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ABSTRACT: Manually optimizing the performance of a circularly polarized (CP) patch antenna typically requires numerous iterative
adjustments and can be highly time-consuming. To address this challenge, artificial intelligence techniques can be employed to efficiently
explore the parameter and solution spaces. In this work, a well-known genetic algorithm (GA) is utilized to design and optimize a
novel CP antenna. Specifically, a multi-objective genetic algorithm (MOGA) is adopted as a powerful optimization tool, providing
effective exploration of the parameter space to achieve the desired operating bandwidth and CP characteristics. The optimized CP antenna
features a compact size of 20 mm x 20 mm x 1.6 mm. The design process is carried out using HFSS and MATLAB, and the results are
further validated through simulations in CST and ADS (equivalent circuit modeling). The antenna is fabricated by etching the patch
and ground plane on the top and bottom sides of an FR-4 epoxy substrate (¢, = 4.4), respectively. The simulated reflection coefficient
bandwidth (RCBW) and axial ratio bandwidth (ARBW) are significantly enhanced, achieving fractional bandwidths of 25.78% and
16.68%, respectively, while the measured RCBW reaches 24.5%. Furthermore, the proposed antenna provides a peak gain of 5.9 dBi and
aradiation efficiency exceeding 67%. The application of MOGA effectively enhances both the operating bandwidth and CP performance,
making the proposed antenna a strong candidate for various Ku-band applications.

1. INTRODUCTION

P patch antennas are an essential class of radiating elements
Cin modern wireless systems because of their inherent ben-
efits in maintaining high signal reliability [1], reducing inter-
ference [2], and suitability for mobile applications [3]. Circu-
larly polarized antennas are widely used in several applications,
namely satellite [4, 5], maritime radar communications [6], and
wireless communication systems. Regardless of the orienta-
tion between the transmitting and receiving ends, CP antennas,
in contrast to linearly polarized antennas, consistently maintain
signal integrity [7]. This type of microstrip antenna is devel-
oped to transmit and receive electromagnetic waves with CP,
meaning that the electric field propagates in a circular direction
as the wave progresses. CP is achieved by exciting two orthog-
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onal modes of the patch antenna with equal magnitude and dif-
ference phase of 90 degrees [8]. Numerous design mechanisms
exist, such as truncated square [9] or circular patch [10], adding
perturbation elements [11], utilizing dual feedlines with a phase
difference of 90 degrees [12]. The optimization of the CP an-
tenna performance can be performed using manual trial-and-
error method, which demands several iterations and more time
to achieve the desired characteristics. To handle these chal-
lenges, different artificial intelligence techniques may be im-
plemented, including Particle Swarm Optimization (PSO) [13],
Ant Colony Optimization (ACO) [14], MOGA [15], and artifi-
cial neural network (ANN) [16, 17].

Numerous studies have been performed in the literature, such
as in [18]. The proposed antenna is designed to create CP by
feeding two orthogonal modes, which are achieved by using
a 90-degree power divider. To improve the gain, two tech-
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FIGURE 1. Optimized antenna structure and its parameters, (a) front side, (b) back side, and (c) 3D view.

