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Abstract

Using Sierpinski Triangle Fractals (STFs), a revised Vivaldi antenna with
multiband coverage is presented. This report explains how fractal iterations
can be increased to increase the impedance bandwidth and create new bands
for multiband applications. A study has also shown that radiation patterns
that resemble Euclidean shapes remain the same as their fractal iteration
increases. The purpose of this study is to address a series of issues, including
improvements in the impedance bandwidth, radiation properties, and a
comparison between the simulated and measured results throughout the
entire document, as well as the summary of findings within the report.
Using fractal-structured Sierpinski gaskets in the feed line of the Vivaldi
antenna, this project introduced a new method of feeding the antenna by
using fractal structures Sierpinski gaskets. This project introduces a unique
feeding method that was never discussed previously and is being tested for
the first time. Using this method, a significant amount of work was accom-
plished in designing and optimizing the radial stubs of the antenna feeding
lines for the Vivaldi antenna. It is designed so that when a feed line's central
frequency corresponds with an antenna's bandwidth, its radial stub works
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as a short circuit termination. It transfers energy to its slotted line when
its center frequency corresponds with the antenna's bandwidth. The radial
stub in the feed line of the Vivaldi antenna is usually designed this way and
is typical of how it is usually constructed. Using the fractal patch method,
as antenna bandwidth is moved away from the central frequency of the
antenna, the dimensions of the radial stub will change in relation to the
wavelength as the antenna bandwidth is moved away from its central fre-
quency. As a result, the radial stub will no longer function as a short circuit
termination, and as a result, the antenna will no longer function as an an-
tenna. Consequently, the antenna's slotted line cannot transfer a sufficient
amount of energy into the slotted line, which results in a reduction in effi-
ciency. Based on this study's results, the main problem with this method is
that the radial stab of the feed line has only one resonance frequency. The
following report sums up my research from the NAMRL research laboratory as part of
my master's studies [1].

1. Introduction

The concept of fractal antennas was first introduced in the 1980s by Nathan Cohen [1],
[2]. Since then, the study and development of fractal antennas has grown rapidly, and
they have been widely adopted in a variety of applications [1]. One of the main ad-
vantages of fractal antennas is their ability to achieve multi-frequency and multi-band
operation [2-23]. This has made them particularly useful for wireless communication
systems, where a single antenna must be capable of operating in multiple frequency
bands. In addition to their multi-frequency capabilities, fractal antennas have also been
shown to have improved electrical performance compared to traditional antennas
[23],]24]. This includes higher gain, wider bandwidth, and improved impedance match-
ing. These benefits, combined with their compact size, have made fractal antennas a
popular choice for designers and engineers in the wireless communication industry [25-
38|.

In recent years, there has also been a growing interest in using fractal antennas for
satellite communication, RADAR, and microwave imaging [1-12]. These applications
benefit from the multi-frequency [1], [16] and multi-band operation of fractal antennas
[1],[16] as well as their improved electrical performance [2]. Despite their many benefits,
there are still some limitations to the use of fractal antennas [3]. For example, they can
be difficult to fabricate and may have lower efficiency compared to traditional antennas
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[16]. However, these limitations are being addressed through ongoing research and de-
velopment in the field [1], [9]. A fractal antenna is a type of antenna that uses fractal
shapes to enhance its electrical performance, such as bandwidth and gain [1-19]. The
fractal form can be self-similar [19] at different scales, providing multi-frequency [16]
and multi-band capabilities [19]. Fractal structures show multiband behavior in an-
tenna design due to their unique geometrical properties [1], [9], [16], [19]. Fractal struc-
tures are characterized by a repeating pattern at different scales [16], [19], and this self-
similarity provides multiple resonant frequencies in a single antenna [1].

When a fractal structure is used as an antenna, the repeating pattern creates multiple
resonant frequencies, each with a different wavelength [9]. The resonant frequencies are
a result of the constructive interference of the electromagnetic (EM) waves at the frac-
tal structure [1-13]. The constructive interference occurs [19] when the phase of the EM
waves is the same at a specific location, and the waves reinforce each other, producing
a maximum electric or magnetic field [1-32]. The multiple resonant frequencies in a
fractal antenna provide the multiband behavior [1], [19], allowing it to operate in mul-
tiple frequency bands. This is in contrast to traditional antennas [1-65|, which are
typically designed for a single frequency band [12-65] and may require multiple anten-
nas to support different frequency bands [65-95].

There are several factors that determine the number of resonant frequencies in a fractal
antenna and the bandwidth of each frequency band [1-2],[16],[19]. One important factor
is the size and shape of the fractal structure [1], [9]. For example, a fractal antenna
with a larger size will have a larger resonant frequency [19] and a wider bandwidth
compared to a smaller fractal antenna [16]. Another important factor is the type of
fractal structure used [1]. Different fractal structures have different geometrical prop-
erties [16], and some are more suitable for multiband operation than others [19]|. For
example, the Sierpinski fractal [1], [71, 72| and the Koch fractal [1], [71] have been
widely used in antenna design due to their favorable properties for multiband operation
[1], [16], [19], [77]. The multiband behavior of fractal structures in antenna design is a
result of their unique geometrical properties [1], [71], including their self-similarity |[71]
at different scales and the resulting multiple resonant frequencies [19], [77]. The size,
shape, and type of fractal structure all play a role in determining the number of reso-
nant frequencies and the bandwidth of each frequency band [19]. The multiband [19]
behavior of fractal antennas makes them attractive for use in wireless communication
systems, where a single antenna must be capable of operating in multiple frequency
bands [1-16].

