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Abstract

This research uses a new multi-objective optimization algorithm
to design a single pole antenna with specific electromagnetic
characteristics. This algorithm uses a hybrid chaotic function to
integrate the customized mutated particle swarm algorithm with
the modified genetic algorithm. By avoiding getting trapped in
local minima, the new hybrid approach achieves desired results
faster than conventional particle swarm algorithms and genetic
algorithms. The performance of the proposed meta-heuristic
algorithm has been successfully simulated and stabilized using
benchmark functions such as Rastrigen's function, Ackley's
function, Rosenbrook's function, and Booth's function. Finally,
the wvalidity of the presented approach for electromagnetic
applications is demonstrated by optimizing a planar microstrip
monopole antenna with a simple structure. The proposed
algorithm allows the optimization criteria to be customized to
achieve the predetermined results for return loss and resonance
frequency. The optimization algorithm developed in MATLAB
is used to determine the necessary parameter settings in order to
achieve the expected frequency bands using custom mutated
particle swarm algorithm or heuristic modified genetics. The
dimensions of the proposed antenna elements significantly

affect the antenna performance.
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1. Introduction

The design of engineering systems has always faced a significant challenge: optimization, a critical aspect of any
system. However, traditional trial-and-error approaches are often inaccurate and unsuitable for complex systems
with numerous design parameters. To address this limitation, researchers have developed program-based
optimization algorithms that enable precise optimization of sensitive and complex engineering
systems. Telecommunication systems, a common type of engineering system, play a vital role in people's daily
lives, work, and social interactions. Antennas are a crucial component of modern telecommunication systems, and
optimizing their parameters is essential to achieve optimal performance.

There are two primary methods for optimization: deterministic and metaheuristic approaches. Deterministic
methods, such as quadratic programming, the simplex method, the gradient method, and Newton's method, are
widely used for optimization. However, these methods have notable drawbacks, including susceptibility to local
optima, long computation times for complex problems, and the need for a valid starting point [1]. In
contrast, metaheuristic approaches are probabilistic optimization algorithms that adapt to a wide range of
problems without requiring significant changes to their structure. This adaptability is a key advantage of
metaheuristic methods.

Since the early 1970s, various probabilistic optimization approaches have been introduced [2, 3]. Many of these
methods are inspired by natural laws and biological processes. Among the most popular metaheuristic techniques
are Particle Swarm Optimization (PSO), Genetic Algorithm (GA), and Ant Colony Optimization (ACO). As
reported in [4-6], these algorithms have been extensively used to solve electromagnetic problems, demonstrating
their efficiency and flexibility in addressing complex challenges.

Nature-inspired optimization algorithms often rely on complex mechanisms or operators that mimic natural
processes. These algorithms do not require prior knowledge of the cost function to achieve general convergence
[24, 25]. Instead, their intrinsic parameters are typically defined randomly. These features, along with their proven
success in electromagnetic applications, make metaheuristic algorithms ideal candidates for general optimization
in electromagnetic systems and antenna design [7]. In fact, algorithm-based optimization methods have gained
significant attention due to their high speed and accuracy.

Printed antennas have become increasingly popular due to their lightweight structure, low cost, and ease of
integration with other microwave components [8-10]. One of the most significant challenges in antenna design is
selecting the optimal physical parameters to achieve desired performance. Numerous studies have been published
on the optimization of engineering systems, particularly wireless and telecommunication systems, and antenna
design [11-15]. Metaheuristic algorithms are widely used in these applications due to their high efficiency, ease
of implementation, and versatility in designing and simulating electromagnetic systems.

For example, in [16], the particle swarm algorithm was used to design a microstrip array antenna with coupled
parasitic elements. This antenna, fed by a coaxial cable, operates in the 5 to 6 GHz frequency band for wireless
applications. The antenna features several rectangular parasitic elements around the microstrip patch on the printed
circuit board to cover the desired frequency band. Determining the precise placement of these parasitic elements
is challenging with conventional methods, but the particle swarm algorithm effectively addresses this issue. The
proposed antenna exhibits good gain and an omnidirectional radiation pattern.