niques are used, including 9 x 9 rectangular unit cells and a
solid sheet of copper. This antenna operates within the band-
width (BW), ranging from 10 to 13.54 GHz. Moreover, it is
CP in the frequency band from 10.5 to 12.5 GHz. Also, it of-
fers a maximum gain close to 8.5 dBi. Furthermore, paper [19]
presents a circular patch antenna with a rectangular slot utilized
to generate CP. In order to broaden the band of CP radiation, a
6 x 6 array of slotted circular metasurface (MTS) unit cells is
used. This MTS CP antenna is designed on an FR4 (e, = 4.3)
substrate, providing an entire size of 38.7mm x 38.7mm X
3.4mm. It operates in the band from 5.18 to 7.4 GHz. The
CP bandwidth ranges from 5.48 to 7.05 GHz. Furthermore, pa-
per [20] suggests an antenna operating in the Ku frequency band
at two bands spanning 12.47—13.08 GHz and 16.51-17.42 GHz.
The frequency bands of the CP are 12.39-13.56 GHz and 16.3—
17.65 GHz. This antenna is designed for satellite applications.
Besides in [21], the proposed fractal antenna is fabricated on an
FR4 substrate (¢, = 4.4), providing an overall size of 36.6 mm
X 36.6mm X 1.6 mm. This antenna offers CP in the frequency
band from 17.12 to 18.04 GHz and operates within the band of
16.96-18.74 GHz, presenting a maximum gain of 5.14 dBi. All
these antennas provide a narrow operating BW alongside lim-
ited CP BW.

In contrast to the antenna designs, as cited in the above
references, which are developed based on parametric analy-
sis, this study combines the truncation of two opposite cor-
ners of the square patch antenna to create CP and the pow-
erful genetic algorithm extension named MOGA, automating
the process to enhance antenna performance. This integration
helps overcome the limitations of the operating and axial-ratio
bandwidths. This antenna is developed to operate within the
13.2-—15.1 GHz frequency band to cover satellite communi-
cation applications [22], including aeronautical mobile, avia-
tion, radio astronomy, and Industrial, Scientific, and Medical
(ISM) systems. The optimized CP antenna is printed on an FR4
epoxy substrate (¢, = 4.4) due to its high mechanical rigid-
ity and low cost, providing a compact structure with an overall
size of 20 x 20 x 1.6mm®. Moreover, it operates within a
wide frequency band spanning from 12,18 GHz to 15,85 GHz.
The broadened 3-dB ARBW covers the frequency band from
12.92 GHz to 15.29 GHz, offering CP across this band.

The organization of the remaining sections is as follows.
Section 2 presents the geometry of the suggested CP antenna,
general steps of the MOGA, the developed MOGA, and differ-
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ent steps involved in optimizing the antenna performance. Sec-
tion 3 displays the frequency response, far-field results, corre-
sponding equivalent circuit of the CP antenna, and the compar-
ative analysis of the optimized antenna performance with rele-
vant published studies. The last section presents a summary of
the key results discussed in this paper.

2. STRUCTURE AND CP ANTENNA PARAMETERS

2.1. Geometry and Parameters of the Proposed Antenna

The suggested antenna design is presented in Fig. 1. As indi-
cated in this figure, the patch antenna is etched on the front side,
while the ground plane is etched on the back side. The trimmed-
corner square patch antenna with dimensions of Ry + C7 is ex-
ited using a feedline with the length of Ly + Ly + Lg. This
antenna shape is used to generate the CP. To broaden the ob-
tained frequency band of CP, four square parasitic elements are
added on front side of the antenna, and a rectangular slot is in-
troduced in the center of the square patch. Also, a rectangular
slot is cut in the ground plane under the feedline to expand the
operating frequency band. The ground plane and patch antenna
are printed on an FR4 substrate (¢, = 4.4). The overall size of
the antenna is 20 mm x 20 mm x 1.6 mm. The parameter val-
ues in Table 1 are the optimized dimensions applying MOGA.

TABLE 1. Parameters and their associated values of the optimized CP
antenna.

Parameters | values (mm) | Parameters | values (mm)
w 20 fi 3
L 20 f2 0.6
H 1.6 fs
Py 2.5 fa 2
Py 3 Ly 1
Ps Lo 2.8
Py 0.5 Ls 2
Ry 6.8 Ly 1.4
Ch 32 Ls 1
Lg 0.7

2.2. Multi-Objective Genetic Algorithm Steps

Based on the process of natural selection derived from biologi-
cal evolution, genetic algorithms (GAs) are potent optimization
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FIGURE 2. Parametric evolution of the proposed circularly polarized antenna: (a) initial design, (b) corner-truncated path, (c) addition of the diagonal
slot and ground modification, and (d) final optimized antenna configuration.