Applications of fractal antennas include mobile phones [1], [71], Wi-Fi [1], [19], Blue-
tooth [19], GPS [21], and other wireless communication systems [1-95|. They also
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have potential use in satellite communication, RADAR [95], and microwave imaging
|67-95].

Benefits of fractal antennas include:

1. Compact size [1]: Fractal antennas are smaller in size compared to traditional
antennas, making them suitable for portable devices and systems with limited
space.

2. Multi-frequency and multi-band operation [16], [19]: The fractal geometry pro-
vides multiple resonant frequencies, making it possible to use a single antenna
for multiple communication bands.

3. Enhanced performance [67-95]: The fractal shape can improve the electrical
performance of an antenna, providing higher gain, wider bandwidth, and im-
proved impedance matching.

4. Cost-effectiveness : Fractal antennas are cost-effective because they can replace
multiple traditional antennas and reduce the size and weight of wireless com-
munication systems.

An important aspect of fractal antenna design is antenna efficiency [16,19], which is
so crucial in multiband antenna design [1,16,19]. The efficiency of fractal antennas
can be improved in several ways, particularly for multiband antennas [16,19]. Among

these methods are [1]:

1. Optimizing the geometry of the fractal structure [1, 16]: The geometry of the
fractal structure is one of the main factors that determines its efficiency. By
optimizing the geometry, such as the size, shape, and number of iterations, the
efficiency of the fractal antenna can be improved. This optimization can be done
through simulation and experimentation to determine the optimal design for a
specific application.

2. Designing for optimal impedance matching [1,16]: Impedance matching is the
process of ensuring that the input impedance of the antenna matches the imped-
ance of the transmission line. If the impedance match is not optimal, the effi-
ciency of the antenna will be reduced. To improve the efficiency of fractal anten-
nas, designers must take into account the impedance match of the antenna and
make adjustments to the geometry or other design parameters to achieve optimal
impedance matching.

3. Using fractal structures with improved performance [1, 19]: There is ongoing
research and development in the field of fractal antennas to improve their
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performance. This includes the development of new fractal structures with im-
proved performance, such as those with higher gain, wider bandwidth, and im-
proved impedance matching. The use of these new fractal structures can improve
the efficiency of fractal antennas, especially for multiband applications.

4. Employing proper feeding techniques [1]: The feeding technique used for the
fractal antenna also plays a role in its efficiency. Proper feeding techniques [2-
12], such as coaxial feeding [58| or microstrip feeding [1-20], can help to improve
the impedance match and increase the efficiency of the antenna.

5. Utilizing advanced materials [65, 66, 67]: Advanced materials, such as metamate-
rials and composite materials, can be used to improve the efficiency of fractal
antennas. These materials have unique electromagnetic properties, such as neg-
ative refractive index, which can be used to enhance the performance of the
antenna.

Because fractals possess properties such as self-similarity [1-2], [16,19] and space-filling
[1,3,16,19], they are gaining increasing attention in the electromagnetic engineering
fields, particularly filter and antenna development. There are numerous wideband an-
tennas available today, but the tapered slot antenna (TSA) is one of the most popular
of them all. There has been a lot of use of the Vivaldi TSA in many different fields
|95], such as microwave imaging [95] and ultra-wideband systems [3-47], as it was first
proposed by Gibson in 1979 [3-10]. Since Vivaldi TSA antennas have an exponentially
tapered shape, they have the advantage of being able to have an extremely wide band-
width [5-10]. There are a number of advantages that Vivaldi antenna elements provide,
including their wide-scan, wideband performance, their ease of fabrication with PCB
techniques, as well as their ability to support microstrip or strip-line structures [5], [10-
18]. A novel multi-resonance directive antenna for ultrawideband (UWB) applications
is presented in this report by combining the best attributes of fractal concepts and
Vivaldi antennas. Due to its self-similarity properties [1,16,19], this redesigned Sierpin-
ski Fractal Vivaldi antenna (SFVA) demonstrated excellent multiband capabilities
with a very small loss of bandwidth or directivity as a result of its self-similarity prop-
erties [1]. The number of fractal iterations does not significantly affect radiation pat-
terns, as it does with Euclidean shape patches as well |2, 4], [11], and [12]. In order for
the antenna to be suitable for multiband applications [19], [95], it must have a similar
radiation pattern at different resonances [1-47|. This is a key parameter when it comes
to multiband antennas [1,19]. We will be creating a new wideband impedance band-
width using a Sierpinski triangle fractal patch [1-2| that will be embedded in the mesh.
Considering the Sierpinski gasket fractal (SGF) triangle's height, it should have reso-
nances that fall within a common range of frequencies, such as 2400-2484 MHz
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(specified in IEEE 802.11b/g), 2500-2569 MHz (specified in IEEE 802.16¢), and 5150
5350/5720-5825 MHz (specified in IEEE 802.11a) [1,16].