In [17], an innovative approach is presented to reduce the in-band radar cross-section (RCS) of a microstrip patch
antenna while maintaining its radiation properties. This is achieved by placing highly absorbing unit cells around
the antenna's radiating patch, optimized using the particle swarm algorithm. Measurement results show a 10 dB
RCS reduction in the 2.5-3 GHz band for both x and y polarizations, with a maximum RCS reduction of -26.4
dB at 2.8 GHz.

A three-element Yagi-Uda antenna with a lattice structure is introduced in [18]. The random configuration of this
wire antenna is optimized using particle swarm and genetic algorithms to achieve the best bandwidth, radiated
power, and front-to-back ratio (FBR).

In [22], the radiation and dispersion parameters of a single-element monopole antenna are optimized using
the Customized Mutated Particle Swarm Algorithm (CM-PSO).

2. Innovation and contributions

In this study, a hybrid algorithm has been used to optimize a monopole antenna so that it has an intensity of -40
dB at the resonant frequency of 3.5 GHz and covers the frequency band of 3.3 to 3.8 GHz with an S_11 criterion
of less than -10 dB. This algorithm receives physical parameters such as antenna dimensions as input and
calculates their optimal values as output. In fact, the proposed hybrid algorithm is a combination of customized
mutated particle swarm algorithms and a modified genetic algorithm. This algorithm uses a chaotic function to
optimally combine the two algorithms. In fact, the chaotic function decides, according to the threshold criterion,
which of the algorithms to continue the optimization process or whether this process should end. The proposed
algorithm is faster than the customized mutant particle swarm algorithms and the modified genetic algorithm and
has higher reliability in producing the same results in similar but independent simulations. In the proposed method,
the two algorithms are independent of each other and it is not required to merge the algorithms with each other.
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The efficiency of the algorithm has been successfully simulated and established using benchmark functions such
as the Rastrigen function, the Ackley function, the Rosenbrock function, and the Booth function.
The contributions of the paper are as follows:

1- Presenting a new multi-objective optimization algorithm.

2- Using a new combinational pattern for the chaotic function.

3- A new method for reliable and secure antenna performance.

4- Designing and implementing a new antenna for specific applications.

3. Materials and Methods

This study aims to optimize antenna performance through two key approaches: (1) structural modifications of
antenna components and (2) implementation of a novel multi-objective hybrid algorithm combining mutated
particle swarm optimization, customized chaotic functions, and a modified genetic algorithm.
The research methodology involves:

1- Algorithm development in MATLAB environment

2- Integration with CST Studio Suite for antenna design simulation

3- Comparative analysis with conventional HFSS/CST optimization approaches
A critical observation from our work demonstrates that relying solely on electromagnetic simulation tools (HFSS
or CST) for parameter optimization proves computationally intensive and often yields suboptimal results. The
proposed hybrid approach addresses these limitations by synergizing metaheuristic optimization with full-wave
simulation, significantly enhancing both efficiency and accuracy in antenna design.

4. Results and Discussion

Previous work [22] developed an enhanced PSO variant (CM-PSO) that effectively avoids local minima and
rapidly converges to global minima in complex engineering designs. This capability was demonstrated through
the design of monopole antennas operating in the 2.4-2.5 GHz band for industrial, scientific, and medical
applications. Subsequent improvements [23] achieved faster convergence by incorporating additional algorithms.
Further validation [24] confirmed the algorithm's effectiveness through dual-band monopole antenna design and
benchmark function testing in electromagnetic optimization.