TABLE 2. MOGA parameters during the optimization procedure.

MOGA parameters and operators | Attribute Descriptions
Iteration numbers 180
time 36h 21 min
selection operator selectiontournament
crossover function crossoverscattered
mutation function mutationpower

techniques. They simulate how populations of organisms de-
velop over many generations, adjusting to their environment to
survive and procreate efficiently. When used to solve problems,
GAs evolve a population of candidate solutions instead of a sin-
gle solution. An extension of genetic algorithms called MOGA
is developed for problems with multiple objectives. Several
steps are involved to achieve the desired objectives, and the
general ones can be described as follows. The parametric study
of the proposed circularly polarized (CP) antenna is presented
in Fig. 2, while the results of the multi-objective genetic algo-
rithm (MOGA) optimization are summarized in Table 2. In the
first step, a random population is generated within the lower
and upper parameter bounds, including different chromosomes
(individuals). Then, in the second step, the parent population
is evaluated by calculating the values for all objective func-
tions based on the issue formulation for each parent chromo-
some. These objective values measure the performance of each
chromosome with respect to the defined objective functions. If
the conditions were satisfied, the procedure was stopped; other-
wise, in the third step, a new population called child population
was generated using different techniques comprising selection,
crossover, and mutation functions. The selection function is
applied on the parent population to choose individuals for the
next generation. Numerous methods can be used, and one of
them is the Selection Wheel Roulette [23]. This operator se-
lects parents by simulating a roulette wheel, in which the area
of the wheel section corresponding to an individual is propor-
tional to its fitness value. The algorithm uses a random number
to select one of the sections with a probability equal to its area.
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Moreover, tournament selection [23] may be employed. This
operator randomly picks a certain number n of people from
the whole group to compete against each other. The tourna-
ment winner is the individual with the greatest fitness value.
This individual is then chosen for further processing in the ge-
netic algorithm, which includes crossover and mutation. This
method is repeated to pick the required number of parents for
the following generation. This selection approach balances the
promotion of fitter individuals while retaining genetic variety
through random sampling. In the next step, the crossover func-
tion is used to create the next population (child population).
Several approaches exist, among which the crossover scattered
operator (random mask crossover) [24,25] produces the child
population by creating a random binary vector (mask) with the
same parent chromosome size, retaining variety while explor-
ing novel solution combinations. For each component point,
if the mask value is 1, the child’s gene is picked from parent 1;
otherwise, the gene is taken from parent 2. Furthermore, single-
point crossover develops new individuals by joining two parent
solutions [24,26,27]. Here is how it works: Initially, two par-
ent chromosomes are picked. Then, a random crossover posi-
tion along the chromosomal length is determined. The children
are generated by exchanging the segments of the parents after
this crossing point. This means that one child receives the genes
from the first parent up to the crossover point and the remaining
genes from the second parent, while the other child receives the
complementary portions. Besides, two-point crossover selects
two distinct random points along the chromosome length and
swaps the middle segment between the two parent solutions to
create offspring [24,26]. Specifically, for parents P; and Ps,
randomly choose the crossover points s and j (1 <i < j < L,
where L is chromosome length); child; receives genes 1 to
i — 1 from Py, i to j from Py, and j 4+ 1 to L from P;; childs
receives the complementary segments. Additionally, Laplace
crossover is a parent centric operator [28, 29], and this function
uses two parent individuals P; and P; to generate the children
individuals child, and childs based on Laplace distribution us-
ing Eq. (1). First, two random numbers k; and k] are generated
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using the uniform distribution between 0 and 1. Then, a ran-
dom number «; is generated using the Laplace distribution as
indicated in Eq. (1).