2.

The Fractal Categorization of
Multiband concepts

Fractal antennas can be classified into different categories based on both mathematical

and antenna design perspectives [1-10], [16], [19], and [68-95]. The following is an over-
view of the fractal categorization of multiband antenna concepts [1].

Mathematical Perspective [1],[16],[19]:

1.

4.

Iterated Function Systems (IFS) [19], [67-95]: This type of fractal antenna is
based on the iterated function system (IFS) mathematical concept [1-12]. IFS
fractals are generated by iteratively applying a set of transformation functions
to an initial shape, resulting in a self-similar fractal structure [1]. IFS fractals
have been widely used in antenna design due to their ability to generate a large
number of self-similar structures with different shapes and sizes.

Fractal Geometry [1]: This type of fractal antenna is based on the fractal geom-
etry mathematical concept [16,19]. Fractal geometry is a branch of mathematics
that deals with the study of shapes and structures that have a repeating pattern
at different scales [19]. Fractal geometry is used to design fractal antennas [1-13|
that have a repeating pattern at different scales, providing multiple resonant
frequencies in a single antenna [1-10].

Chaos Theory: This type of fractal antenna is based on the chaos theory math-
ematical concept. Chaos theory is a branch of mathematics that deals with the
study of systems that exhibit seemingly random behavior. Chaos theory has been
applied to antenna design to generate fractal structures that exhibit a chaotic
behavior, resulting in a multiband behavior [16,19].

Antenna Design Perspective [1,16]:

1.

Multifractal Antennas: This type of fractal antenna is designed to have multiple
fractal structures in a single antenna, each with a different geometry and size
[16]. Multifractal antennas provide a multiband behavior by combining the res-
onant frequencies of each fractal structure [1,16,19].



2. Self-Similar Fractal Antennas [1,16,19]: This type of fractal antenna is designed
to have a self-similar fractal structure at different scales [16], providing multiple
resonant frequencies in a single antenna. Self-similar fractal antennas provide a
multiband behavior by exploiting the self-similarity of the fractal structure.

3. Chaotic Fractal Antennas: This type of fractal antenna is designed to exhibit a
chaotic behavior, resulting in a multiband behavior. Chaotic fractal antennas are
generated using chaos theory and are designed to have a fractal structure with a
chaotic behavior [Not yet reported due to fabrication issues|. Indeed, the fractal
categorization of multiband antenna concepts can be viewed from both a math-
ematical and antenna design perspective. From a mathematical perspective, frac-
tal antennas can be classified based on iterated function systems, fractal geome-
try, and chaos theory [1-13].

3. Multiband Concepts Crucial Fac-
tors

Multiband antennas [1, 19] are a critical component in modern communication systems
[1,16], as they allow for the simultaneous operation of multiple frequency bands within
a single antenna [1-26]|. The design of multiband antennas is a complex task that re-
quires careful consideration of several technical factors. The following are some of the
most significant technical aspects that need to be considered in designing multiband
antennas [1-16].

1. Resonant Frequency [1,16,19]: The resonant frequency of an antenna is a critical
factor in its performance, as it determines the frequency band that the antenna
can operate in. The design of multiband antennas requires the optimization of
multiple resonant frequencies [16] to allow for the simultaneous operation of mul-
tiple frequency bands [19]. This can be achieved by using different resonant
structures within the antenna [1,16], such as fractal structures, slots, and patches
[1-12].

2. Bandwidth [1]: Bandwidth is a measure of the range of frequencies that an an-
tenna can operate in. In multiband antennas [1,16,19], the bandwidth of each
frequency band is an important factor to consider, as it determines the perfor-
mance of the antenna in each frequency band [1]. The design of multiband an-
tennas [19] requires the optimization of the bandwidth for each frequency band
to ensure that the antenna can operate efficiently in all frequency bands [1].
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3. Radiation Pattern [1]: The radiation pattern of an antenna determines the direc-
tion and shape of the electromagnetic waves that the antenna can emit. The
design of multiband antennas [16,19] requires the optimization of the radiation
pattern for each frequency band to ensure that the antenna can provide sufficient
coverage in all frequency bands. This can be achieved by using different resonant
structures within the antenna or by using different feed arrangements [1].

4. Impedance Matching [1-12]: Impedance matching is the process of adjusting the
input impedance of an antenna to match the impedance of the transmission line
that it is connected to [19]. The design of multiband antennas requires the opti-
mization of the impedance matching for each frequency band to ensure that the
antenna can operate efficiently in all frequency bands [16]. This can be achieved
by using impedance matching networks or by adjusting the geometry of the an-
tenna [1].

