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ABSTRACT: This study introduces a groundbreaking circular ring-shaped fractal antenna optimized using particle swarm optimization
(PSO) for wireless ultra-wideband (UWB) applications. The proposed fractal antenna design, featuring a central plus sign and an outer
circular ring with eight smaller rings, enhances bandwidth for UWB response. The ground plane is modified with an etched curved slit to
optimize antenna impedance. Utilizing PSO, we determine the fractal antenna’s dimensions with optimization goals of minimizing size
while ensuring |S11]| < —10dB. Experimental data demonstrates strong performance across the 2.05 GHz—14.5 GHz frequency range,
covering diverse wireless standards like UWB from 3.1 up to 10.6 GHz, X-band from 8 up to 12.5 GHz, and lower band of Ku from 12.5
to 14.5 GHz. Consistent measured and simulated results validate our contribution’s applicability. Additionally, a time-domain analysis
underscores the antenna’s adaptability to UWB applications, offering insights into its response to transient signals.

1. INTRODUCTION

he wireless communication technology has advanced
Trapidly in the last few decades, becoming an essential
part of our daily lives. The creation of wireless technologies
and their broad use have completely changed how we engage
with the outside world, communicate, and obtain information.
Signals are sent and received wirelessly in a communication
system without the need of wires or cables [1].

People may now communicate and obtain information more
easily and effectively, at any time and from any location. The
multiband functioning among almost unique frequencies with
the addition of fractal structure was expected by the wireless
communication industry. The self-similar features of fractal ge-
ometries led to the development of a novel design approach for
small multiband antennas [2].

Broadband antennas are essential components of many wire-
less communication, radar, and sensor systems. New ap-
proaches to wideband antenna design have been made possi-
ble by recent advancements in antenna technology [5, 6]. Us-
ing multilayer antennas, which stack many layers of conduc-
tive and dielectric materials to provide larger bandwidth, is one
of the potential ways [7]. Utilizing reconfigurable antennas,
which have the ability to change their characteristics in real
time to accommodate shifting signal circumstances, is an addi-
tional strategy. Switches, adjustable capacitors, and other com-
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ponents that may change the radiation pattern or resonant fre-
quency of the antenna may be used in this method [8, 9].

Because of its high transmission rate, reliability, capacity to
resolve multipath components, and simplicity of penetration,
UWRB technology is popular in the microwave [10-13]. By in-
tegrating beam creation, diversity, and multiplexing, UWB is
a well-known approach that improves wireless system perfor-
mance in the face of fading and interference [14—18].

Fractal-type miniaturized antennas have recently attracted
more interest from industry professionals as well as academics.
It is still difficult to construct an internally compact antenna
with a multiband in a tiny phone, nevertheless [19, 20].

The fractal antenna type can overcome the aforementioned
difficulties. It may be applied to antennas to reduce size
and provide a low profile. The space-filling property and
self-similar properties are fractal’s two primary features [20].
Space-filling reduces the antenna’s size, whereas self-similarity
multiplies the original shape’s copies with various scaling fac-
tors [21,22]. The antenna may function on several frequencies
by using this fractal method to solve the spacing issue. Multi-
band quality is provided by several fractal structures, such as
the Apollonian gasket, Cantor set, Koch, Sierpinski carpet, and
Sierpinski gasket [20-24].

In the literature, there are several fractal structures that ex-
hibit multiband properties [1,23-30]. Monopole antenna con-
figurations are often best suited for narrowband uses. The elec-
tromagnetic properties of monopole antennas with fractal struc-
tures are reviewed and classified into four main classes: highly
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FIGURE 1. Flowchart of the PSO algorithm used for Fractal antenna optimization.

directional, compact and downsized components operating in
confined modes, numerous resonances with broadband char-
acteristics, and multi-frequency antennas [24—27]. Within the
specified smaller region, the present path lengthens due to the
fractal shape [28,29].