Our novel multi-objective hybrid algorithm further accelerates convergence through three key innovations: (1)
customized mutated PSO algorithms, (2) chaotic functions, and (3) a modified genetic algorithm. By replacing
random functions with chaotic functions for initial population generation (parent selection), we enable offspring
solutions to surpass their parents' performance. This approach prevents convergence to local optima while
promoting movement toward global minima. The chaotic functions generate smoother pseudo-random number
sequences with minimal jumps, reducing the influence of randomness during population generation, arithmetic
crossover, and mutation operations. Consequently, we can isolate and analyze the modified GA's contribution to
the hybrid algorithm's performance. These improvements yield more consistent decision parameters and
optimized results across independent runs, as evidenced by smaller deviation plots. The method maintains
reliability while requiring fewer function evaluations (NFEs) to reach final solutions.

Regarding the algorithm combination, the customized mutated particle swarm algorithm and modified genetic
algorithm require an intelligent integration approach that enhances the convergence rate of the hybrid algorithm
while maintaining optimization control. To achieve this, we introduce a new chaotic function to coordinate these
algorithms. A threshold value determines which optimization algorithm to employ when searching for global
minima during the design process. Specifically, the MCM threshold value selects either the CM-PSO algorithm
or the modified genetic algorithm (MGA) to continue optimization, simplifying the combination process and
avoiding complex formula integration.

In this study, when the MCM value exceeds the threshold, the CM-PSO algorithm performs the optimization;
otherwise, the MGA identifies the global minima. The proposed MCM generates pseudo-random numbers
between 0 and 1, exhibiting a mean value of 0.47 (over 3000 iterations) and repeatable patterns across independent
runs. Simulation results demonstrate that setting the threshold to 0.45 yields superior solutions with fewer function
evaluations, indicating that the CM-PSO algorithm handles most optimization tasks more effectively.

Figure I presents the algorithm flowchart, showing how both algorithms initialize populations and search agents.
After evaluating the cost function for the monopole antenna design, the process identifies optimal positions based
on minimum cost function values and archives them as global optima.
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The simulation results demonstrate that the CM-PSO algorithm achieves faster convergence with fewer iterations
compared to the MGA algorithm [23-24]. This empirical evidence supports the selection of a threshold value
closer to the mean MCM value (0.47) as optimal. Through extensive simulation studies evaluating various
threshold criteria, this approach has been validated.
The hybrid algorithm exhibits superior performance in two key aspects:

1- Enhanced ability to escape local minima

2- Improved convergence toward global minima
This improvement stems from our novel implementation of MCM, which combines:

o Sinusoidal functions

e Recursive functions

e Piecewise chaotic functions
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Figure 1l. Simulated and measured values of Sy; and Peak Gain for the proposed antenna.

The integrated approach maintains computational efficiency while effectively preventing convergence to local
optima, as confirmed by multiple independent simulation runs. The strategic combination of these chaotic
functions achieves this performance without introducing unnecessary complexity to the optimization process.
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Figure II presents the optimized antenna's final performance metrics, including Si1 parameters and peak gain
values. The Si: results demonstrate excellent performance, with the antenna successfully covering the target
frequency range of 3.3-3.8 GHz, corresponding to the 5G NR N-78 band specifications. Measurement results
further validate the design, showing an operational bandwidth from 3.18 to 3.88 GHz (S < -10 dB), with strong
correlation between simulated and measured performance.

The results of the proposed algorithm against existing methods from peer-reviewed publications for antenna
design applications demonstrate that our algorithm achieves superior optimization speed while maintaining
exceptional accuracy, despite utilizing fewer search agents (populations) and maintaining a relatively simple
implementation framework.