5. Size and Weight [1,16,19]: The size and weight of an antenna are important
factors to consider, as they determine the practicality of the antenna for a specific
application. The design of multiband antennas [16]| requires the optimization of
the size and weight to ensure that the antenna is practical for the intended
application [19]. This can be achieved by using compact resonant structures
within the antenna, such as fractal structures, or by using lightweight materials
in the construction of the antenna [19].

So, the design of multiband antennas [1] ,[19] requires the optimization of several tech-
nical factors to ensure that the antenna can provide efficient operation in all frequency
bands. The most significant technical factors that need to be considered in the design
of multiband antennas [1| include resonant frequency [1], bandwidth [16], radiation
pattern [19], impedance matching, and size and weight [20]. A thorough understanding
of these technical factors is important for the successful design and optimization of
multiband antennas [1, 19]. The Vivaldi antenna [95] is a popular type of broadband
antenna that has been widely used in a variety of communication systems [1-12]|. In
this project [1], T hope to achieve several benefits in antenna design by combining the

Vivaldi antenna with multiband fractal concepts. Some of the most significant benefits



include improved bandwidth, improved efficiency, reduced size, and improved perfor-

mance in challenging environments.

1. Improved Bandwidth: One of the key benefits of combining multiband fractal
concepts with Vivaldi antenna design [68-95] is the improvement of the band-
width. Fractal structures have a self-similar geometry [19] that can provide mul-
tiple resonant frequencies [16] within a single antenna [1]. The combination of
fractal structures [1],[16],[19] with the Vivaldi antenna [95] design can improve
the bandwidth of the antenna by providing multiple resonant frequencies [95]
that can operate in different frequency bands. This allows for the simultaneous
operation of multiple frequency bands within a single antenna [16], [19], which
can improve the overall performance of the communication system.

2. Improved Efficiency: The efficiency of an antenna is a critical factor in its per-
formance, as it determines the amount of power that can be transmitted or re-
ceived. The combination of multiband fractal concepts with Vivaldi antenna de-
sign can improve the efficiency of the antenna by providing multiple resonant
frequencies that can operate in different frequency bands. This allows for the
efficient use of the available power in each frequency band, which can improve
the overall performance of the communication system [69-95].

3. Reduced Size [1]: The size of an antenna is an important factor to consider, as it
determines the practicality of the antenna for a specific application. The combi-
nation of multiband fractal concepts with Vivaldi antenna design [95] can reduce
the size of the antenna by providing multiple resonant frequencies [19] within a
compact geometry. This allows for the design of compact multiband antennas
that can be used in applications where size is a limiting factor.

4. Improved Performance in Challenging Environments: The performance of an an-
tenna can be affected by the environment in which it is used. The combination
of multiband fractal concepts with Vivaldi antenna design [95] can improve the
performance of the antenna in challenging environments by providing multiple
resonant frequencies that can operate in different frequency bands [19]. This
allows for the simultaneous operation of multiple frequency bands, which can
provide improved performance in environments where the performance of a single
frequency band would be affected.

In technical results, the combination of multiband fractal concepts [19] with Vivaldi
antenna design [95] has the potential to offer several benefits in antenna design [1].

These benefits include improved bandwidth, improved efficiency, reduced size, and
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improved performance in challenging environments. The combination of these con-
cepts can provide a new approach to the design of multiband antennas that can im-
prove the performance of communication systems and meet the demands of modern
communication applications. The main approach to this project's design is this con-
cept [1].

4. Sierpinski Triangle Fractal

The Sierpinski triangle was named after Waclaw Sierpinski in 1919, who invented the
Sierpinski gasket, which is also known as the Sierpinski sieve when he invented the
Sierpinski triangle in 1915. Sierpinski gaskets are often used in chemical engineering to
seal cracks in pipes or procedures. The Sierpinski triangle is regarded by many as a
fractal that is self-similar and resembles itself. The construction of the Sierpinski trian-
gle begins with any triangle in a plane [12]. Traditionally, in order to build a Sierpinski
triangle, an equilateral triangle is used with the bases distributed equally along each
edge [12]|. Here is an example of a hierarchical Sierpinski triangle fractal [12] depicting
its first five iterations displayed in Figure 1.

Figure. 1. Hierarchical Sierpinski triangle fractal [11,12] showing the first five itera-

tions

These fractals are made by recursively multiplying a few values. Here is how they're
made [12-14]:

5. The recursion will be based on a single triangle, which is the base case for recur-
sion.

6. Using the midpoints of each side of the triangle, divide the triangle into four
smaller triangles.
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7. In order to leave three smaller triangles, you will need to remove the middle
triangle you just created.

