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Abstract

This article proposes the design and performance comparison
between wideband Vivaldi antenna and a dual-band log-periodic
antenna for cancer detection with novel arrangements of
photonic crystals, metasurfaces, and grating reflectors. In the
Vivaldi structure, the photonic crystal walls are implemented on
both sides of the antenna to provide an electrical shield to focus
energy for gain enhancement and antenna directivity as well as
sidelobe reduction. The front-to-back ratio is another issue for
this antenna where toothed elements are used as reflectors to
reduce the antenna's backlobe. This antenna covers the
frequency range of 0.5-2 THz with a maximum gain of 8.8 dBi.
The proposed antenna is used for breast and skin cancer
detection modeled by a Debye 2nd order model. In the second
structure, a log-periodic toothed antenna is used as the radiator
along with photonic crystals and metasurfaces to improve
antenna directivity and reduce the F/B ratio. In this structure,
the metasurface is designed as a fractal disk to also exhibit dual-
band characteristics. The maximum antenna gain is increased to
11.5 dBi with near 90% efficiency. Reflection and transmission
values, pulse response, and phase change of healthy and

cancerous tissues are used for cancer detection.

Keywords: Antenna, Photonic crystals, Grating reflector, Cancer spectroscopy, Terahertz, Metasurfaces
terms.

Highlights
Combining photonic crystals and metasurface structure to use logarithmic periodic antenna structure.
Introducing a novel configuration of Vivaldi antennas using periodic structures, aiming to reduce sidelobes,

and enhance directivity.

Presenting a cancer tissue detection model using antenna output to design a data processing system.
Employing directive antennas, metasurfaces, and shielding to generate a directional antenna pattern and

detect cancerous tissue.
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1. Introduction

Microstrip antennas are widely recognized for their advantages, including their low profile, low cost, ease of
fabrication, and compatibility with matching circuits [1]. Recently, this type of antenna has gained significant
attention for applications in the terahertz (THz) frequency range [2]. The THz frequency range, situated between
microwave and infrared frequencies, spans from 0.1 to 10 THz [3]. This range is particularly promising for THz
imaging in medical applications, such as the early detection of cancer cells. The non-ionizing nature and low
phonon energy of THz waves make them safe for human tissue, as they do not produce harmful effects on the
human body [4].

Gain is a critical factor in the design of antennas for THz technology. To address this, various techniques have
been proposed, including metamaterial near-zero structures [5], lenses [6], and periodic structures for High Input
Resistance (HIR) [7]. In the context of THz systems for cancer diagnosis, the design of a directional antenna is a
crucial component. THz antennas can be utilized for medical sensing and cancer detection by leveraging the
frequency shift differences between cancerous and normal tissues, which serve as a key indicator for cancer
detection [8]. For instance, patch antennas integrated with metamaterials have been developed for breast cancer
detection by analyzing pulse response differences [9].

2. Innovation and contributions

= Integration of Photonic Crystals and Metasurfaces: A novel resonator structure is created by combining
photonic crystals with metasurfaces, transforming the toothed log-periodic antenna into a high-
performance resonator. This structure is utilized as a probe for enhanced functionality.

= Advanced Vivaldi Antenna Design: A new Vivaldi antenna structure is proposed, incorporating photonic
crystals and toothed reflectors to achieve effective shielding, reduced sidelobes, and improved directivity.

= Cancer Detection Model: A model is introduced to differentiate cancerous tissue from healthy tissue
using antenna output data, enabling the design of a data processing system for cancer diagnosis.

3. Materials and Methods
The antenna structures were simulated using CST Microwave Studio software, employing the time-domain
method for analysis.

4. Results and Discussion
Several parameters were utilized to distinguish between cancerous and healthy tissues:
= S21 Parameter: The transmission coefficient (S21) is illustrated in Figure (a).
= Phase Response: The phase delay, depicted in Figure (b), serves as a diagnostic factor for identifying
cancerous versus healthy tissue.
= Pulse Response: The transmission pulse response, shown in Figure (c), reveals distinct time delays and
magnitude changes between healthy and cancerous tissues, providing a clear basis for detection.

5. Conclusion

In the first part of this study, a Vivaldi antenna was designed to operate within the frequency range of 0.5 to 2
THz. By incorporating photonic crystal structures around the antenna, significant improvements in bandwidth and
gain were achieved. In the second part, a microstrip toothed log-periodic antenna was designed, utilizing photonic
crystals and a metasurface to achieve a structure with enhanced bandwidth, quality factor, and a directional
radiation pattern.
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Figure 1. The schematic of the proposed antenna with grating reflector and photonic crystal shield (a) Primary antenna, (b) Vivaldi antenna
with reflectors,(c) Vivaldi antenna with grating, (d) Final Vivaldi antenna with photonic crystal and grating, e) The final antenna geometry
and design details
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Figure 2. Comparison of radiation pattern for 4 step of antenna design, (a) Primary antenna at 1 THz, (b) Primary antenna at 1.2 THz, (c)
Primary antenna at 1.7 THz, (d) Vivaldi antenna with reflector at 1 THz, (e) Vivaldi antenna with reflector at 1.2 THz, (f) Vivaldi
antenna with reflector at 1.7 THz, (g) Vivaldi antenna with grating at 1 THz, (h) Vivaldi antenna with grating at 1.2 THz, (i) Vivaldi

antenna with grating at 1.7 THz, (j) Final Vivaldi antenna with photonic crystals and grating at 1 THz, (k) Final Vivaldi antenna With
photonic crystals and grating at 1.2 THz, (I) Final Vivaldi antenna with photonic crystals and grating at 1.7 THz.
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Table 1. The skin tissue modeling factors in the THz spectrum

2[Ps] n[Ps] € €s €0 Skin
1 7 5 25 34 Normal Tissue
1 10 6.2 40 4.2 Cancerous Tissue
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Table 2. The breast tissue modeling factors in the THz spectrum

T2[Ps] w[Ps] & &s £, Breast
0.07 10.3 3.9 76.5 2.1 Normal Tissue
0.08 9.1 4.3 77.9 25 Cancerous Tissue
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Figure 3. (a) The practical system for examining the skin cancer tissue [31], (b) The placement of the tissue sample between two antennas
(this image is not in real scale).
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Figure 4. The antenna reflection and transmission for cancer and normal tissue for (a) Breast healthy and cancer, (b) Skin healthy and cancer
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Figure 5. The pulse response of (a) the breast tissue for healthy and cancer, (b) the skin tissue for healthy and cancer [32].
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Figure 6. The antenna phase response for cancer and normal tissue, Phase of (a) reflection (S1;) for breast tissue, (b) transmission (S;;) for
breast tissue, (c) reflection (Sy1) for skin tissue, (d) transmission (S,;) for skin tissue [32].
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Table 3. The proposed antenna elements dimensions.

Element Size (um)
hy 25
h2 75
hs 10
L 200
g 10
d 30
do 80
ds 10

d, 40
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Figure 7. The geometry of the proposed antenna (a) The 3D view of the antenna and the log-periodic radiator (b) The photonic crystal layer
(c) The metasurface layer
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Figure 8. The return loss of the antenna (Sy;) for the three different distance of metasurface
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Figure 10. The return loss of the antenna (S1;) for the three different heights of the photonic crystal in the spacer layer
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Table 4. comparison this work with previous research for the type, operation frequency, bandwidth and gain

Ref. Antenna Type Frequency (Terahertz) Bandeidth (%) Gain (dBi)
Designed Structure log-periodic 1.24,1.55 6.5 115
[26] Yagi 0.48 20 4.03
[16] Patch 1 2 11.1
[8] Patch 1.14 8.2 356
2] Patch 1.02, 1.47 2 25
[23] Slot 04,06 56 2.1

(3] Patch 06 2 73




Sl o3y i ol dome — pudas (sagem SV gb desmal . 3l T 9o o Sles duslie A

Farfield Realized Gain Abs (Phi=90) Farfield Realized Gain Abs (Phi=90)

o]

Phi= 90 30

30 Phi=270

o]