a—blog(k;), kI <05
QG = ) (1)
a+blog(k;) k!>05

where a is the location parameter, and the scale parameter b >
0. The parameter b controls how the children are distributed
around the parents. The scale parameter is set to b = bj.¢q; for
real-valued variables and to b = b;,,; for decision variables that
are limited to integers. This distinction is crucial because the
nature of the variables should be reflected in the perturbation
scale. While smaller values of b encourage producing children
farther from the parents, supporting broader exploration of the
search space, smaller values of b cause offspring to be generated
closer to their parent solutions, encouraging local search. The
two children child, and childs are obtained as follows:

Chlldl = Pl + Q5 |P1—P2| (2)
Childg = P2 + oy |P1—P2| (3)

After the crossover process combines the parent individuals to
generate new children, mutation is applied to introduce random
variations into these offspring. This step guarantees genetic di-
versity, allowing the algorithm to explore new regions of the
solution space and avoid premature convergence. Numerous
mutation operators can be used, including Gaussian Mutation,
Adaptive Directed Mutation, and Power Mutation. The Gaus-
sian Mutation technique requires two crucial parameters: the
mean and the standard deviation [29]. Typically, to demonstrate
that mutations are centered around the current gene value, the
mean is set to zero, guaranteeing no systematic bias in the mu-
tation direction. Where o is the standard deviation, it controls
the mutation strength by defining the spread of the distribution;
a larger o leads to more significant variations in the mutated
gene, while a smaller ¢ results in subtle changes. Mathemat-
ically, the Gaussian distribution used for mutation is given by
the following equation:

@) =5 o0 <(‘”2_U’§)2> )

where p is the mean (usually zero), and = represents the muta-
tion value added to the gene. This formula describes the prob-
ability density function of the Gaussian distribution, guiding
how mutation values are sampled to perturb genes during the
evolutionary process. Moreover, the Adaptive Directed Muta-
tion operator is designed to prevent gene concentration caused
by crossover and to avoid random [30]. It generates new so-
lutions guided by an adaptive gradient direction based on pre-
vious solutions, which informs the search process. This gra-
dient direction is derived from changes in fitness values of the
individuals over three consecutive generations, capturing how
each solution evolves during optimization, while Power Muta-
tion mutates the parent y, utilizing equation (5) [29]. For each
element of the parent population, the jth component of the child

x is given as follows:

o) = {y(j)—s(y(j)—lb(j)) i) <@

y(j) + s(ub(j) —y(5) if t(j) = ()

Here, t(j) is the distance of x(j) from the jth component of
the lower bound [b(¢) and is mathematically calculated using
Eq. (6); r is a random number calculated from a uniform distri-
bution in the unit interval; s is a random variable, which is gen-
erated according to the power distribution using Eq. (7), where
p is a random created number between 0 and 1.

yh)-BbG)
0= iy = (i) ©

f(k) = pkP~r0 <k< 1 (7)

The fourth step of the optimization process is dedicated to
scoring the children. If the stopping condition (Maximum num-
ber of generations, MaxStallGenerations, time limit, obtain the
targeted one) objectives are achieved, terminate and return the
current population; otherwise, proceed to the next step, where
the parent population and the children are combined into an ex-
tended population [31]. Then, the individuals of the obtained
population were sorted by computing the rank and crowding
distance using the subsequent steps:

a) Compute the rank using the fast non-dominated sorting al-
gorithm, identify the non-dominated fronts Fi, Fs, ..., F
in the extended population. Repeat step b for each front
i=1,..., K[31].

b

~—~

Calculate the crowding distance for each individual in F;
as demonstrated in Eq. (8) [31]. In ascending order, sort
the solutions in F; for each objective function r. Let m be
the number of individuals in Fj, and y; ,] represents the
Jj-th solution in the ranked list with respect to the objective
function r. Assign cd,-(yp1,,) = oo and cd(Yjm,r) = 00,
and for j = 2, ..., m — 1, assign the crowding distance
value according to Eq. (8). To obtain the total crowding
distance cd(y) of a solution y, sum the solution’s crowding
distances for all objective functions (Eq. (9)).