8. In the same way, repeat this process for each smaller triangle by recursively
doing it for each one.

It can be done by using any graphics software or language that can generate shapes
and perform recursive functions [1-16]. In this case we will call this pattern a Sierpinski
triangle, the result of this self-similar pattern. Sierpinski triangles can be created using
any graphics software or programming language that can draw shapes and perform
recursive functions. This type of triangle falls into the category of self-similar fractals,
which means that they are self-similar in appearance, which means that they exhibit
the property of self-similarity. In other words, there are various smaller copies of the
fractal shape that make up the overall shape of the fractal. In terms of fractal dimen-
sions, it is possible to measure a fractal's self-similarity [12-14|. Based on the box-
counting or information dimension method, Sierpinski triangles have a fractal dimen-
sion of approximately 1.585. Additionally, the Sierpinski triangle has the feature of
being able to be observed at different scales of the same pattern, which is another
characteristic that defines self-similarity [12].

The Sierpinski triangle can produce a pattern that looks like the overall shape of the
fractal when you zoom in on any part of it. This is due to the recursive algorithm that
is used to create the Sierpinski triangle. It is essential to shrink the triangle to the
height of 1/2 and to the width of 1/2, make three copies of the triangle and place the
three copies in such a way that each triangle touches each other on each corner [1],
[12]. In Figure 1, you can see the first five iterations of the Sierpinski triangle fractal
with the same method of application recursively to smaller triangles [1], [12]. In [13],
the turtle graphics module is used to create a Sierpinski triangle in Python using the
Turtle graphics module in order to demonstrate how to do so [1], [12]. The program
will allow us to create a Sierpinski triangle that has a depth of 3 (that is, it will be
composed of 27 smaller triangles, each composed of three triangles) using the Sierpinski
algorithm. The drawSierpinski function is used in the initial phase of the analysis as a
source function for generating the triangle. In contrast, the drawTriangle function is
used in the later stages of the analysis as a source function for generating each individ-
ual triangle. When using the getMid function, which is required in order for triangles
to be divided by their midpoints, it is possible to find the midpoint of two points with
the function [1], [12]|. There is a Triangle class in this code with a length attribute and
a shrinking method that returns a new, smaller triangle. This is half the length of its
original length [1], [12], [13].
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In this example, the triangle and the depth argument are taken, then Sierpinski is used
to drawing the triangle with the specified depth through recursion. This triangle looks
like it was made with turtle graphics because it's made using the turtle module [1],
[12], [13].

Eor

Le| [

|
L d ]

Figure 2 illustrates the proposed improved SFV antenna for multiband, multi reso-
nance applications with its geometry [1].
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9. Antenna Configuration and Re-

sults

The proposed architecture for improved SFV antennas for multiband applications can
be seen in Fig. 2. We have been able to model the proposed SFV antenna structure
using the commercial software Ansoft High Frequency Structure Simulator (HFSS,
version .11) based on the results of this study. A proposed SFV antenna can be con-
structed using an exponential ground plane and a Sierpinski triangle fractal patch. As
shown in the photo, the proposed SFV antenna was printed on Roger 4003 substrates
with dimensions of 150 x 80 mm and a thickness of 0.5mm. For a 50- impedance char-
acteristic similar to that of an SMA antenna, a microstrip line with a width of 3 mm
is fixed in order to achieve that impedance characteristic. An Agilent 8722ES vector
network analyzer was used to measure the proposed antenna's return loss. By adjusting
the fractal dimensions, it is possible to estimate the desirable operating bands (2400-
2484 MHz, 2500-2569 MHz, and 5150-5350/5725-5825 MHz) and their bandwidths that
can be allocated [1], [11], [12]. SVF antennas were designed with this purpose in mind.
Figure 1 illustrates five different fractal iterations for antenna designs:

Antenna 1: A first generation SVF antenna, using a 3 GHz resonance within both
broadband and wideband capacities, showed a useful result that would suggest that
Antenna 1 resonates at 3 GHz. Results of the first prototype of the SVF antenna
indicated that it resonated at 3 GHz;

Antenna 2: Using the measurements of the SVF antenna (taking an equilateral triangle
and joining the midpoints of each side of it, removing an inverted triangle from the
parent triangle), we were able to improve match performance in the first band as well
as wideband performance above approximately 6.1GHz as a result of the 2nd iteration
of the antenna. According to the measured results in Table I, antenna two resonates
at frequencies of 3.2 and 5.5GHz;

Antenna 3: A measurement revealed that the 3rd antenna displayed resonances at 2.5,
5.5, and 9-GHz after the 13 equilateral triangles were removed from the parent triangle
in iteration 0 of the SVF antenna. With the 3rd iteration, the antenna is better suited
to wideband operation and is better matched in the second band.
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TABLE |

MEASURED CHARACTERISTICS OF SOME SVF ANTENNAS IN THE TABLE. IMPEDANCE BAND-
WIDTH IS FREQUENCY RANGE WHERE VSWR IS EQUAL TO OR LESS THAN 2; Fc IS THE BAND's
CENTER FREQUENCY

fn 511 fc fc BW
GHz dB GHz  Gain  (VSWR=2)
dBi fi—fu, GHz
Ant 1 3 -21 3.83 2.9 3.010-4.65
Ant 2 3.2, 5.5 -38, -22 3.445 Ha 2.99-3.9
5.15 4.2 4.2-6.1
Ant 3 3.96, 4.8, 7,9.5 -15,-17, -16, 6.2 4.3 9.8-5.8
-26 4.5 7.5 6.5-8.3
2.21 9.8 8.4-11.2
o= =2 Equation.1
hn+1
A= Ri:—)e,ll{xz Equation.2