Phi=270

60

60 60
i 90
90 90 10
120 - ’ 120
120 120 B =
150 150
150 180
180 Fi = 1.55TH
Frequency = 1.24 THz re_quency - z
. . Main lobe magnitude = 11.5 dB
Main lobe magnitude = 6.85 dB ) ) .
Main lobe di . — 180.0d Main lobe direction = 180.0 deg.
ain lo e- irection = _ ) €g- Angular width (3 dB) = 29.1 deg.
Angular width (3 dB) = 37.5 deg. Side lobe level — -9.6 dB
Side lobe level = -2.1 dB
(a) (b)
Farfield Realized Gain Abs (Phi=20) Farfield Realized Gain Abs (Phi=90)
0 (o]
Phi= 90 30 30 Phi=270 Phi= 90 30 30 Phi=270
60 60 60 "\ 60
90 90
90 S0
120 ’ 120
120 120 ; :
150 150
150 150 180
180 Frequency = 1.55 THz
Frequency = 1.24 THz Main lobe magnitude = 11.1 dB
Main lobe magnitude = 7.11 dB Main lobe direction = 180.0 deg.
Main lobe direction = 180.0 deg. Angular width (3 dB) = 30.1 deg.
Angular width (3 dB) = 37.1 deg. Side lobe level = -8.4 dB
Side lobe level = -3.7 dB
(©) (d)
Farfield Realized Gain Abs (Phi=90) Farfield Realized Gain Abs (Phi=90)
0 o
i= 30 30 i
Phi= 90 - - Phi=270 Phi= 90 30 30 Phi=270
60 4 b 60 60
S0 90 920 90
120 120 120 ~ - 120
150 150 - -
180 150 150
F 1.22 TH 180
re.quency - z Frequency = 1.55 THz
Main lobe magnitude = 5.01 dB i i
i . i Main lobe magnitude = 9.09 dB
Main lobe direction = 180.0 deg. A . .
. Main lobe direction = 180.0 deg.
Angular width (3 dB) = 39.4 deg. A | idth (3 dB) = 35.7 d
Side lobe level = -7.0 dB _ngu arwi ( ) = ’ €g-
Side lobe level = -1.1 dB

O]
VOO sy (D) og Ko+ alold b 55,0l 5 VIYYE (6l (@) 5le alold aY )0 (5,55 sla ol alises sl glas )l (sl u..j ol eIV S

L 3,805 WYY (sl (€) og Son VO alold b 55,015 1100 (sl (d) g ,Sn YO alald b 53,015 VIYY (51 (€) oy S+ alolB b 35,005

g S VWO alold b 55,15 VOO sl (F) yios e VYO alols

Figure 11. the radiation pattern of the antenna for various height of photonic crystal in the spacer layer (a) for 1.2 ¢ THz with height of
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Figure 12. Placement of sample between two antenna for cancer detection, (a) A homogenous tissue, (b) Tissue with some cancer section
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Figure 13. The response of the antenna for cancer and healthy tissue, (a) The transmission (Sz1), (b) The phase of transmission, (c) The

pulse response of the transmission
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Abstract

Microgrids based on distributed generation sources are
connected to the main power grid through power electronic
converters that have low mechanical inertia and damping, so the
dynamic characteristics of the power system must be improved
simultaneously with the integration of renewable energy sources
for stability. Virtual synchronous generators are one of the
effective methods for integrating renewable energy systems into
the power grid. In order to have a behavior similar to that of a
real synchronous generator when changed or disturbed by a
virtual synchronous generator, the control operation is
performed in the power electronic converter of the distributed
generation unit. In this paper, the characteristics of two droop
methods and a virtual synchronous generator for controlling
active and reactive powers are compared using the small signal
model and the state space model. The evaluation between these
two different control strategies is performed using simulation
results in the MATLAB environment. Also, the characteristics
of the synchronous generator due to changes in the moment of
inertia and damping coefficient are shown. Integrating the
virtual synchronous generator in the microgrid, in addition to
reducing frequency and voltage deviations, also improves
stability.

Keywords: Inverter, Oscillation equation, Small signal, Synchronous generator, Virtual inertia.
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1. Introduction

Environmental problems have caused the power industry to move towards the use of green and low-carbon energy
and the reduction of greenhouse gases, so a larger share of the power system has been allocated to renewable
energy sources. The energy crisis and environmental pollution have led to the penetration of renewable energies
such as photovoltaic systems and wind turbines in the power system. The transformation of the global energy
structure, along with the rapid development of energy technologies, has increased the proportion of electricity
generation due to the advantages of renewable energy production such as flexible distribution and economic
benefits. It is possible to set up power plants near load centers using renewable energy sources in a dispersed
manner. Given the many advantages of using renewable energy, their integration into the power system will reduce
inertia and affect the stability of the system due to the lack of mechanical rotating components and their non-
adjustable nature. Also, the unpredictability and fluctuations of renewable energy sources in the network will be
challenging, which is why microgrids are used as a solution to overcome these limitations [1,2]. Microgrids are
considered a suitable solution for integrating renewable energy sources, for energy availability in remote locations,
as well as ensuring improved flexibility and increased system reliability. VVoltage source converters or inverters
are usually the interface between energy storage systems, distributed generators and loads. The limited capacity
of converters makes it possible to operate a number of them in parallel, forming a microgrid [3,4].

2. Innovation and contributions
The use of power electronic converters increases the generation but leads to a lack of inertia and reduced damping
of the power system and reduces the ability of the power system to withstand disturbances. The droop control and
virtual synchronous generator control methods can be used in the voltage source inverter. In this paper, by
presenting a small signal model, the two above methods are compared in terms of response speed to load changes.
The simulation results show the angular velocity changes and active power changes of the inverter output for step
changes in the input. Among the innovations of this paper, the following can be stated:

- Study of attenuation reduction of power electronic converters in the network.

- Comparison of droop control method with virtual synchronous generator technique.

- Determination of small signal model of virtual synchronous generator connected to infinite bus.

- Comparison of response speed for load changes of two control methods.

3. Materials and Methods

Virtual synchronous generators (VSG) are similar to a generating unit with a power electronic converter that has
similar dynamic behavior and characteristics to synchronous generators, which are used as one of the effective
methods for integrating renewable energy sources into the power grid due to their ability [5,6]. Droop control is
one of the applied methods for controlling converters in microgrids and virtual synchronous generator is an
alternative way. Virtual synchronous generator is an inverter-based control method applied in distributed
generation unit and has a behavior similar to synchronous machine in order to support power system stability
[7,8]. The main purpose of using virtual synchronous generator technique is to improve power system stability.
Energy storage in conventional synchronous generators is mechanical, but in virtual synchronous generator,
energy is stored electrically using inverter. In a real synchronous machine, the damping factor and the moment of
inertia are constant, but by controlling with the oscillation equation, the dynamic characteristics of the virtual
synchronous generator can be adjusted according to the system requirements [9,10].

4. Results and Discussion
In order to maintain the frequency while reducing the equivalent grid inertia due to the increase in the penetration
of renewable energy in the grid, a virtual synchronous generator control scheme is used.

5. Conclusion

The rapid expansion of microgrids and the increasing penetration of renewable energy sources using power
electronic converters due to the absence of arbiter mass that has low inertia has reduced the inertia of the entire
system and affected the stability. One of the practical techniques to overcome the problem of lack of inertia in
renewable power systems is the use of virtual synchronous generator, which plays an important role in the
production of renewable resources due to its various advantages. Virtual synchronous generator is one of the
simplest methods for applying virtual inertia in the power system, which has been studied and simulated in this
paper. Simulating the inertia and rotor droop by an inverter similar to a conventional synchronous generator causes
the control of the virtual synchronous generator to have better frequency support than droop control. The
simulation results have shown the effect of the control scheme of the virtual synchronous generator compared to
droop control.
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Table 1. Comparison of the characteristics of the two control methods

Output Rate of frequency . .
oscillation change Inertia support Response speed Current sharing effect
Virtual Synchronous
Generator Yes Low Yes Fast General
Droop Control Yes High No Slow General
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Abstract

The reversible circuits are useful in energy-saving applications
because of their unique features. Hence, using 32 nm carbon
nanotube field-effect transistor (CNTFET) technology and
relying on Toffoli's reversible gates, a new full adder (FA)
circuit is presented. The proposed circuit has 4 basic Toffoli
gates and 18 transistors. 3 of the 4 gates have the same transistor
schematic with a constant-ON transistor, but the remaining gate
has only two transistors. The proposed circuit has 3 constant
inputs and 4 garbage outputs. As a new method, in the proposed
circuit, only one type of reversible gate is used. The results show
the superiority of the proposed FA in terms of power
consumption and energy dissipation. By implementing the
proposed FA and other circuits in a 4-bit and 8-bit ripple carry
adder (RCA), the proposed circuit shows improvements by
6.83% and 11.25% in terms of power and energy, respectively,
compared to the main competitor. Also, in an 8-bit RCA, the
proposed FA has a 2% saving compared to the nearest
competitor and 27% compared to the worst circuit in terms of
the power-delay-area-product (PDAP). These results show the
designed FA as a favorable option for complex structures with
high-order bits.