Zr (Y1) =Zr (Yi-101)
Zr;l%am*Zr,JWin

cdy (yn) = ®)

cd(y) =Y edy (y). ©9)

T

In the last step, the extended population is trimmed to obtain
the population size of individuals by retaining the desired num-
ber of individuals of each rank. Apply the crossover and muta-
tion operators to the selected population and go to step 4 [31].
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FIGURE 3. Evolution of the proposed circularly polarized antenna design: (a) reflection coefficient (S11) and (b) axial ratio (AR) of Step 1, Step 2,

Step 3, and the proposed antenna.

3. DIFFERENT CP ANTENNA STEPS

To gain a comprehensive understanding of the proposed an-
tenna approach to generate CP, Fig. 3 depicts the procedure
to build the antenna structure from a basic square patch to a
trimmed-corner patch antenna with parasitic elements. The ob-
tained reflection coefficient and axial ratio are illustrated in
Fig. 3.

In the first step (Fig. 2(a)), the antenna is designed based
on a conventional square patch to operate within the desired
frequency band. The obtained reflection coefficient indicates
that the antenna functions within the target band; however, im-
proved impedance matching is still required. Additionally, the
axial ratio exceeds 3 dB, indicating that the antenna does not
exhibit circular polarization. In the second step (Fig. 2(b)),
two opposite corners of the square patch are truncated to gen-
erate circular polarization. As shown in Fig. 3(a), the an-
tenna achieves circular polarization in dual bands, from 13.3 to
13.4 GHz and from 14.2 to 15.4 GHz, while the reflection co-
efficient bandwidth spans from 12.4 to 15.6 GHz. In the third
step (Fig. 2(c)), two slots are etched at the center of the trun-
cated patch and beneath the feeding line to enhance the axial
ratio bandwidth. As illustrated in Fig. 3(a) and Fig. 3(b), the
antenna achieves circular polarization over a wider band rang-
ing from 12.4 to 15.6 GHz. In the final step (Fig. 2(d)), four
square and two rectangular parasitic elements are introduced on
the front side to modify the current distribution, thereby broad-
ening the axial ratio bandwidth. The corresponding reflection
coefficient and axial ratio, based on the optimized antenna di-
mensions, demonstrate that the impedance bandwidth ranges
from 12.34 to 15.55 GHz, while the 3 dB axial ratio bandwidth
extends from 12.92 to 15.29 GHz.

4. DEVELOPED MULTI-OBJECTIVE GENETIC ALGO-
RITHM

The multi-objective genetic algorithm (MOGA), implemented
using MATLAB and ANSYS Electronics Desktop, is employed
to optimize the reflection coefficient bandwidth (RCBW) and
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axial ratio bandwidth (ARBW). The optimization process is
fully automated using IronPython.

In this section, the procedure for implementing the MOGA
script using MATLAB’s Global Optimization Toolbox is de-
scribed. The optimization is performed using the function ga-
multiobj (fun, nvars, A, b, Aeq, beq, Ib, ub, options), where
fun represents the fitness function to be optimized; nvars de-
notes the number of variables; A and b define the linear in-
equality constraints; Aeq and beq represent the linear equality
constraints; /b and ub correspond to the lower and upper bounds
of the variables, respectively; and options specify the optimiza-
tion settings.

The outputs of this function include (x, fval, exitflag, output,
population, scores), where x represents the Pareto-optimal so-
lutions; fval contains the corresponding objective function val-
ues on the Pareto front; exitflag indicates the termination con-
dition of the algorithm; output provides information about the
optimization process; population denotes the final population;
and scores represent the fitness values of the final population.

To optimize the reflection coefficient and axial ratio of the
proposed antenna, the Fitness functions Fs and F4p are de-
fined as demonstrated in Eqs. (10) and (11) to minimize the re-
flection coefficient and axial ratio to be < —10dB and < 3dB,
respectively, in the band from 13.2 GHz to 15.1 GHz.