B ¢ Rx2 —y,eR¥
RXZ eRXZ

Equation.3

In the Sierpinski fractal model of the antennae, the height is 88.8, 44.4, 22.2, and 11.1
millimeters, respectively. The Sierpinski fractal model has a reduction factor of two [4].
During the course of conducting a study on the third iteration of SVF antennas, it was
discovered that periodic resonances could be observed at the center frequencies of 2.2.5
GHz (f1), 5.50 GHz (f2), and 9.50 GHz (f3). In the equation below, we can see that the
frequency separation is calculated between three bands by calculating the frequency
separation between each band's resonance frequency, f, and n is the number of bands
in each band, which represent the frequency between the three bands, as shown in the
equation 1. To achieve maximum impedance matching between frequencies, the pa-
rameters (H, R, and L) of the third iteration of the proposed SVF antenna were opti-
mized to values of 0.44, 0.45, and 0.50, respectively. Figure 2 shows the slot-line patch,
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the tapered length of the antenna, and the gradual exponential ratio of the antenna,
represented by H, L, and R, respectively.

- ~-
. -

i =~

h,

7
........ 7
’

Fig. 3. Photograph of the new Fractal Vivaldi

antenna that was manufactured with
Sierpinski Gasket.
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Fig. 4. A photograph of the Fractal Vivaldi antenna manufactured on both sides

As part of the design process of the Vivaldi antenna, these parameters are essential to
keep in mind because they directly impact its capability. Parametric studies have
shown that even with a slight change in slot line width (H), the impedance matching
of all three iterations of the fractal antenna is greatly affected by variations in slot line
width. As a result of the work, the slot-line width would be determined by the higher
cutoff frequency (fi) and the lower cutoff frequency (f). In this case, the widest and
narrowest Hs are 1.3 Asl and 20% Ash, respectively (Note: Asy is the wavelength of the
lower cutoff frequency, whereas Asy is the wavelength of the higher cutoff frequency).

Considering the requirements of the project, namely designing an antenna with a band-
width (3-11GHz) and VSWR<2, we were able to obtain appropriate initial values for
each of these parameters based on the project requirements. Three models were de-
signed such that they covered only the parameters involved in them. It was not neces-
sary to use the full antenna model to select the initial values of these parameters be-
cause they directly affect the return loss response and antenna characteristics. The
third model simulated the return loss and radiation pattern of the antenna using the
entire antenna design. The parameters of the system were examined in order to see
how they affected the radiation pattern and return loss. It is imperative to keep in
mind that in order to fully understand the effect that each of these parameters has on
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antenna characteristics, it is critical to remember that the initial values of each of these
parameters are equally significant. In other words, if the material or the thickness of
the substrate is changed when checking the microstrip line width parameter, it will
result in new and different values for the microstrip line width parameter as a result.
Our objective is to achieve the optimal value for all the parameters involved in the
antenna design process simultaneously. This will enable us to obtain the most effective
results by optimizing all these parameters simultaneously at the same time.

It is the purpose of the HFSS software to use the optimization algorithms it offers to
optimize the parameters of the SVF antenna in accordance with the project specifica-
tions. Within the software, there is a wide variety of optimization algorithms available
to optimize the parameters of any structure that has been designed within the software.
These algorithms are outlined below. These algorithms are used by the software in

order in order to optimize the parameters of any structures that have been built within
it [1-45], [95].

e Sequential Mixed-Integer Nonlinear Programming
e Sequential nonlinear programming

e Quasi-Newton

e Pattern Search

e Genetic algorithm

The genetic algorithm is used as a method of optimizing parameters in this project.
Using this algorithm, the minimum and maximum values of each parameter are deter-
mined, as well as the starting point of the optimization process. To optimize each
parameter, this must be done for each. In general, the shorter the interval between
parameter changes and the closer the starting point is to the optimal value, the less
time it will take to achieve optimization. Depending on the parameters that are being
optimized, a goal must also be defined for the optimization algorithm. This means that
the optimal output of each parameter and the error that can be allowed must be de-
fined.

d=L;+ 2D +Ls+ L Equation 4

b=H+ 2Eyr Equation 5
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Despite this, it is important to note that the thickness and material of the substrate
are not continuous values. In addition, the specifications of the substrate are limited to
the specifications provided by the manufacturer of the substrate. As a result, the an-
tenna design did not take these parameters into consideration when optimizing it.
Therefore, it was decided to optimize the antenna design using the substrate selected
in the first stage. There is no doubt that when we have similar material and thickness
of the substrate, it will have a different outcome for every experiment we conduct over
the coming season, depending on the changes we make to these two factors.