Keywords: Full adder, Toffoli gate, Reversible design, Low power, High speed, Ripple carry adder.

Highlights
Covering the lack of transistor design of reversible FA based on CNTFET technology with a channel length

of 32nm.

Design of a new Toffoli gate (TG) and its usage in the proposed full adder for circuitry performance
improvement in terms of power and delay.

Use of only one type of reversible gate, Toffoli gate (TG), in the design of the proposed full adder.
Obtaining the proposed full adder with high precision in terms of output voltage generation for use in various
high-speed and frequency-dependent applications.
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1. Introduction

With the limitations imposed by Moore's Law on conventional MOSFETS, researchers have increasingly turned
to post-CMOS technologies such as carbon nanotube field-effect transistors (CNTFETS), single-electron
transistors (SETs), and quantum cellular automata (QCA) [1]. However, when these technologies are applied to
complex structures, they face several challenges, including short-channel effects, reduced gate control,
exponential increases in leakage current, process variations, and high power density. These issues have driven
researchers to explore new methods for designing integrated circuits (ICs) [2-5].

Among the various methods proposed in the literature, irreversible circuits—designed using conventional
mechanisms—are widely used. However, irreversible digital circuits face fundamental challenges, such as high
power consumption, low speed, and high energy consumption relative to their area. To address these issues,
reversible logic gates have emerged as a promising approach for designing digital circuits. Reversible logic offers
unique features, including the potential for zero power dissipation under ideal conditions, as discussed in the
literature [6-8].

In conventional irreversible operations, energy loss occurs at a rate of KTIn2 Joules per bit loss, where K is the
Boltzmann constant and T is the temperature. While this energy loss may seem negligible at first, it becomes
significant when scaled to the entire chip level. In contrast, reversible circuits ensure that the number of inputs
and outputs are equal, with the number of inputs being equal to the sum of the outputs and garbage outputs (GOs).
When evaluating reversible logic circuits, key performance metrics include power consumption, energy
dissipation, delay time, and area occupation. Additionally, reversible logic gates allow the use of constant inputs
(Cls), such as 0 or 1, to achieve the desired logical operations. However, to construct reversible circuits based on
nxn (inputxoutput) logic gates, certain outputs—referred to as garbage outputs (GOs)—are generated that are not
useful for other parts of the system.

Given the unique characteristics of reversible circuits, they are well-suited for designing basic digital circuits such
as full adders (FAs), which serve as the foundation for more complex computing circuits like multipliers, dividers,
and digital filters. Reversible gates come in various types, including Inverter, Feynman, Toffoli, Peres, and
Fredkin. Based on these gates, numerous reversible FA circuits have been proposed in the literature, each differing
in the number and type of gates, constant inputs, and garbage outputs.

2. Innovation and contributions

The proposed circuit is thoroughly analyzed from multiple perspectives. First, the block diagram of the proposed
circuit is presented and compared with previous works discussed in the earlier section. Next, the transistor-level
structure of the circuit is examined, highlighting its advantages and key features. The circuit consists of 4 Toffoli
gates (TGs), and by comparing its block diagram with existing works, the innovation in terms of the number and
type of gates becomes evident.

To sum the three inputs (A, B, and Cin) and produce the two outputs (Sum and Cout), the circuit employs two
distinct stages with different numbers of inputs and types of constant inputs. The proposed circuit includes two
constant inputs of 1 and one constant input of 0, along with 3 garbage outputs (GOs). Given its unique structure
and the use of Toffoli gates, the circuit is expected to exhibit low power consumption and high speed.

The low power consumption can be attributed to several factors, such as the minimal impact of certain transistors
(e.g., those that are permanently ON) on power usage. Additionally, since the Sum and Cout outputs are
independent in the proposed circuit, the power consumption of each gate is isolated and significantly reduced.
Although the circuit has a relatively high number of internal nodes, these nodes feature low internal capacitance
(as they are formed by approximately two transistors, similar to inverter outputs). This results in two key
advantages: reduced power consumption and faster signal transmission during the charge and discharge cycles of
these capacitors.

For simulation, the proposed circuit and other benchmark circuits are implemented using the 32 nm Stanford
University CNFET technology, a reliable post-CMOS technology. Simulations are conducted based on the
parameters listed in Table 2, and all circuit parameters—including power, delay, and energy consumption—are
extracted using HSPICE codes. The power results are reported as dynamic average power consumption, while the
delay is calculated based on the worst-case input-to-output path delay. Energy consumption is evaluated using the
power-delay product (PDP).

Initial simulations are performed at a working frequency of 250 MHz, and the input and output waveforms of the
proposed circuit are extracted, confirming that the outputs achieve full swing. To evaluate the circuit under more
realistic conditions, a ripple carry adder (RCA) is employed, along with an independent fan-out generator based
on the Feynman gate. The fan-out generator, consisting of 3 transistors, does not significantly increase the circuit's
area, power consumption, or overall delay.

For the 4-bit RCA, 4 full adders (FAs) and 8 fan-out generators are required, while the 8-bit RCA requires 8 FAs
and 16 fan-out generators.
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4. Results and Discussion

The proposed circuit, comprising 18 transistors, demonstrates superior performance in terms of power
consumption and power-delay product (PDP) compared to other circuits. In terms of power consumption, the
proposed circuit achieves 10.157 uW in 4-bit mode and 26.547 uW in 8-bit mode, outperforming the FT circuit
by 20.41% and 31.61%, respectively.

Regarding PDP, the closest competitor to the proposed circuit in 4-bit mode is the RFA-3 circuit, with the
proposed circuit showing a 6.83% improvement. In 8-bit mode, the FT circuit is the closest competitor, with the
proposed circuit achieving an 11.25% better performance. These results highlight the superior performance of the
proposed circuit, particularly in terms of power and PDP, despite having a higher number of transistors compared
to some circuits.

To ensure a fairer comparison, the power-delay-area product (PDAP)—calculated as the product of PDP and the
number of transistors—is used. The results, as shown in Table 4, indicate that in 4-bit mode, the RFA-3 circuit
uses the fewest transistors, while in 8-bit mode, the RFA-1 circuit has the lowest transistor count.

In 4-bit mode, the proposed circuit shows a 12.78% improvement over the RFA-3 circuit, while in 8-bit mode, it
outperforms the RFA-3 circuit by 17.57%. These results demonstrate that the proposed circuit is particularly
effective for high-bit applications, outperforming most existing circuits, especially the RFA-3 circuit.

5. Conclusion

In this article, a new reversible full adder (FA) is proposed, featuring 18 transistors and a novel block diagram
based on the Toffoli reversible gate. The proposed circuit, with 3 constant inputs and 4 garbage outputs,
demonstrates excellent performance in terms of power consumption and energy dissipation. A key distinguishing
feature of this circuit is its use of only one type of gate (Toffoli gate) in its main structure, unlike other reference
circuits that rely on a combination of various reversible gates to implement an FA.

Extensive simulations were conducted using HSPICE software under various conditions to validate the superiority
of the proposed circuit, particularly in high-order bit implementations. When implemented in 4-bit and 8-bit ripple
carry adder (RCA) structures, the proposed circuit outperforms its nearest competitor by 6.83% in power and
11.25% in energy efficiency. Furthermore, considering the number of transistors used, the proposed circuit
achieves a 2% improvement over its closest competitor and a 27% improvement over the least efficient circuit in
terms of the power-delay-area product (PDAP) in 8-bit mode.
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Table 1. Comparison between proposed cell and the references.
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Figure 3. (a) Block diagram, (b) output waveforms of the proposed circuit
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TABLE 2. PARAMETERS OF THE APPLIED CNTFET TECHNOLOGY [3].