Fs = max(|S11 (fi)])
Far = max (AR (f;))

where f;€[13.2 15.1].

The most critical variables that influence RCBW and
ARBW are described by the following vector [Cy Ry fi
fo P1 P> P3 Py4], and the lower bound is given by [2 4 1 0.2
1.5 2 3 0.2], while the upper bound is [4 8 4 1.5 3.54.56 1].
The chosen optimization options for this study are as follows.
The chosen selection function is ‘selectiontournament’, and
the maximum generations and population size are set to
10 and 40, respectively. To explore the parameter space,
‘crossoverscattered’ is used. To gain more diversity, the
mutation function ‘mutationpower’ is utilized. The flowchart
of the optimization process is illustrated in Fig. 4. In the first

(10)
(11)
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FIGURE 4. Flowchart of the optimization process.

step, an initial population is generated randomly considering
the lower and upper bounds. This population is named as the
parent population; it comprises 40 individuals. In the next
step, for each individual, the antenna structure is simulated
using High Frequency Structure Simulator (HFSS). Then,
the obtained reflection coefficient and axial ratio values are
extracted in a CSV file and uploaded to MATLAB to evaluate
the fitness functions. If the stop criterion is satisfied, the
process terminates and returns the best solution; otherwise,
a new population called the child population is generated
using the parent population. First, the parent population
is selected using ‘selectiontournament’ with a tournament
size of 3, and a random subset of individuals is selected.
During the tournament, each individual is evaluated, and then
the individual with the highest fitness score is added to the
selection pool. This process was repeated to obtain the desired
number of individuals for the next generation. Second, to
explore the parameter space effectively, the crossover function
is implemented using ‘crossoverscattered’. To survey more
diversity within the population, the ‘mutationpower’ function
is implemented. The structure was simulated again using the
children’s population. This process will be repeated until one
of the stopping conditions is satisfied. For this optimization,
the maximum generations is set to 300; MaxStallGenerations
is configured as 100; and Function Tolerance is set to 10~

5. OBTAINED RESULTS OF THE OPTIMIZED CP AN-
TENNA

5.1. Frequency Response and Farfield Results of the Proposed
Optimized Antenna with MOGA

The optimal antenna performance is achieved by employing the
robust MOGA, which effectively balances conflicting objec-
tives including reflection coefficient and axial ratio to find a set
of Pareto-optimal solutions. This algorithm allows for simulta-
neous optimization of several parameters, ensuring strong ex-

ploration of the solution space. It helps obtain the desired goals
in the suitable frequency range from 13.2 GHz to 15.1 GHz, in-
cluding good matching of the antenna impedance to be less than
—10dB and to ensure the CP indicated by the observed 3 dB
ARBW. After applying the optimization process, the optimal
parameter values for Cy, Ry, f1, f2, P1, P», P3, and P, are ob-
tained as 3.2 mm, 6.8 mm, 3 mm, 0.6 mm, 2.5 mm, 3 mm, 4 mm,
and 0.5 mm, respectively.