Here we intend to use the constant Ar as the parameter of our example, and the value
of this constant is going to be equal to Ar=60°. The fractal structure of the stable
radial is completely altered when this parameter is changed, and therefore, different
results can be obtained depending on how the parameter is changed. In order to avoid
producing this parameter as a constant value, we use the Ar value of 60° as the pa-
rameter. This is because we designed the radial stable fractal structure in the previous
chapter based on Ag=60°, as shown in Fig.2.

Table 2

Based on the fact that the antenna has the following length:

parameter Value
Wer 0.9 mm
Hp 6.2 mm
Lor 3.9 mm
Wor 0 mm
Cp 0.45 mm
Dg; 9.45 mm
Wgy 0.9 mm
L¢ 3.7 mm
Lg 15 mm
L 112.4 mm
R .6
H 75 mm
Eor 2.5 mm

Figure 5 shows the VSWR diagram for the final designed antenna, which covers the
frequency range of 2-12 GHz, and displays VSWR diagram for the final designed
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antenna, respectively. The final designed antenna shows a VSWR of 2.5-11.4 GHz,
resulting in 8.5 GHz bandwidth. This antenna is very suitable for UWB systems be-
cause of its bandwidth and high and low cutoff frequencies, which fall within UWB
systems' bandwidth. In this design, the gradual exponential ratio (R) can be determined
by the exponential curve y = Ae®* + B, A, and B can be calculated using Eqs. 2 and 3.
(Note: (x4,y1) and (x,,y,) are the start and end points of the exponential curve, re-
spectively). To achieve maximum impedance matching, tapered antenna lengths need
to be between 3 and 5 times of center wavelengths. This will enable maximum imped-
ance matching, thus completing the transition from feeding to radiation parts. Para-
metric studies show that tapered antenna length (L) should be between 3 and 5 center
wavelengths corresponding to the center work frequency in order to provide maximum
impedance matching, thus completing the transition from feeding to radiation parts.
For H=45mm, L. =138mm, and R=0.05mm™*-1, we will have maximum matching and
directivity. According to the above points, if H=45mm, L =138mm, and R
==0.05mm*-1, we will obtain maximum matching and directivity. In Table 2, you can
find a statistical summary of the proposed antenna parameters according to the criteria.
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Fig. 5 shows the VSWR response of the final designed antenna.
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Fig. 6 Antenna input impedance over its entire bandwidth

Figure 6 shows a diagram of a typical antenna input impedance at frequencies around
3-11 GHz. Based on the results, it can be seen that the input impedance of the antenna
has undergone little change (+ 1€2) in its entire bandwidth. A very close match is
observed between the antenna bandwidth's input impedance and the value Zy=5012.
Accordingly, this means that an antenna's input impedance in its entire bandwidth can
be calculated as Zp=50¢2 in our expectations. The radiation pattern of the proposed
antenna is end-fire. This is one of the key features of Vivaldi antennas, and it is also
evident in this project's antenna. The radiation pattern of the antenna also has its
highest value in the positive direction of the X-axis. This is because the opening of the
antenna designed in HFSS is in the positive direction of the X-axis. A diagram of E
and H plane radiations and polarization components (Co, Cross) are shown for each
plan over the operating band frequencies.
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Figure 7. A diagram that illustrates the radiation beam of the antenna's E and H
planes at the 3GHz frequency
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Figure 8. A diagram that illustrates the radiation beam of the antenna's E and H planes at the 4GHz

frequency
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Figure 9. A diagram that illustrates the radiation beam of the antenna's E and H planes at the 5GHz

frequency
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Figure 10. A diagram that illustrates the radiation beam of the antenna's E and H planes at the 6GHz
frequency
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Figure 11. A diagram that illustrates the radiation beam of the antenna's E and H planes at the 7GHz
frequency
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Figure 12. A diagram that illustrates the radiation beam of the antenna's E and H planes at the 8GHz
frequency

With the Sierpinski triangle fractal structure, the radial stubs of the Vivaldi antenna
that are part of the feed line of the antenna represent a network of resonance frequen-
cies in this project. A larger number of resonance frequencies will be achieved in the
antenna by increasing the number of fractal iterations in the radial stubs. This would
result in the stub's effective performance being able to cover a wider bandwidth due to
this work. By enhancing the effective bandwidth of the radial stubs of feed lines, they
can transfer more energy to the slotted lines of the antenna. This allows more energy
to be transferred to the antenna.