Parameter Value Definition
Len 32nm Definition
L gett 100nm Physical Channel Length
Le 32nm Mean Free Path: Intrinsic CNT
Lag 32nm Source Side Extension Regions
K gate 16 Length of Doped CNT Drain
Tox 4nm Gate Dielectric Constant
Cab 40pF/m Oxide Thickness
= 0.6eV Coupling Capacitance between Channel and Substrate
Pitch 5nm Tubes Distance
Chirality Vector (38,0) Chiral Vector
Tubes 10 Number of Tubes
Dent 2.97 nm CNT Diameter
Vth 0.196 V Threshold Voltage
Ty DI A D D i i
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Figure4. RCA circuit used in this paper for the evaluation of FAs.
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Table 3. Performance evaluation of the FAs in RCAs.

4-bit 8-bit

Designs Power (UW) Delay (ns) PDP (fJ) Power (UW) Delay (ns) PDP (fJ)
RFA-1[9] 12.451 13.989 174.18 46.891 18.847 883.75
RFA-2 [9] 17.190 13.993 240.54 87.603 19.335 1693.80
RFA-3[9] 11.033 13.986 154.31 30.684 18.986 582.57
RFA-4[9] 19.701 17.959 353.81 31.257 22.541 704.56
RGFA [10] 14.610 14.985 218.93 37.554 18.941 711.31
NG-press [11] 11.382 14.998 170.71 32.904 23.987 789.27
FT [12] 12.763 13.982 178.45 30.047 17.914 538.26
Proposed 10.157 14.154 143.76 26.547 17.993 477.66

el e bl lias 4 oul w5 slacle

PDAP 4 o g 31 5 dlass o> 5 o RCA j5 by 00isS o plos o Sl b5,1:F Joas
TABLE 4. Performance evaluation of the FAs in RCAs in terms of the number of transistors and PDAP.

4-bit 8-bit
Transistor counts PDAP Transistor counts PDAP (Norm)

RFA-1[9] 84 14631.12 168 148470

RFA-2 [9] 100 24054 200 338760
RFA-3[9] 78 12036.18 191 111270.9
RFA-4[9] 128 45287.68 256 180367.4

RGFA [10] 100 21893 200 142262
NG-press [11] 116 19802.36 232 183110.6
FT [12] 92 16417.4 184 99039.84
Proposed 96 13800.96 192 91710.72
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Table 5. Evaluation of the FAs in terms of physical structure

Constant Input (Cl)  Garbage Output (GO)

Gate Count (GC)

Internal Nodes (IN)

Transistor Count (TC)

RFA-1 [9] 1 2 4 5 15
RFA-2 [9] 1 2 5 6 19
RFA-3[9] 2 3 5 6 18
RFA-4 [9] 4 5 7 8 26
RGFA [10] 1 2 2 8 19
NG-press [11] 1 2 2 8 23
FT[12] 2 3 4 6 17
Proposed 3 3 4 8 18
355 aie Ol ypss ke ;o oaisS mez plod o Sl b5l # Jou
Table 6. Performance evaluation of the FAs in RCAs against Vpp variation

Vpp Variation 0.6V 0.8V 1V 1.2V

RFA-1[9] 2.4735 3.901 7.1092 11.551

RFA-2 [9] 2.2916 47810 10.089 15.933

RFA-3 [9] 21174 3.9878 7.0707 11.015

RFA-4[9] 3.946 4214 8.487 13.394

RGFA [10] 1.8686 4.4863 8.7513 11.445

NG-press [11] 2.0072 4.3867 7.6667 11.480

FT [12] 2.1248 4.2840 7.6435 11.141

Proposed 1.7470 3.6145 6.0690 10.808
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Abstract

Orthogonal Frequency Division Multiplexing with Index
Modulation (OFDM-IM) is a system that exhibits superior
power efficiency and bandwidth compared to the conventional
OFDM system. In the OFDM-IM system, some subcarriers are
inactive, and instead of transmitting modulation symbols, zero
values are sent on these subcarriers. This paper aims to
determine the optimal number of active subcarriers to maximize
the transmitted data rate and spectral efficiency of the OFDM-
IM system. Through mathematical relationships and simulation
results, it is demonstrated that the identified value of active
subcarriers is indeed optimal, leading to the maximization of the
data rate of the system and spectral efficiency. The proposed
optimal method, particularly designed for 4-symbol Pulse
Amplitude Modulation (PAM) and 8-group OFDM-IM, has
resulted in a 6.25% increase in the number of transmitted bits
compared to previous methods. As a secondary objective, a
modified constellation with equal intervals is introduced for M-
PAM modulation, aiming to reduce the bit error rate of the
OFDM-IM system and enhance overall system performance.
For 4-symbol PAM and 16-group OFDM-IM, utilizing 9 active
subcarriers and a signal-to-noise ratio of 12 dB, the proposed
constellation has demonstrated a tenfold improvement in the bit

error rate of the system.
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1. Introduction

High data rate transmission over wireless channels is a critical requirement for many applications. However, as
the data rate increases, the symbol duration decreases, leading to more severe inter-symbol interference (ISI) in
single-carrier modulation due to wireless channel fading. To mitigate the effects of ISI, the symbol duration must
be significantly longer than the delay spread of the wireless channel. Orthogonal Frequency Division Multiplexing
(OFDM) addresses this challenge by dividing the entire channel into multiple narrowband subchannels that
operate in parallel. This approach enables both high-speed transmission and increased symbol duration, effectively
combating ISI [1].

OFDM is a specialized form of multicarrier modulation, offering flexibility that allows for the use of advanced
techniques to improve transmission efficiency. Additionally, OFDM systems exhibit high resistance to frequency-
selective fading, eliminating the need for complex equalizers [1].

Subcarrier Index Modulation (SIM) was first introduced in [2]. This method, based on OFDM, activates some
subcarriers while leaving others passive (i.e., transmitting zero values), thereby achieving improved power
efficiency and spectral efficiency. In [2], a bit string is used to activate or deactivate subcarriers via the on-off
keying (OOK) method, where the spatial arrangement of subcarriers and modulation symbols on active subcarriers
transmits the desired bit string. However, the SIM-OFDM system suffers from an unstable data rate due to the
randomness of the OOK data stream, which can lead to error propagation and a high number of errors.

To address this issue, the Enhanced Subcarrier Index Modulation (ESIM) method was proposed in [3]. This
approach pairs subcarriers, with only one subcarrier in each pair activated while the other remains inactive. The
index of the active subcarrier carries one bit of information. Although the ESIM-OFDM system exhibits better bit
error rate (BER) performance, it sacrifices half of the index bits compared to SIM-OFDM. Furthermore, frequency
resources are underutilized, as only half of the subcarriers are activated for data transmission.

In [4], the OFDM with Index Modulation (OFDM-IM) system was proposed as a more generalized form of ESIM-
OFDM. Unlike ESIM-OFDM, subcarriers are not paired. Instead, they are divided into smaller blocks, with a
fixed number of active and inactive subcarriers in each block. Digital modulation symbols are transmitted via
active subcarriers, while additional bits are conveyed through the permutation and location of active subcarriers,
facilitated by a lookup table or combinatorial method [4].

A further generalization of OFDM-IM, termed OFDM-GIM, was proposed in [5]. In this method, the number of
active and inactive subcarriers in each block is not fixed but determined by the input bit string, enabling more
flexible data transmission.

References [6] and [7] investigate the spectral efficiency of the OFDM-IM system, deriving an approximate value
for the number of active subcarriers that maximizes spectral efficiency. Similarly, [8] calculates the optimal
number of active subcarriers to maximize the transmitted bit rate of the system. All three studies arrive at the same
optimal value for active subcarriers, as maximizing the transmitted bit rate inherently maximizes spectral
efficiency. Additionally, [8] proposes a non-uniform pulse amplitude modulation (M-PAM) constellation for the
OFDM-IM system, where symbols closer to zero are spaced farther apart than those farther from zero. The optimal
spacing is determined through a computer search to minimize the bit error rate.

