. Its com-
pact and symmetric layout enhances wideband performance, making it suitable for
space-constrained environments.

Iteration order: 3

Length: 0.018 386 m, Height: 0.000 307 18 m

Feed offset: [0, 0], Feed diameter: 0.000 421 95 m

Fractal center offset: [0, 0]

Ground plane: 0.020424 m (length) x 0.022473 m (width)
Tilt: 0° about axis [1, 0, 0]

3.2 Sierpinski Carpet Antenna

The Sierpiniski carpet antenna features a planar geometry with three levels of iteration.
Its regular pattern supports multiband behavior and simplifies fabrication.

Iteration order: 3

Length and width: 0.018 386 m, Height: 0.000 307 18 m
Stripline width: 0.00042195m

Feed offset: [-0.010212, 0], Fractal center offset: [0, 0]
Ground plane: 0.020424 m (length) x 0.022473 m (width)
Tilt: 0° about axis [1, 0, 0]
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Fig. 1: Fractal antenna geometries: (a) Koch snowflake antenna and (b) Sierpiriski
carpet antenna.

As illustrated in Figure 1, the recursive nature of these fractal antennas facilitates
frequency agility and compactness. Specifically, Figure 1a shows the Koch snowflake
antenna, while Figure 1b depicts the Sierpinski carpet antenna. Both structures offer
advantageous characteristics for wireless applications [19, 25-28].

3.3 Box-Counting Dimension of Fractal Antennas

To quantitatively assess the complexity of the antenna geometries, we used the box-
counting method to estimate their fractal dimensions [37]. This technique overlays a
binary image with grids of decreasing box size €, counting the number of boxes N(¢)
that intersect the fractal pattern. The fractal dimension D is then approximated by
the slope of the log-log plot of N(g) versus 1/e:

This analysis was performed on two canonical fractal structures relevant to antenna
design:

® Koch Snowflake: After converting the image to grayscale and binarizing it at a
threshold of 128, the estimated box-counting dimension was:

Dicoch ~ 1.2619.

® Sierpinski Carpet: Using the same preprocessing steps, the box-counting dimension
was found to be:
DSierpiI']ski ~ 1.8928.

The box-counting dimensions of the Koch snowflake and the Sierpiriski carpet are
estimated using the log-log plots in Figure 2. In subplot (a), the linear trend confirms
the self-similarity of the Koch snowflake, and the slope provides a numerical estimate
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Fig. 2: (a) Log-log plot for box-counting dimension of the Koch snowflake. (b) Log-
log plot for box-counting dimension of the Sierpinski carpet.

of its fractal dimension. Subplot (b) shows the Sierpinski carpet, whose higher slope
reflects its more intricate and space-filling geometry.

4 Antenna Simulation Results

This section provides a comparative analysis of two fractal antenna geometries: the
Koch Snowflake and the Sierpiriski Carpet. Both designs share identical physical
dimensions and are tuned to resonate at a center frequency of 2.3 GHz, which is suit-
able for Wi-Fi applications. Their performance is assessed based on input impedance,
reflection coefficient (S11), radiation patterns, and surface current distribution. Key
differences and characteristics are illustrated and discussed with reference to the
corresponding figures.

The simulations assume an ideal configuration in which air serves as the substrate
layer between the antenna and the Perfect Electric Conductor (PEC) ground plane,
while a layer of Teflon is inserted between the antenna and the copper substrate.

4.1 Koch Snowflake and Sierpinski Carpet with PEC Ground
Plane and Air Substrate

This subsection presents a detailed comparison of two fractal antenna configura-
tions—namely, the Koch Snowflake and the Sierpiriski Carpet—both implemented
with a Perfect Electric Conductor (PEC) ground plane and an air substrate, while a
Teflon layer separates the antenna structure from the copper substrate. Performance
metrics such as impedance, reflection coefficient, radiation characteristics, and surface
current distribution are analyzed and discussed.

1. Koch Snowflake Antenna
The Koch Snowflake antenna is simulated over the frequency range 2-5 GHz. As

shown in Figure 3a, the input impedance exhibits characteristic behavior around
the center frequency of 2.3 GHz. The corresponding reflection coefficient (S11) in



Figure 3b suggests the absence of strong resonance at that frequency, indicating
poor impedance matching and higher return loss.

The far-field 3D radiation pattern at 2.3 GHz is presented in Figure 3c. A
distinct directional main lobe is observed, which is advantageous for targeted com-
munication. The azimuthal (XY-plane) and elevation (XZ-plane) cuts, shown in
Figures 3d and 3e, respectively, further illustrate the angular dispersion and beam
shape.

The surface current distribution at a higher frequency of 20.3 GHz is illustrated
in Figure 3f. The current flow along the intricate fractal boundaries highlights the
antenna’s ability to support multi-frequency behavior.
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Fig. 3: Simulation results for the Koch Snowflake antenna: (a) impedance response,
(b) reflection coefficient S11, (¢) three-dimensional radiation pattern, (d) azimuth radi-
ation pattern, (e) elevation radiation pattern, and (f) surface current distribution.
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2. Sierpinski Carpet Antenna

The Sierpiriski Carpet antenna is simulated over a broader frequency range of
1-5 GHz to capture its multi-band characteristics arising from its self-similar fractal
geometry. As shown in Figure 4a, resonance peaks are evident, reflecting the inher-
ent frequency-selective behavior. The corresponding S1; parameter in Figure 4b
does not exhibit a clear dip at the target frequency of 2.3 GHz, suggesting that the
antenna is not well matched at this frequency.

The 3D far-field radiation pattern at 2.3 GHz is displayed in Figure 4c, showing
a relatively simple radiation structure comparable to that of the Koch antenna.
The azimuth and elevation cuts are provided in Figures 4d and 4e, respectively.
Finally, the surface current distribution at 20.3 GHz is depicted in Figure 4f.
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Fig. 4: Simulation results for the Sierpiriski Carpet antenna: (a) impedance response,
(b) reflection coefficient S11, (¢) three-dimensional radiation pattern, (d) azimuth radi-
ation pattern, (e) elevation radiation pattern, and (f) surface current distribution.
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5 Conclusion

In this study, a comparative analysis was carried out between two fractal antenna
designs—the Sierpinski Carpet and the Koch Snowflake—both configured with identi-
cal physical dimensions and tuned to a resonant frequency of 2.3 GHz. Despite having
the same size and operating frequency, differences in their box-counting fractal dimen-
sions lead to distinct electromagnetic behaviors. Key performance metrics, including
input impedance (Figures 3a and 4a), reflection coefficient (Figures 3b and 4b), and
radiation patterns in both the azimuthal and elevation planes (Figures 3d, 3e, 4d,
and 4e) were examined. The surface current distributions at higher frequencies
(Figures 3f and 4f) further highlighted the influence of fractal geometry on current
flow and resonance.

The results clearly demonstrate how variations in fractal geometry influence
antenna characteristics such as bandwidth, radiation efficiency, and directivity. By
modifying the fractal dimension while keeping other design parameters constant,
antenna performance can be systematically tailored to meet specific requirements in
modern wireless communication systems. All simulations were performed using MAT-
LAB’s Antenna Toolbox with a design frequency centered at 2.3 GHz.
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