By first determining the bandwidth and center frequency of the Vivaldi antenna, this project
proposes a method for developing an antenna based on the Vivaldi approach. It is therefore
expected that the fractal structure of the radial stub will have resonance frequencies over the
antenna's bandwidth, resulting in a larger fractal iteration. It is critical to optimize the pa-
rameters of the radial stab, as well as other parameters of the Vivaldi antenna, before creating
the end product antenna. Therefore, it is possible to develop Vivaldi antennas with a wide
bandwidth using this approach. It does not have to develop several radial stubs and experiment
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with various methods to achieve the desired results. As a result, you need to make sure that
the resonance frequencies of the radial stub are chosen in such a way that they effectively
cover the entire antenna bandwidth. To design the antenna, it is necessary to optimize its
parameters at the end of the project. With the method used in this project, other types of
short circuit terminations can also be designed in the same way. Through the use of fractal
structures in this project, it is possible to design short circuit terminations that operate at
multiple frequencies instead of a single frequency (fractal resonance frequencies) in contrast to
the single frequency terminations that were used employed. There is no doubt that an effective
plan can be demonstrated by observing its optimal performance, as in some examples from
previous reports. In figure 13, we can see how the antenna performs in an experiment and
simulation. Based on the results in this figure, the simulation presented results and the exper-
imental tests performed on the antenna are similar. Fig. 13 shows that the antenna has a
usable bandwidth of 8 GHz. Its lower and upper cutoff frequencies are 2.8 GHz and 11.4 GHz,
respectively. Simulations and measurements have been performed to simulate and measure the
antenna's radiation pattern at different frequencies, as shown in Figures 14-21. Based on meas-
urements and simulations conducted at various frequencies, we have confirmed that the pro-
posed radiation pattern is stable as an endfire antenna.

S11 (dB)

{= Simulated
- Measured : | :
-45 ; | | ;

2 3 4 5 7
Freq [GHz]

Figure 13: The diagram S;; depicts the results of the practical test and simulation of
the designed antenna for the project that was performed during testing
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Figure 14. Measured and simulated radiation patterns for the E and H plates of the
antenna at a frequency of 3 GHz.
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Figure 15. Measured and simulated radiation patterns for the E and H plates of the
antenna at a frequency of 4 GHz.
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Figure 16. Measured and simulated radiation patterns for the E and H plates of the
antenna at a frequency of 5 GHz.
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Figure 17. Measured and simulated radiation patterns for the E and H plates of the
antenna at a frequency of 6 GHz.
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Figure 18. Measured and simulated radiation patterns for the E and H plates of the
antenna at a frequency of 7 GHz.
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Figure 19. Measured and simulated radiation patterns for the E and H plates of the
antenna at a frequency of 8 GHz.

29



Figure 20. Measured and simulated radiation patterns for the E and H plates of the
antenna at a frequency of 10 GHz.
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Figure 21. Measured and simulated radiation patterns for the E and H plates of the
antenna at a frequency of 11 GHz.

10. Conclusion

A redesigned Vivaldi antenna with multiband characteristics is presented and investi-
gated using Sierpinski triangle fractals. As a result of increasing the fractal iteration
and tuning the Vivaldi antenna parameters correctly, a very good impedance match
has been achieved. Due to the fact that Sierpinski gasket fractals are self-similar, this
results in the formation of multiband characteristics. Using the proposed antenna, a
very efficient bandwidth pattern, as well as a very directed radiation pattern, can be
achieved. This is in accordance with IEEE 802.11b/g, IEEE 802.16e, and IEEE 802.11a
standards. In multiband applications where a focused directional antenna is required
the Sierpinski fractal property of the Vivaldi antenna makes it an excellent choice in
multiband applications where a focused directional antenna is necessary. It is inevitable
that an antenna will always be constructed incorrectly based on the measurements
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obtained. However, it is not a guarantee that the antenna will be constructed exactly
correctly. Even though measuring instruments may also produce errors, a certain
amount of error will always be present. The antenna can be designed to match meas-
urements exactly, despite these limitations. As seen on the previous pages, the meas-
ured and simulated characteristics of the antenna developed by the project have a lot
in common. All parameters affecting the performance of an antenna have been selected
and optimized in a systematic manner. This indicates that the antenna has been de-
signed in such a way that all parameters have been considered. Based on the results of
the third chapter's investigations, a significant factor in determining the antenna's
bandwidth and performance is the fractal structure of the radial stub. From a theoret-
ical perspective, the Sierpinski triangle fractal structure's resonance frequencies can be
doubled by halving its dimensions. The upper and lower cutoff frequencies of the an-
tenna can be doubled by optimizing the parameters of a fractal structure half the size
of the one used in this project.

It is possible to design customized antennas with different specifications by employing
different fractal structures for the radial stub of the Vivaldi antenna feed line, such as
the Sierpinski carpet. You might also be able to use fractal structures to check the
characteristics of slotted lines with cavities. It is also possible to test the characteristics
of a slotted line and a radial shaft simultaneously by using fractal structures. The use
of Sierpinski fractals in Vivaldi antennas has been shown to enhance the performance
of the antennas in terms of bandwidth, gain, and directionality. They have potential
applications in ultra-wideband (UWB) communication systems where high bandwidth
signals are transmitted over short distances, such as in wireless personal area networks
(WPANSs) and radar systems. The best results will depend on the specific design pa-
rameters and operating conditions of the system, so further research and optimization
is needed to fully realize the potential benefits of using Sierpinski fractals in Vivaldi
antennas for UWB applications.

It is important to note that the specific design parameters and operating conditions
will play a significant role in determining the performance of the fractal Vivaldi anten-
nas. Further research and optimization are needed to fully realize the potential benefits
of using Sierpinski fractals in Vivaldi antennas for UWB applications.
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