2. Innovation and contributions

The primary objective of this article is to calculate and refine the optimal number of active subcarriers for the
OFDM-IM system to maximize both the transmitted bit rate and spectral efficiency. To achieve this, the derivation
of the number of transmitted bits in the OFDM-IM system is utilized. Since this value is expressed as an inequality
based on the number of active subcarriers, the derivation is performed using an approximation. A key contribution
of this work is the modification of this approximation by incorporating a corrective component at the final
optimization stage. In certain cases, the proposed method demonstrates a 25% increase in the transmitted data
rate.

In the OFDM-IM system, the presence of the zero symbol disrupts the order and equal spacing of modulation
symbols. The second objective and another significant contribution of this paper is the introduction of a modified
constellation with fixed and equal intervals for M-PAM modulation. This modification reduces the bit error rate
(BER) of the OFDM-IM system while maintaining the average energy of the modulation symbols. Simulation
results based on the proposed constellation show a more than 10-fold reduction in the bit error rate, with
improvements reaching up to 100-fold in some cases.

3. Materials and Methods

We consider an OFDM-IM system with N subcarriers, K active subcarriers, and an M-PAM digital modulation
constellation of M dimensions. A bit string of length Bg is input into the system and divided into g groups (or sub-
blocks). Consequently, a bit string of length B enters each group, which is further divided into two substrings of
lengths B and B,. Each group contains n subcarriers (where N=ng), with k subcarriers being active (where K=Kkg).



54 Journal of Southern Communication Engineering, Vol. 14/ No.55/ 2025

Within each sub-block, the indices of the active subcarriers are determined based on the bit string of length B;.
Subsequently, the bit string of length B, is mapped to a symbol using the M-PAM modulation scheme, forming a
sub-block of length n. All groups are then combined to create an OFDM-IM block of length N.

In the OFDM-1M system, the presence of passive subcarriers (represented by zero values) introduces an additional
symbol to the standard M-PAM modulation constellation. This additional symbol disrupts the equal spacing
between modulation symbols, causing the constellation to deviate from its standard order and resulting in an
increased bit error rate (BER) compared to conventional OFDM systems.

To address this issue, we propose the use of a modified constellation with equal spacing between symbols, similar
to the standard M-PAM constellation. This modification is expected to improve the error rate, as the equal
distances between symbols enhance the system's robustness against errors.

4. Results and Discussion

The proposed method accurately determines the optimal number of active subcarriers, ensuring the maximum
transmitted bit rate in all scenarios and addressing the limitations of the reference method in [8]. By incorporating
an integer operator in the final stage of the optimization process, this paper compensates for the initial
approximation used in the optimization, resulting in the optimal number of active subcarriers that maximizes the
transmitted bits per group. For instance, the proposed method achieves the following improvements in the number
of transmitted bits compared to [8]:

o 25% increase for M =2 and n =4,

e 4.5% increase for M =2 and n = 16,
e 6.25% increase for M =4 and n = 8.

The proposed modified PAM constellation demonstrates superior performance, significantly reducing the bit error
rate (BER) compared to standard PAM modulation. Specifically, the BER decreases by approximately 10 times
at a signal-to-noise ratio (SNR) of 12 dB and by about 100 times at an SNR of 20 dB.

The BER curve is convex with respect to changes in the distance of the symbol closest to zero (symbol 1 in
standard PAM). This convexity allows for the use of optimization algorithms to determine the optimal distance
for a given SNR, minimizing the BER. It is important to note that, to maintain the average energy of the
modulation symbols, increasing the distance of the closest symbol to zero necessitates decreasing the distance of
the next symbol, and vice versa.

The optimal constellation values were calculated using the fminbnd function in MATLAB. The results show that
the proposed constellation performs nearly as well as the optimal constellation, particularly when spectral
efficiency is maximized. Given the minimal performance difference and the reduced computational complexity,
the proposed constellation is a practical and effective choice for M-PAM modulation in OFDM-IM systems.

5. Conclusion

In this paper, the OFDM-IM system was investigated. In this system, the number of active subcarriers significantly
impacts various qualitative and quantitative parameters, as some subcarriers are active while others remain
inactive. The primary objective of this study was to determine the optimal number of active subcarriers to achieve
the maximum transmitted bit rate and maximum spectral efficiency. Through optimization using derivation and
the correction of existing approximations, along with simulations, it was demonstrated that the proposed optimal
number of active subcarriers provides a favorable response for the OFDM-1M system. In some cases, this approach
improves the transmitted data rate and spectral efficiency by up to 25%.

In the OFDM-IM system, the presence of passive subcarriers (represented by zero symbols) disrupts the order and
equal spacing of the PAM modulation constellation, leading to a higher bit error rate (BER). As a second
contribution, this paper proposes a modified constellation with equal symbol spacing while preserving the average
energy of the modulation symbols. This modification improves the BER of the OFDM-IM system by 10 to 100
times in certain cases. Simulation results show that the proposed constellation performs nearly as well as the fully
optimized constellation obtained through exhaustive search, making it a practical and effective choice for M-PAM
modulation in OFDM-IM systems.
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Braw N=4 Bra N=8 Boa N = 16 Buax, N=24 Buax, N =32
L L L
4 5 (25%) 10 10 22 23 (4.5%) 35 35 47 47
4 8 8 16 17(6.25%) 34 35 (2.9%) 53 53 71 71
1 12 (9.1%) 24 24 48 49 (2.1%) 73 74 (1.4%) 99 99
16 14 16(143%) 31 32 (3.2%) 64 64 96 96 128 129 (0.8%)
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k k=0,1,2,...,18,19,20

2.0469, 2.0531, 1.9443, 1.9289, 1.8488, 1.7639, 1.6728, 1.5905, 1.5192, 1.4653, 1.4145, 1.3863, 1.3816, 1.3168,
1.3168, 1.3168, 1.3168, 1.3168, 1.3168, 1.3168, 1.3168

1.7011, 1.7208, 1.9375, 1.9448, 2.0326, 1.9442, 1.9428, 1.8454, 1.7774, 1.6893, 1.5873, 1.5498, 1.4850, 1.4514,
1.3974, 1.3567, 1.2970, 1.2970, 1.2970, 1.2970, 1.2970

1.4468, 1.5216, 1.6038, 1.6615, 1.7581, 1.8054, 1.8110, 1.7957, 1.7639, 1.6748, 1.6105, 1.5230, 1.4831, 1.4510,

13 1.4157, 1.3755, 1.3471, 1.3206, 1.3161, 1.3161, 1.3161
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Abstract

This article proposes a new approach in solving optimization
(issues) problems in which two known optimization algorithm
of particle swarm algorithm (PSO) and differential evolution
(DE) a cooperate. The proposed approach uses a coalition or
cooperation model in the game theory to improve the DE and
PSO algorithms. This is done in an attempt to keep a balance
between the exploration and exploitation capabilities by
preventing population stagnation and avoiding the local
optimum. The DE and PSO algorithms are two players in the
state space, which play cooperative games together using the
Nash bargaining theory to find the best solution. To evaluate the
performance of the proposed algorithm, 25 benchmark
functions are used in terms of the CEC2005 structure. The
proposed algorithm is then compared with the classical DE and
PSO algorithms and the hybrid algorithms recently proposed.
The results indicated that the proposed hybrid algorithm

outperformed the classical algorithms and other hybrid models.

Keywords: Cooperative Game Theory, Nash Bargaining Theory, Differential Evolution, Particle

Swarm Optimization.

Highlights

e  The game-theoretic environment fosters competition between algorithms, significantly enhancing their

search capabilities.

e  The Nash bargaining solution provides the best outcome for both algorithms, leveraging their Pareto

optimality property.

e  The exchange of profits from the game encourages the exploration of new areas in the search space,
increasing diversity and preventing convergence to local optima.
e  The Nash bargaining theorem ensures a balance between exploration and exploitation in the proposed

method.
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1. Introduction

Optimization has emerged as a critical issue in various fields, attracting significant research attention in recent
years due to its wide-ranging applications in resource allocation [1], scheduling [2], decision-making [3], and
more. However, many optimization problems, particularly in engineering, are inherently complex and cannot be
solved using conventional methods such as mathematical programming. As a result, numerous metaheuristic
methods, inspired by natural phenomena, have been proposed and are rapidly expanding across various branches
of engineering. Some of the recently developed metaheuristic algorithms include Chicken Swarm Optimization
(CSO) [4], Sine Cosine Algorithm (SCA) [5], Grey Wolf Optimization (GWO) [6], Fruit Fly Optimization
Algorithm (FOA) [7], Cat Swarm Optimization (CSO) [8], Bird Swarm Algorithm (BSA) [9], Bat Optimization
Algorithm (BOA) [10], Differential Evolution (DE) [11], Crow Search Algorithm (CSA) [12], and Particle Swarm
Optimization (PSO) [13].