5. Conclusion

This study presents a novel multi-objective hybrid optimization algorithm designed to enhance the
electromagnetic performance of antennas with specific operational requirements. The algorithm incorporates
combined chaotic mapping techniques to improve both reliability and convergence speed. Specifically, we
integrate a customized CM-PSO algorithm with an innovative modified genetic algorithm (MGA) through a
unique composite chaotic mapping approach.
Using this advanced optimization framework, we successfully designed a planar monopole antenna with simple
geometry that achieves:

e S11<-10 dB across the 3.3-3.8 GHz frequency band

e S11<-40 dB at the 3.5 GHz resonant frequency

e  Full compatibility with 5G NR n78 band specifications
The algorithm operates on seven key antenna dimensions as decision variables, optimizing them simultaneously
to meet these stringent performance criteria. Validation through multiple benchmark functions confirms the
algorithm's robustness, with all decision variables consistently converging to similar values across independent
runs.
Key advantages of our approach include:

1- Elimination of complex CM-PSO/MGA integration challenges

2- Enhanced optimization efficiency through chaotic function implementation

3- Reliable convergence behavior

4- Significant reduction in computational time while maintaining precision
The proposed method demonstrates particular effectiveness for antenna design applications requiring both
broadband performance and specific resonance characteristics.
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Figure 2. Chaotic functions with 250 time steps, (a) integrated chaotic function with mean 0.47 and consistency criterion 45. (b) chaotic
functions of CCM, PCM, ICM and SCM [24].
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Figure 4. Schematic of the proposed antenna with its fabricated form: (a) schematic of the proposed antenna, (b) top view of the

fabricated antenna, (c) bottom view of the fabricated antenna, and (d) side view of the schematic of the proposed antenna.
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Table 1: Optimized values for decision variables by the proposed algorithm.

decision variables Value in millimeters or degrees decision variables Value in millimeters or degrees
Ry 2.01 R, 56.7
Ly 5.62 w, 1.81
L, 6.43 w, 10.25
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Figure 5. Convergence and bugsplot of S_11, (a) Bugsplot comparison of CM-PSO and MGA algorithms with the proposed algorithm,

(b) Convergence rate to suitable S;;
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Figure 6. Convergence of decision variables to the final values using the proposed algorithm, (a) rate of convergence of R; to the final

value, (b) rate of convergence of R,to the final value, (c) rate of convergence of L, to the final value, (d) rate of convergence L_a to the
final value, (e) rate of convergence of W, to the final value, (f) rate of convergence of Wy to the final value and (j) rate of convergence of

0 to the final value.
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Figure 7. Convergence interval (bugsplot) of decision variables to the same values using the proposed algorithm in independent and
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Table 2: Comparison of the characteristics of algorithms and antennas from other papers with the proposed method and antenna.

Lo Simplicity or Number of Number of
Reference Antenna Typg of Optimization complexity of returns for researchers or
Type Algorithms Parameters . L :
the algorithm optimization populations
[e]  Mcrosp PSO $_11 Bandwidth and simple - -
ntenna
Microstrip In-band radar cross .
[17] Antenna PSO section (RCS) reduction simple ) )
Forward gain, good front-
Yagi-Uda to-back ratio, and 2:1 or . _ ~
[18] arrays PSO better voltage standing simple
wave ratio (VSWR)
E-Shaped Resonance frequency B B
[19] patch DNN adjustment Complex
DE Triple-band rejection 60
[20] Patch characteristics Complex 500
NMR X . 51
Antenna size reduction
Conformal Optimize the amplitude of
IGA the element current
[21] antenna IPSO excitation of the spherical Complex 2000 3
array
conformal array
[22] M,\‘jlrl“’Mpg'e CM-PSO S_11 and isolation simple 25.30 100
Diplole MCM
[23] P CM-PSO S_11 and isolation simple 25..30 40
MIMO
AGA
MCM
[24] Monopole CM-PSO S_11 and isolation simple 25..30 100
MGA
This MCM
Monopole CM-PSO S_11 and isolation simple 25..30 40
Method MGA
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Figure 10. Measure S;; parameters, gain, and radiation pattern of the proposed optimized antenna, (2) gain and radiation pattern
parameters in the antenna room, (b) measurement of S;; parameter using N9918A KEYSIGHT Network Analyzer.
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