At the moment, a variety of fractal designs have been re-
ported to demonstrate multi-directive radiation capacity in ad-
dition to miniaturization. When an electromagnetic wave prop-
agates, a fractal monopole antenna that is polarized in the linear
direction generates a narrow beam of radiation [30]. It is more
difficult to determine an antenna’s precise dimensions in order
to obtain an optimal response in a shorter amount of time and
lower the antenna design cost [31].

Numerous optimization approaches, such as Genetic Algo-
rithm (GA), Artificial Neural Network (ANN), and Particle
Swarm Optimization (PSO), are used in research, engineering,
and communication systems. A simple, dependable, and ef-
fective method for search and optimization in a variety of EM
problems is the PSO. An example of a field full of bees might
be used to describe the evolution of PSO. In a field, a swarm
of bees looks for the region with the highest density of flow-
ers per square inch. This motivates engineers to use PSO as an
optimization technique [32, 33].
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The PSO algorithm has garnered significant interest from
scholars in the last ten years because of its simple implemen-
tation and low number of regulatory parts. PSO is an iterative
computer-based approach to problem solving that seeks to en-
hance a potential solution in accordance with a standard of qual-
ity. Compared to GA, PSO converges more quickly [34-36].

PSO’s benefits and drawbacks compared to other optimiza-
tion strategies are thoroughly examined in [37]. PSO is used
in [38] to reduce the side-lobe level of the antenna by enhanc-
ing the phase distribution of the transmit array. In [39], PSO is
used to create the antenna design.

This paper proposes a unique circular ring-shaped fractal an-
tenna for UWB applications. The circular ring-shaped Fractal
antenna construction is made up of a circular ring with eight
smaller circular rings on the surface of the main ring and a plus
sign with a hole in the middle to enhance impedance match-
ing and boost bandwidth. The fractal antenna’s bandwidth is
increased by mitigating extra capacitive reactance through the
usage of this plus sign that couples with the partial ground. The
PSO method is used to determine the fractal antenna’s dimen-
sions.

The optimization objectives are to minimize the fractal an-
tenna’s dimensions within the necessary bandwidth while main-
taining the scattering parameter at |S11| < —10dB. With
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FIGURE 2. The patch antenna’s geometry. (a) Top view. (b) Bottom view.

this setup, an 18 GHz broad impedance bandwidth between
2.05GHz and 14.5 GHz is achieved. Moreover, the antenna
remains stable across its whole working range with respect
to radiation and input impedance. It is appropriate for UWB
frequencies from 3.1 up to 10.6 GHz, X-band from 8 up to
12.5 GHz, and lower band of Ku from 12.5 to 14.5 GHz.

2. PARTICLE SWARM OPTIMIZATION ALGORITHM

To ensure that the study is comprehensive, a brief description of
the step-by-step algorithm is provided, along with the flowchart
seen in Figure 1.

To facilitate a better understanding of the implementation
process for optimizing the required band and, consequently, ex-
tracting the structural characteristics of a circular ring-shaped
Fractal antenna, as detailed in the upcoming section, the PSO
method is provided below. The detailed process is provided
after that.

Step 1: Identify the space of solutions. In this area, the pa-
rameters that need to be optimized are chosen. N is the di-
mension of the optimization space, and n runs from 1 to V.
A minimal range (xmin(n)) and a maximum range (Tmax(n)) are
specified.

Step 2: Identify a fitness function. There is a functional
reliance of the fitness function on the significance of each at-
tribute under optimization.

Step 3: Set the swarm’s initial random location and veloc-
ities. Every particle starts at a random place and moves at a
random speed, both in terms of direction and magnitude. There
is a global best (gpes:) and a personal best (ppest). The posi-
tion with the greatest fitness level locally is the personal best;
the position with the highest fitness level across the board is the
global best.

Step 4: Fly the particles throughout the solution space in
a methodical manner. The program cycles across the whole
swarm, moving each particle a tiny distance at a time. Every
particle encounters the subsequent phases. gpest and ppest are
used to compare the particle’s fitness. The following equation
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is used to update the particle’s velocity further based on the fit-
ness value:

Un = w*Un+Cl *T1 (pbest,n - xn)+c2*T2(gbest,n_xn) (1)

where C; and C}, are two scaling factors that determine the rel-
ative pull of ppest and gpest, and r1, ro are random variables in
the range [0, 1]. W is known as inertial weight (range is be-
tween 0.0 and 1.0), and x,,, v,, are the particle’s coordinate and
velocity in the n*" dimension, respectively.