Despite their widespread and effective application, the DE and PSO algorithms have inherent limitations that can
hinder their performance. A key challenge is achieving a precise balance between the two conflicting objectives
of exploration (diversification) and exploitation (intensification) [18]. To address these limitations, various
strategies have been proposed, one of the most effective being hybridization [19]. Hybrid algorithms, a growing
field in intelligent systems, aim to combine the strengths of different approaches to mitigate their weaknesses [18].
This paper introduces a novel approach to solving optimization problems by combining the DE and PSO
algorithms. The core idea is to use a coalition or cooperation model from game theory, specifically the Nash
bargaining theory, to enable the DE and PSO algorithms to engage in cooperative games. In this framework, the
two algorithms work together to achieve the best balance in the game, which corresponds to the optimal solution
in the state space. During each round, after a specific number of iterations, the DE and PSO algorithms enter the
game environment and cooperate, exchanging the profits earned from the game.

In any cooperative scenario, the goal is to maximize individual profits. The Nash bargaining solution represents
an agreed-upon bargaining outcome that maximizes the product of individual utilities. A key feature of the Nash
bargaining solution is its Pareto optimality property. According to the Pareto optimality principle, no alternative
allocation can improve the outcome for all players simultaneously [20]. In other words, the Nash bargaining
solution is a Pareto-optimal outcome for cooperative games. Therefore, the profit derived from Nash bargaining
serves as the best solution for both the PSO and DE algorithms, owing to its Pareto optimality.

2. Innovation and contributions
Although the DE and PSO algorithms have been successfully applied to a wide range of optimization problems,
both suffer from limitations that reduce their effectiveness. To address these shortcomings, the proposed algorithm
combines and facilitates cooperation between the DE and PSO algorithms. This cooperation is achieved through
a coalition or cooperation model in game theory. Specifically, this paper introduces the GPSO/GDE algorithm, a
game-theoretic combination of the DE and PSO algorithms, designed to enhance search capabilities.
In this framework, after a specific number of iterations, the DE and PSO algorithms enter a game environment
and engage in cooperative games using the Nash bargaining theory. The goal is to achieve the best balance in the
game, which corresponds to the optimal solution in the state space.
The primary objective of this paper is to leverage the strengths of both algorithms to maintain a balance between
exploration and exploitation, thereby preventing population stagnation and avoiding convergence to local optima.
The key contributions of this article are summarized as follows:
» The game-theoretic environment fosters competition between the algorithms, significantly enhancing their
search capabilities.
» The Nash bargaining solution provides the best outcome for both algorithms due to its Pareto optimality
property.
» The exchange of profits from the game encourages the exploration of new areas in the search space,
increasing diversity and preventing convergence to local optima.
» The Nash bargaining theorem ensures a balance between exploration and exploitation in the proposed
method.

3. Materials and Methods
In the proposed method, PSO algorithm is considered as the first player and DE algorithm is considered as the

second player. Figure 1 illustrates the flowchart which presents the proposed method. As it can be seen in the
proposed method flowchart, the initial population of each player is independently evaluated using the objective
function. After the evaluation of all the solutions for the first and second players, the best solution in the first
player and the second player is chosen. These two better solutions are compared with each other so that the best
solution is selected as the disagreement point (v,, v,) in the first round of the game. Since the game has the same
conditions for both players and is symmetric, the values v; = v, are equal in the first round.



72 Journal of Southern Communication Engineering, Vol. 14/ No.55/ 2025

In each round, the first and second players each run N times independently, and in each iteration, the best solution
and its evaluation value are stored for the first player in the set M; and for the second player in the set M
respectively. This means that N elite solutions are stored in the sets M; and M, for each iteration.

After N times of iteration, both players enter the game environment and according to the following equation, the
Nash bargaining theorem is applied to the feasible set F and the disagreement point(vy,v,). The unique
answer f (F,v) = (x1,x5) is selected as the best answer, which is the result of cooperation between two players.
In the above equation, according to the condition of the bargaining theory, if (x4, x,)is chosen from the feasible
set F is better than the disagreement point (v;, v,), then it is considered as a unique answer (xj,x3) = (X1, X3),
otherwise, the disagreement point is selected as the unique answer (xj, x3) = (v, V). The unique answer (X3, x3)
is the best answer for both players due to the Pareto optimality property.

x1 is the game profit for the first player which is taken as the base vector in the DE mutation operator for the next
iteration round and causes a change in the DE mutation operator. x; is the game profit for the second player which
is used as the lead particle in PSO to update the particle velocity vector in the next iteration round and changes
the direction of particles' motion. Also we should state that v; = x; as the disagreement point for the first player
and v, = x{ as the disagreement point for the second player are updated. In fact, the unique answer (xj,x;) of
this round of Nash bargaining is valued as the disagreement point (v;, v,) for the next round of Nash bargaining.
In general, the condition of the Nash bargaining theorem helps to maintain the balance between the ability to
explore and exploit in the proposed algorithm. In fact, selecting (x;, x,) from the feasible set F' leads to exploring
and searching the problem space thoroughly to find an optimal solution. Also, choosing the disagreement point
(v1, v,) leads to extracting better solutions. The exchange of profits earned from the game between the algorithms

leads to exploring new areas in the search environment, increasing diversity, and avoiding the local optimum.

4. Results and Discussion

In summary, the proposed GPSO/GDE algorithm demonstrates superior performance and robustness compared to
other algorithms in terms of search capability and scalability for solving optimization problems. This advantage
stems from the algorithm's use of the Nash bargaining solution to combine the DE and PSO optimization
algorithms. The Nash bargaining solution is unique, adhering to five key principles: Pareto optimality, individual
rationality, linear invariance, independence of irrelevant alternatives, and symmetry. Additionally, the Nash
bargaining theory aims to maximize the profit for both players, maintain a balance between exploration and
exploitation, avoid local optima, and enhance diversity in the proposed algorithm.

While the proposed algorithm incurs a higher computational cost compared to other algorithms due to the
independent execution of the DE and PSO algorithms, the significant improvement in results and overall
superiority justify this additional cost.

5. Conclusion

This paper introduced a hybrid algorithm combining the DE and PSO algorithms to address optimization
problems. Although both DE and PSO have been widely used for optimization, they suffer from limitations that
hinder their performance. For instance, the PSO algorithm is prone to premature convergence and may become
trapped in local optima when solving complex problems. Similarly, the DE algorithm heavily depends on the trial
vector generation strategy and the values of its parameters.

To overcome these challenges, the proposed GPSO/GDE algorithm leverages the combination and cooperation of
the DE and PSO algorithms, facilitated by the Nash bargaining theory. This approach maximizes the profits for
both players, maintains a balance between exploration and exploitation, avoids local optima, and enhances
diversity. The game-theoretic environment fosters competition between the algorithms, significantly improving
their search capabilities.