Figure 5 shows simulated results using HFSS and Computer
Simulation Technology (CST) software for validation, com-
prising the reflection coefficient, voltage standing wave ratio
(VSWR), axial ratio, peak gain, radiation efficiency, and in-
put impedance. To confirm the simulated results, the epoxy
FR4 substrate was used to produce a prototype of the antenna,
as indicated in Fig. 6(a) and Fig. 6(b). Then, the reflection
coefficient and VSWR were measured using the 3656D Vec-
tor Network Analyzer (VNA) (Fig. 6(c)). The proposed an-
tenna provides a broad operating frequency band achieved uti-
lizing HFSS spans from 12.35 GHz to 15.53 GHz, while that
obtained with CST ranges from 12.37 GHz to 15.7 GHz; how-
ever, the measured bandwidth is from 12,18 GHz to 15,85 GHz,
thus validating the simulated results. The impedance matching
is confirmed by plotting the VSWR, as depicted in Fig. 5(b), the
simulated and measured VSWRs are below 2 in the operating
frequency band, validating good impedance matching. To eval-
uate the polarization behavior of the antenna, the axial ratio is
assessed as a key parameter across the desired frequency range.
Fig. 5(c) shows that the simulated axial ratio using HFSS and
CST is below 3 dB in the wide frequency band from 12.92 GHz
to 15.29 GHz. Also, the suggested CP antenna provides an im-
portant gain, achieving a maximum gain of 5.9 dBi. Moreover,
Fig. 5(e) shows radiation efficiency, reaching a maximum of
77.77%.

The discrepancies between the results obtained using HFSS
and CST software mainly stem from their distinct numerical
techniques and meshing strategies. HFSS utilizes the Finite
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FIGURE 5. Achieved results: (a) reflection coefficient, (b) VSWR, (c) axial ratio, (d) peak gain, (e) radiation efficiency, and (f) input impedance.

Element Method (FEM), whereas CST primarily uses the Fi-
nite Integration Technique (FIT), and the observed difference
between the measured and simulated reflection coefficients is
due to the soldering effect, SMA connector, measurement un-
certainty, environmental effects, and fabrication imperfections.

Figure 7 presents the surface current distribution of the opti-
mized CP antenna at the resonant frequency of 14.47 GHz. The
surface current rotates in a clockwise direction, indicating that
the suggested antenna generates right-hand circular polariza-
tion (RHCP).

To evaluate the radiation patterns in different planes, as
seen in Fig. 8(a) and Fig. 8(b), the far-field radiation patterns

453

are plotted in £ and H planes at an operating frequency of
14.47 GHz, respectively. In both planes, the suggested antenna
pattern is unidirectional. In addition, the 3D radiation pattern
shows how an antenna directs its energy. As demonstrated
in Fig. 8(c), the suggested CP antenna provides strong radi-
ation performance, achieving a remarkable gain of 5.9 dBi at
14.47 GHz.

6. EQUIVALENT CIRCUIT

The equivalent circuit model is used to achieve a deeper under-
standing of antenna performance, providing a reduced yet pow-
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FIGURE 6. Fabricated prototype of the proposed design, (a) front view, (b) back view, and (c) measurement configuration using a calibrated vector
network analyzer.
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FIGURE 7. Distribution of the surface current vector on the top surface analyzed at multiple phase angles: (a) 0°, (b) 90°, (c) 180°, (d) 270°.

erful representation of antenna electrical characteristics. For Consequently, the optimal values of Ly, Cy, Ry, L1, C1, Ro,
the suggested CP antenna, the electrical equivalent network Lo, Cs, L3, C3, Ly, Cy4, Ly, Cs, Lg, Cs, Cin1, Crna, Cins,
model is designed with the Advanced Design System (ADS) and C,4 are depicted in Table 3. As illustrated in Fig. 9(b),
by integrating multiple resonators arranged sequentially. the equivalent circuit bandwidth ranges from 12.45 GHz to

As indicated in Fig. 9(a), the antenna electrical behavior is 15.7 GHz, guaranteeing good agreement with the measured and
modeled by two parallel Ry L1C4 and Rs L,C5 elements based the simulated results.

on the input impedance maxima, as demonstrated in Fig. 5(f).