1. The particle must go to its next destination when its veloc-

ity has been changed. The velocity is applied per time-step

t, and the following equation is used to determine the new

coordinate x,, for each of the NV dimensions:

Ty =Ty + At x0n 2)

Step 5: Repeat Step 4 for every particle in the swarm. The com-

plete swarm’s picture is taken once per second, at which point

all particle locations are assessed, and if necessary, adjustments
are made to the values of ppes: and gpest-

2.1. Implementation of PSO

Equation (3) indicates that the fitness function | S| in the cho-
sen band must be smaller than —10 dB. The inertia weight (w)
in our design is 1. The value of C; and C5 is 2. For the given
swarm size, the maximum number of solver evaluations is 451,
and the maximum number of iterations is 15. The optimization
equation is:

S (f) = —20xlog|l'|, [I|<1 3)
Zz'n - Zo
[ = Zin~ %o 4

where f denotes the frequency, f € (2.05,14.5) GHz, T the
reflection coefficient of the antenna, Z, the characteristics of
the coaxial feed, the antenna’s output impedance of 50 2 for
matching, and Z;,, the input impedance of the antenna.
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FIGURE 3. (a) Phases of the planned fractal antenna’s progressive design. (b) Reflection Coefficient (S11 (dB)), (¢) equivalent circuit of the UWB

antenna. And (d) ADS and CST outcomes.

3. ANTENNA DESIGN AND CONFIGURATION

The suggested circular ring-shaped fractal antenna is shown in
Figure 2; it was created on a Roger RT5880 substrate with a loss
tangent of 0.0009 and a dielectric constant of ¢, of 2.2 using a
CST simulator. The thickness of the substrate is 1.75 mm. The
circular ring-shaped fractal antenna construction is made up of
a circular ring with eight smaller circular rings on its surface
and a plus sign with a hole in the center to expand its band-
width located in the center of the main ring. The fractal an-
tenna’s bandwidth is increased by mitigating extra capacitive
reactance through the usage of this plus sign that couples with
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the partial ground. The printed suggested fractal antenna with
partly ground dimensions is 38 x 45 mm?.

The step-by-step approach of creating an antenna patch is
depicted in Figure 3(a). The circular radiating patch is first
designed as a circular ring structure by removing the circle of
radius R,; from it. Equations (5) and (6) [35] are used to de-
termine the circular patch’s radius, and Figure 3(b) plots the
corresponding reflection coefficient | S11|.

\/1+(

Ry, =

®)

2h
e, F

) [in (3) +1.7726]
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TABLE 1. Optimized parameters of the proposed fractal antenna using PSO in (Millimeters).

We Wy Ly

R,

Ly Wi Lo

38 45 16

35

16.3 4

(a) (b)

FIGURE 4. The manufactured prototype of the planned antenna is depicted along with the corresponding measurements: (a) presents the front view,
(b) showcases the back view, and (c) illustrates the S11 measurement setup using a VNA.

8.791 x 10°

F="7

(6)

The first step design is seen to be functioning in a number of
narrow bands. As shown in the second stage, 8 circles are
added to the ring patch’s surface in order to increase impedance
matching and achieve resonance in the UWB spectrum. As seen
in Figure 3(b), the addition of more circles tends to produce
UWRB response from 2.05 to 3 GHz and from 6 to 11 GHz.

As seen in Figure 3(a), seven holes were etched into seven
of the eight circles that were created in the previous phase in
the third step. As seen in Figure 3(b), the addition of etched
holes often results in UWB response and enhances impedance
matching. As seen in the suggested fractal antenna, further
impedance matching is achieved by creating a curved slit in the
partial ground plane and adding a plus singe to the center of the
main ring with hole, with the corresponding S1; displayed in
Figure 3(b). The design and simulation procedures are carried
out using CST Microwave Studio v2019.