Experimental results demonstrate that the GPSO/GDE algorithm outperforms both the classical DE and PSO
algorithms and other hybrid algorithms in terms of standard deviation and mean error.
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Table 1. Simulation parameter

Parameter Value
D: Dimension 10,30,50
P: Population size D*6
MaxlIter: Maximum number of iterations 10000
MaxFES: Maximum number of function 200000
evaluations
N: The number of iteration 10,20,30
W: Inertial weight 0.7298
cl=c2: Constant training coefficients 1.49445
F:Scaling factor 0.5
CR: Crossover rate 0.9
DE Strategy DE/rand/1/bin

1 Unimodal functions

2 basic multimodal functions

3 Expanded functions

4 Hybrid composition functions
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Algorithm 1: GPSO/GDE

Initialize the parameters: P, N, D, (LB, UB), MaxlIter, MaxFES, w, c,, c;, F and CR;
/* GPSO: PSO algorithm as the first player */
/* GDE: DE algorithm as the second player */
POP;: The initial population GPSO with size (P * D) is randomly initialized in the range (LB, UB);
POP:: The initial population GDE with size (P * D) is randomly initialized in the range (LB, UB);
Evaluate the fitness of the POP; and obtain p;pest and Pgpests
Evaluate the fitness of the POP, and obtain the best solution Sp,.;
FES=FES+2P;
If (pg‘bes() is better than (Speg)
v, = pg,best; vV = pg,best;
Else
V1 = Spests V2 = Spests
End If
1t=0;
While Tt<= MaxIter or FES<= MaxFES
/* GPSO algorithm */
For k=1 to N do
Fori=1toPdo /* for each particle in the POP, */
Update particle velocity using Eq. (1);
Update particle position using Eq. (8);
Evaluate the fitness function of the new particle;

FES=FES+1;
Update pi,best and pg,best;
End For
M,; = min(pop,); /* choose the best particle in POP; */
End For

/* GDE algorithm */
For k=1 to N do
Fori=1to P do /* for each particle in the POP, */
Select uniform randomly i # i; # i, # i3;
Generate mutation vector u; using Eq. (7);
Generate the trial vector x| using Eq. (4);
Evaluate the fitness function of the trial vector X;;
FES=FES+1;
If f(x;{) is better than f(x;)
X=X
End If;
End For;
M, = min(pop;) /¥ choose the best individual in POP, */
End For;
Cooperative by Algorithm 2;
It=It+1;
End while;
X, 1s selected as the best value for the GPSO algorithm and x; is selected as the best value for the GDE

Algorithm 2: cooperative

Input: M, M, vy, V5

/* Game environment */

F = M, # M,; /*F is equal to the Cartesian product of the evaluation values of the best solutions (M and Mz)*/
For each (x;, x2) € F do

(x1,x3) = argmax((x, — v,)(x; — v,))

End For

If v, is dominated x;{ and v, is dominatedx; /*Condition of Nash bargaining theory™*/
X] = Vq; X5 = Vy;

End if

pg,best = xé: Xil = x{;

Vi = X3V = Xq;

O“tPUt: Pgbest> Xi;» V1, V23

GPSO/GDE 5,651 o8 anis o\ S
Figure 1. Flowchart of the GPSO/GDE algorithm
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Table 2. The results of experiments on parameter N with different values

Mean sD Mean sD
Fi D n=10 n=20 n=30 n=10 n=20 n=30 Fi D n=10 n=20 n=30 n=10 n=20 n=30
10 0.00E+00 0.00E+00 0.00E+00 0.00E-+D 0.00E-+HID 0.00E+H)D 10 2.82EH)0 2. 44EH0 2 45EHD 9.59E-02 1.26E-01 2.54E-01
F1 30 379E-14 0.00E+00 1.89E-14 3.28E-14 0.00E+00 3.28E-14 F14 300 1.29EH)1 1.28E+01 1.27TE+01 1 29E-01 1 41E01 6.56E-01
50 568E-14 5.68E-14 5.68E-14 0.00E+DD 0.00E-+00 0.00E+00D S0 2.28EHDI 2.21EH)1 2.21EH0I 1.52E-01 2.33E01 S8IE-01
10 0.00E+00 | .89E-14 0.00E+00 0.00E+)D 3.28E-14 0.00E+O0D 10 2. 16EH)2 1.73E+H)2 5.60EH)I 1. T6E+02 1 .96E+02 4 91E+01
F2 30 5.26E-08 5.6TE-09 9.59E-10 2.31E-08 2.62E-09 1.23E-09 F15 300 3.33E+H02 3.00E+02 3.00E+H02 1.15E+02 1.00E+02 1.00E+02
50 1.35E+01 8.35E+00 6.1 8E+00 9.93EH0 6.76EH0 4.86EH0 500 307EHI2 3.15EH2 4.05EHR 9.65E+01 8.97E+01 2.25E+01
10 2.58E+04 1.37E+04 2.03E+04 1.66EHM 1.40E+HM4 5. T1EH3 10 1.09E+H2 1.05EH2 1.1SEHR2 9.88E+00 4. 89E+00 2.89E+01
F3 30 T7.A3E+05 6. 46E+05 8.B3E+05 1.16EH)S 1.49E+H)5 8.24E+05 Fi6 30  290E+02 1.8OE+02 2. 38EH2 9.65E+01 5.05E+01 JA2E+01
50 5.08BE+06 6.19E+06 526E+06 2.13E+06 2.37E+H6 1.59EH)6 S0 2.57E+D2 3.02E+H02 2.65EH)2 T.I8E+DO 3.54E+01 4.00E+01
10 0.00E+00 1.89E-14 0.00E+00 0.00E+HDD 3.28E-14 0.00E+HOD 10 LISE+D2 1.I19E+H)2 112EHR2 4. 83E+00 2.08E+01 1.06E+01
F4 30 367TE-02 I.36E-01 1 A9E-01 2.23E-02 1.O9E-02 1LITE-01 F17 30 2.16EH)2 2.2TEH)2 2.58EHI2 4 A6E4+00 1.T6E+01 T.10E+01
30 1L.11E+03 I .39E+03 2.00E+03 5.03E+H)2 5.98E+)2 8.22EH)2 s 276EHD2 3.08EH)2 2.98EH2 4. 76E+00D 5.93E+01 4.58E+01
10 0.00E+00 0.00E+00 0.00E+00 0.00E-+)D 0.00E-+D0 0.00E+OD 10 4.67EH2 T.01E+H)2 4.6TEH)2 2 89E+02 1.71E+02 2 89E+02
Fs 30 1.77EH03 2.28E+03 3.37E+03 9.05EH)2 1.19E+03 2.30EH)2 F18 30 9.06E+02 9.05E+H)2 9.05E+02 1.08E-01 4.14E-01 9.28E-02
50 4.89E+03 6.03E+03 6.36E+03 7.25E+02 7.56E+02 1.83E+03 30 9.29E+D2 9.27E+02 9.25E+H)2 4. 52E+00 409E+00 1.17E+00
10 1.31E-01 1.84E-01 1.63E-01 1.35E-01 1.58E-01 1.57E-01 10 6.33E+H2 3.00E+02 8.00E+H02 2.89E+02 0.00E+00 2.92E-05
F6 30 6.04E+01 4 25E+01 4.92E+01 2.84E+01 2.31E+01 230E+01 F19 300 9.05E+02 8.7TEH2Z 9.05EH2 4 40E-01 5.02E+01 6.54E-01
30 T9I1E+02 1. 14E+03 1. 20E+03 3.28E+H)2 2.95E+)2 8.37TEHI S0 930EHD2 0.28E+H)2 9.25EH)2 563E-01 T24E+00 2.72E4+00
10 127E+03 1. 27E+03 1.27E+03 0.00E+DD 0.00E+00 I.14E-13 1y 6,33EH)2 8.00E+02 3.00E+02 2.89E+02 6.99E-06 0.00E+00
F7 30 4.70E+03 4.TOEA03 4. TOE+03 5.04E-12 1. 44E-12 6.43E-13 F20 30 9.05E+H)2 9.05E+)2 9.05E+H)2 207E-01 3.53E01 6. T8E-02
50 620E+03 6.20E+03 6.20E+03 4.41E-12 5.28E-09 2.59E-11 500 9.27EHI2 9.23E+H02 9.27TEH2 T.50E-01 2.J0E+00 2.8TE+0D
10 2.03E+01 2.03E+01 2.03E+01 4.81E-02 5.T1E-02 8.28E-02 10 6.18E+HD2 8.09E+H2 6. 17EHR 3.90E+02 2.81E+02 3.90E+02
F8 30 2.09E+01 2.09E+01 2.09E+01 4.37E-02 9.88E-03 3.13E-02 F21 30 5.00E+02 5.00E+H02 6.00EHR2 1.33E-13 1.33E-13 1.73E+02
S0 2.11E+0 2.1 1E+01 2.1 1E+01 5.03E-02 2.77E-02 1.24E-02 50 B48EHI2 9. 50EH)2 6. TREH)2 J02E+02 1 30E+02 3.09E+02
10 6.63E+00 6.63E+00 3.98E+00 5.48E+00 1.52E+H)0 9.95E-01 10 B.07EHI2 7.53E+H02 8.00EH)2 9.60E+01 3.93E+00 0.00E+00
F9 30 3.83E+01 5.21E+01 5.80E+01 1.99E+HDD 946E+00 231EH)I F22 30 973EH2 9.63E+02 9 40E+H)2 3.62E+01 6.8TEAD0 6.1 5E+00
50 9.98E+01 1.OTE+02 9.95E+01 2.21E+)1 3.51E+01 9A9EHD S0 9.85EH)2 1.O0EHD3 9.84EH2 8.80E+00 J18E+01 8. TIE+0D0D
10 2.00E+01 1. 36E+01 1.76E+01 2.90E+00 2. 50E+00 4. 14EHD 10 6.13EH2 7.24EH)2 6. 13EH)2 9 34E+01 2 84E+02 0.34E+01
F10 30 581E+01 5.1 TE+01 7.65E+01 1.75E+H) 2.25EH)M 1.20EH)1 F13 30 534E+02 5.34EH02 5.34E+02 1.96E-12 4.00E-06 2.53E-07
50 1.53E+02 1.22E+02 1 40E+02 1.26E+02 3.67EHM 2.2TEH) 50 T.O01EHD2 T.18EH)2 TA41EH2 2. J0E+02 2.5TE+02 2A5E+02
10 3.85E+00 5.12E+00 4 83E+00 1.7T1EH)O 1.OSE+D0 1.49EHO 1y 2.00EHI2 3.00EH)2 2.00E+H2 0.00EA+00 1.73E+02 0.00E+00
F11 30  1.82E+01 2.12E+01 245E+01 3. 13E+00 2.15E+00 3. 18E+H0 F24 30 2.00E+02 2.00EH2 2.00E+H2 1.81E-12 0.00E+00 0.00E+00
50 3.66E+01 4 A9E+01 4 31E+01 2.6TE+00 4.24E+00 3.86E+00 50 4.89EH)2 T.38EH)2 1.01E+H)3 4 A48E+02 4.61E+02 1.04E+01
10 346E+02 1.52E+02 2.05E+02 3.58E+02 6.13E+01 1.49E+02 10 8. 18E+D2 8. 18EH)2 8.17TEH2 1.77E+00 9.6TE01 1 ASE+00
F12 30 1.79E+05 I .S0E+05 1.23E+05 6.7T1EHM4 5.51E+04 8.85E+04 F25 30 995EH)2 9.99E+)2 9 99E+H)2 6.82E+00 5. 13E+00 1 .23E+00
50 1.08E+06 1.09E+06 1.15E+06 1.71EH)S 1.85EH)S 1.27EH)5 50 1.23EHD3 1.23EH)3 1.24EH)3 1.08E+01 4,03E+00 6.09E+00
10 581E-01 5.82E-01 7.50E-01 1LOTE-01 9.99E-02 3.78E-01
F13 30 3.88E+00 3 .86E+00 4 99E+00 1. 10EHM) 8.41E-01 1.89EHIO
S0 628E+00 7.3TE+D0 1.25E+01 1.12E+H)0 8.35E-01 3ATEHO
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Table 3. The results of experiments with the classical DE and PSO algorithms and the GPSO and GDE algorithms in the proposed method