The real part of the input impedance exhibits two distinct max-
ima, and each is presented with parallel RLC elements, whereas 7. COMPARISON OF THE ACHIEVED RESULTS WITH
RELEVANT PUBLISHED STUDIES

Cy is connected in series with the inductance Lg, presenting

the capacitance and inductance of the antenna feedline. On the The performance examination of the proposed CP antenna is
other hand, the parasitic patches are represented with their ca- displayed in Table 4, comprising the overall size, ARBW,
pacitances C' (C3, C4, C5, and C) and inductances L (L3, L4, RCBW, radiation efficiency, and maximum gain. This table
Ls, and Lg). Moreover, the central patch is linked with para- demonstrates that the optimized antenna provides the operating
sitic patches via coupling capacitances Cp, (Crn1, Cmz, Cps, frequency band 12.18-15.85 GHz, wider than the bandwidths
and Cpn4). The optimal values of Lo, Co, Ry, L1, C1, Ry, Lo, in [21,32,33,34]. Also, the CP bandwidth ranges from 12.92
and C are achieved utilizing the powerful ADS’s optimization. to 15.29 GHz, larger than all presented references in this table.
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FIGURE 8. Proposed antenna radiation pattern characteristics, (a) F plane, (b) H plane, (c) 3D radiation pattern at 14.47 GHz.

TABLE 3. The equivalent circuit components and their corresponding values.

Components of the equivalent circuit and the corresponding values

R1 = 46.3221 Ohm

L3z = 32.0013nH

C1 = 573.312fF

Cs = 446.536 fF

R2 = 63.4367 Ohm

L4 = 639.897 fH

Cy = 510.376 fF

Cr1 = 992.707 {F

Lo =1.99439nH

Ls = 1.71548 nH

C3 = 2.05959 pF

Cn2 = 1.17694 pF

Ly = 257.976 pH

Le = 17.6657 pH

Cy = 3.33249 pF

Chnz = 154.247 fF

Lo = 788.606 pH

Co = 89.1382 fF

Cs = 881.726 fF

Cma = 26.549 fF

TABLE 4. Analysis and comparison of the optimized CP antenna performance with the prior research.

Ref Entire dimensions ARBW RCBW Efficiency Max gain
(mm*) (“) (%) (o) (dBi)
[33] 96.435 x 50.017 x 1.64 0 2.87 NM 7.627
[20] 72 x 72 % 14.388 9.15/7.97 4.8/5.37 NM 14.91
[21] 36.6 x 36.6 x 1.6 5.21 10.01 86 5.14
[32] 40 x 48 x 1.59 2.56/3.57 6.27/7.60 NM 8.01-6.01
Optimized antenna 20 x 20 x 1.6 16.68 26,14 67 5.9

Moreover, the overall size of the optimized antenna is more
compact than antennas in [19, 20,21, 32]. The achieved gain of
the CP antenna, close to 5.9 dBi, is achieved at the frequency
value of 14.17 GHz, presenting a reasonable gain. Furthermore,

the radiation efficiency exceeds 67%. These results confirm the
antenna’s adequacy for satellite applications requiring reliable
signal transmission and reception within the operating band-
width.
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FIGURE 9. Electrical behavior of the optimized antenna, (a) equivalent circuit and (b) the reflection coefficient comparison obtained with HFSS,

CST, measurement, and ADS.

8. CONCLUSION

In this study, the proposed circularly polarized (CP) antenna
is designed and fabricated on an FR-4 epoxy substrate with
a compact size of 20mm x 20mm x 1.6mm, featuring
a simple single-layer structure. The antenna is developed
for Ku-band applications using a multi-objective genetic
algorithm (MOGA), achieving high performance in terms
of a wide operating bandwidth, broad axial ratio bandwidth
(ARBW), reasonable gain, and good radiation efficiency.
The reflection coefficient bandwidth (RCBW) ranges from
12.18 GHz to 15.85GHz. Moreover, the antenna exhibits
circular polarization within the frequency range of 12.92 GHz
to 15.29 GHz, supporting RHCP and ensuring robust signal
quality. It achieves a peak gain of 5.9dBi and a radiation
efficiency of up to 67% across the operating band. These
characteristics make the proposed CP antenna well-suited for
mobile applications in the Ku frequency band.
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