Equations (5) and (6) yield the fractal antenna’s dimensions,
which are the starting points for the PSO algorithm.

The constraints on the dimensions of the proposed Fractal
antenna are as follows: R,, ranges from 13 to 15.6 mm; R,;
ranges from 10 to 13mm; L ranges from 14 to 17mm; R,
ranges from 2.7 to 42mm; R; ranges from 1 to 3mm; R,
ranges from 2 to 4 mm; and L4 ranges from 14.2 to 15.5 mm,
in which 2 x Rpo < W, 2% Ryo < Wy — Ly, Ly < Ly.

The radius of the radiating disc is denoted by I2,,,; the thick-
ness of the Roger RT 5880 substrate is h; the effective permit-
tivity is represented by ¢,.; and the center frequency is f,.. Ta-
ble 1 is a list of the Fractal antenna’s geometric specifications.
The manufactured circular ring-shaped fractal antenna is seen
in Figure 4.
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The frequency ranges 2.05 GHz-14.5 GHz are covered by
this system. The aforementioned frequency ranges correspond
to specific wireless standards, including UWB from 3.1 up to
10.6 GHz, X-band from 8 up to 12.5 GHz, and lower band of
Ku from 12.5 to 14.5 GHz. In order to get a broad bandwidth,
the dimensions of the fractal antenna are determined in this
research using particle swarm analysis. An analogous circuit
model was created in the advanced design system (ADS) pro-
gram in order to understand the ultra-wideband antenna’s wide-
band properties, as shown in Figure 3(c). The degeneration
Foster canonical (DFC) model, which is commonly used for
characterizing ultra-wideband antennas, forms the foundation
of this circuit. When an antenna exhibits wideband features,
it may be seen as a radiating element that generates several
closely spaced resonances, wherein some neighboring bands
cross over [46,47]. As seen in Figure 3(d), the ideal simula-
tion and similar circuit’s simulation results are contrasted. Par-
allel connections between RLC lumped elements allow for the
analysis of each resonance band. Numerous parallel-connected
RLC circuits with narrowly spaced bands can be coupled in se-
ries to provide a wideband characteristic. Figure 3(c) shows the
capacitance and inductance, respectively, represented by letters
C and L, when the ultra-wideband antenna is resonating at the
fundamental lower mode. The remaining higher resonances are
realized by the three parallel RLC circuits coupled in series.
The radiation resistances of the associated resonances are rep-
resented by three resistors, R1, R2, and R3. The impedance
matching inside the operating band is controlled by the left RLC
circuit, which consists of R1, C'1, and L1. The lower side of
the ultra-wideband is adjusted by the center RLC tank, which
consists of R2, C'2, and L2. The upper frequencies are con-
trolled by the right RLC circuit, which consists of k3, C'3, and
L3. Table 2 provides the values of the electrical components
used in the analogous circuit.
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TABLE 2. The values of the electrical components utilized in the circuit correspond to each other.

C L Rl L1 Cl RQ L2 Cz R3 L3 CS
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FIGURE 5. Reflection coefficient simulation for the suggested fractal antenna with several values of (a) Rop, (b) R, and (c) L.

TABLE 3. Comparison of proposed UWB antennas intended for biomedical and Multiband applications with previously demonstrated.

Ref Dimensions Dielectric . Frequency Efficiency Gain
mm? material " band (GHz) (%) (dBi)
[3] 25 x 35 RT/Duroid 5880 | 2.2 3.2-20 85 5.36
1.0-2.75
4.74-8.70
[41] 24 x 30 FR-4 4.4 11.04-12.76 NA 3.37
14.97-16.62
19.70-22.0
[42] 14.9 x 33.14 FR-4 44 3-11 NA 4.74
[43] 50 x 60 Denim substrate | 1.4 7-28 90 10.1
[44] 29 x 27 FR-4 44 3-15 NA NA
[45] 19 x 21 FR-4 44 3-13.5 NA 4
[46] 20 x 28 FR-4 4.4 2.95-12 85 4
[47] 27 x 50 FR-4 4.4 1.63-1.88 90 5.5
4.5-8.5
[48] 34 x 30 FR-4 43 3.2-75 91 2
Proposed 38 X 45 Roger RT5880 | 2.2 | 2.05GHz-14.5GHz 95 6
106
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FIGURE 6. Surface current distribution on the proposed antenna’s radiating patch. (a) 2.4 GHz, (b) 3.3 GHz, (c) 4.5 GHz, (d) 8 GHz, (e) 12 GHz.

4. RESULTS AND DISCUSSION

As seen in Figure 4, the suggested antenna is manufactured
by photolithography and simulated using the commercial CST
2019. A Roger RT5880 material substrate with a loss tangent of
0.0009 and a dielectric constant £, of 2.2 is used. The thickness
of the substrate is 1.75 mm.

By placing restrictions on an antenna’s dimensions as the
lowest and maximum values of the generated antenna’s dimen-
sions are set, the optimization aims are to obtain the smallest
dimensions of the antenna in the desired bandwidth while main-
taining |.S11| below —10 dB. As seen in Figure 5, the radius of
the Fractal antenna is the primary factor that determines its cen-
ter frequency.

As Figure 5 shows, we observe that the antenna’s bandwidth
is determined by the patch’s radius. Greater bandwidth is lo-
cated at L, = 14.7mm, R,, = 14.3mm, and R, = 3.5mm.
Figure 6 displays the associated surface current distribution
of the suggested fractal antenna for frequencies of 2.4 GHz,
3.3GHz, 4.5GHz, 8 GHz, and 12 GHz, and shows that the
transmission feed line and fractal radiating patch get most of
the current. The currents are shown to be more densely packed
toward the fractal antenna’s surface. Consequently, the band-
width will be broadened as a result of these currents.

The simulated and observed reflection coefficients are shown
in Figure 7(a). One is the applied inertia weight. In addition
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to increasing the antenna’s dimensions as seen in Figure 7(b),
changing the inertia weight to 0.5 boosts bandwidth at the cost
of a tangential return loss to —10 dB, which cannot be guaran-
teed in fabrication.

Within the necessary bandwidth, the antenna may produce
—10dB to —25 dB, according to the observed findings of |S11].
The frequency range that the antenna can cover is 2.05 GHz—
14.5 GHz.

The obtained impedance bandwidths are sufficiently large to
accommodate various wireless standards, including those cov-
ered by UWB from 3.1 up to 10.6 GHz, X-band from 8 up to
12.5 GHz, and lower band of Ku from 12.5 to 14.5 GHz.

By using the PSO method, we may reduce the antenna’s
dimensions to the minimum while maintaining the necessary
bandwidth without raising the cost of manufacturing due to
larger dimensions. The final antenna dimensions were provided
in less time since this method of constructing an antenna with-
out trial and error to obtain the desired bandwidth, high gain,
and high efficiency is faster. As seen in Figures 7(c) and (d),
respectively, the efficiency varies about 95% while the gain
ranges from 2 to 6.5 dBi.

The two-dimensional (2D) radiation patterns for the - and
H-planes are shown in Figure 8. We calculated the radiation
characteristics for the following frequency bands: 2.4, 3.3, 4.5,
8, and 12 GHz. The antenna possesses omnidirectional capa-
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FIGURE 7. The measured and simulated parameters of proposed fractal antenna. (a) Return loss. (b) Simulated return loss when inertia weight = 0.5.

(c) Gain and (d) Efficiency.

bilities for the H-plane and bidirectional properties for the E-
plane, as seen in Figure 8. Additionally, the provided antenna
exhibits nearly consistent response across the operational band-
width, demonstrating outstanding coverage.

4.1. Analysis of the Antenna's Performance in the Time Domain

For near-field microwave medical imaging applications, it is
critical to assess the antenna’s performance in the temporal do-
main [3, 13], taking into account factors such as the forward
transmission coefficient (S21), So1 phase, and group delay.
This means that two identical antennas are placed side by side
and face to face with a distance of 30 cm between them. Fig-
ures 9(a) and 9(b) show this configuration with both antennas
in transceiver mode.

Antennas are excited by a Gaussian pulse with an operat-
ing range of 1-20 GHz in order to assess the time-domain per-
formance of the suggested antenna. Figures 10(a) and 10(b)
display the normalized amplitudes of the input and output sig-
nals for each configuration. The fidelity factor (FF), or cross-
correlation between broadcast and received pulses, is computed

using the following formula [40]:

ffooo Se(t)S-(t + 7)dr
Jo 1S )P dt [ (S, (1)) dt

FF = max @)

In this case, S;() stands for the transmitted signal, S, (¢) for
the received signal, and 7 denotes the group delay. The face-
to-face and side-by-side arrangements have FF values of 82%
and 76.85%, respectively. The FF value is high in a face-to-face
setup, indicating less distortion in the transmitted signal. Min-
imal distortion throughout the whole UWB spectrum is sought
for UWB antennas. The average delay between the input signal
and transient output center is assessed to determine the phase
distortion and dispersion properties of an antenna; this phe-
nomenon is called group delay.

The group delay, S3; phases, and S2; magnitudes are dis-
played in Figure 1. Figure 10(c) makes it evident that the side-
by-side and face-to-side antenna configurations have an So;
value lower than —25 dB over the whole range. In Figure 10(d),
the S5; phase is also displayed to help understand the linearity
characteristics within the intended band operation. It is clear
from the phase curves that the antenna behaves linearly in the
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FIGURE 10. Time Domain Performance Analysis of the suggested Antenna. (a) Input and output signals for side by side. (b) Input and output signals
for face to face. (c) Transmission forward coefficient. (d) S21 phase, and (e) group delay.

desired frequency range in a variety of orientations. Figure
10(e) shows that the peak values of 1.55ns for both face-to-
face and side-by-side arrangements suggest that there will be
less distortion when transmitting brief pulses.

5. COMPARISON WITH RELATED WORKS

A thorough comparison of the several antennas intended for
UWB applications is provided in Table 3. Dimensions, di-
electric material €,., operating frequency, fractional bandwidth
(FBW), and gain are all included in the comparison. A deeper
look reveals that the suggested antenna design has a broad
18 GHz frequency bandwidth, suggesting that it may be used
for a variety of UWB spectrum applications. The suggested de-
sign is successful in both signal reception and transmission, as
evidenced by a significant gain of 6 dBi and FBW of 144.82%.
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This makes it a viable option for biomedical applications where
dependable and efficient signal transmission is crucial.

6. CONCLUSION

We have successfully designed and presented a circular ring-
shaped fractal UWB antenna tailored for UWB applications.
The radiating element features a central circular ring embel-
lished with eight smaller circular rings and a plus sign with a
central hole, strategically employed to expand the bandwidth
within the main ring. To further improve impedance matching,
a curved slit is intricately etched onto the ground plane. The
PSO method has been employed to determine the dimensions of
the circular ring-shaped fractal antenna. The optimization ob-
jectives prioritize minimizing the antenna’s dimensions within
the necessary bandwidth, while concurrently adhering to spe-
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cific performance criteria: a reflection coefficient (S11) of less
than —10dB, a gain exceeding 6 dBi, and an efficiency of ap-
proximately 95%. The impedance of the fractal antenna covers
a frequency range from 2.05 to 14.5 GHz. With a broad spec-
trum coverage, our antenna covers various wireless standards
including UWB from 3.1 up to 10.6 GHz, X-band from 8 up to
12.5 GHz, and lower band of Ku from 12.5 to 14.5 GHz. Fur-
thermore, our antenna design exhibits consistent radiation prop-
erties across its operational bandwidth. The assessment of the
antenna’s time-domain performance highlights favorable prop-
erties suitable for a variety of biomedical applications, partic-
ularly in the realms of microwave and millimeter-wave medi-
cal imaging. This holistic approach to design and performance
ensures the antenna’s applicability and effectiveness in diverse
UWB scenarios.
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