Mean 5D Mean sD
Fi D GPSO PSO GDE DE GPSO PSO GDE DE Fi D PSO GDE DE GPSO PSO GDE DE
10 O.00EH00 6.00E-06  0.00EH0  000E+00  0.00E400  1I8E-05  0.00E+00  0.00E-H0 10 J34EH0 3.24E+00  325E+00  3.03E-01 243E-01 4.20E-01 2.74E-01
Fl 30 4.66E-13 1.69E-01 7.96E-14 1.14E-14  9.15E-13 8.80E-02  3.11E-14 2.54E-14  Fl14 30 1L.23E+01  1.24E4H01  1.24E4H01  9.84E-01 1.94E-01 3.67E-01 5.15E-01
30 1.75E-04  561E+00  1.59E-13 5.89E-08 1.57E-04  291EH0  4.76E-14  2.00E-08 S0 222EHI1 2.26E+01  230E+01 5.63E-01 2.46E-01 3.48E-01 1.26E-01
10 0.00E+00  3.83E-04  6.82E-14  6.J0E+03  0.00EH)0  425E-04  623E-14  339E+03 10 4.28E+02  4.85EH)2  T.88EH)2  1.58EH2  631E4+01  T44EHO1 1.02E+02
F2 30 4.69E-02  429E+01  3.75E-13 6.30E+03  3.01E-02 165E+01  3.011E-14  398EH)3  FI5 30 6.44E4+02  4.12E+02  B.94EH2  3.77EHIL 1 23E+02  S.8EH01 1.03E+02
S0 5.98EHI2  1.09E+03  6.61EH0 6.72E4+03  L43EH2  225EH2 BTIEH)]  2.82ZEH)3 50 5.53EH2  4.09E402  B26EHIZ  5.26E+01  1.86E4H02  6.21EHI  5.58E+01
10 LODE+OS  1.02ZE+05  249EH)3  14T7E+07  BI3TEH04  SOIEHM  424E+H03  1.55E+07 10 1.23E+02  146E+02  3.73EH02  [48EHIL  1.38E+01  2.01E+01  1.34E+02
F3 30 1L49E+06  823E+06  6.10EHS  121E4+07  6.21EH05  433EH6  350EH)S  607E+H6  Fle 30 211EH2 - 2.50E+02  3.00E+02  1.68EH)2  633E+01  1.38EH02  1.79E+01
30 T62EH6  351E+07  6.17EH06  113E+H07  1L53EHI6  122EH07  229EH06  4.02E+06 S0 391EHZ  1.34E+02 3.56E+02  1.24EH)2  562E+01  361EH1 1.33E+02
10 O.00E+H0  938E-02  1.02E-13 2.84E+02  0.00EH0  6.38E-02 1.O9E-13  229EH)2 10 L91E+)2  1.41EH02  359E+H02  B.27E+01  128E+02  1.39EH)1  225E+02
F4 30 L69EHI2Z  1.77E+03  2.85E-01 401E+01  1.24E+02  1.00EH)3  6.10E-01 298E+01  F17 30 2.66EH02  32TEH2  323EH)2  1.38EH)2 381E+01  1.96EH)2  8.36E+01
S0 1.28E+04  2.03E+04  1L44EH4  6.01E+04  420E+03  4.79E+H03  838E+03  1.08E+HM S0 3.68EH02  2.76EHI2  3.73EHD2 1 41EH02 T21E+01  LLSTEH)2  [.14E+02
10 0.00E+00 5.68E-02  7.28BE-13 0.00E+00  0.00E4H00  7.73E-02 1.63E-12  0.00E+H0 10 T.93EH2  937EH2  LOIE+)3  9.00EH00  292E+02  B.96EH)I  1.09E+02
F5 30 J.50EH)3  99T7E+03  210EH03  138E402  4.68EH02  124EH)3  1.05E+03  1.59EH02  FI§ 30 9.14EH)2  9.21E4H02  948EH02  4.37EHD0  1.75E4H00  2.68EHIL  3.64E+01
30 T.58EHI3  1.7BE+04  S99E+03  93BE+03  1LB4EHIZ  275EH03  1.06EH3  BOSEH2 S0 9.64EHI2  9.32E+02  9.83E+02  1.58EHI1 T7.51E+01 9.06EHO0 348E+0]
10 5.84E+00  1.75E+02  7.97E-01 6.78E+00  6.30EH00  1.63EH)2  [.78EHI0  6.58EH10 10 9.32EH02  8.25EH)2  1.OGE+D3  3.10EH02  830E+01  2.70EH)2  1.82E+02
F6 30 9.33EH1  1.54E+03  LS9EHO0  2.93E401  6.88E4H01  265EH)3  208E+00  265EH01 FI9 30 8.18EH)2  9.08E402  L.OIEHD3  2.01E+01  2.00E+02  2.72EHI0  6.26E+01
S0 1.33E+02  4.08E+03  1.OSEHI0  463E+01  842E+01  4.18E+03  232E+00  3.87E-01 S0 9.70EH2  930EH02  1.02EH03  2.18EH)I  3.51E+01 7.98EH00  SA46E+01
10 1L2TEH03  1.27E+03  L.2TEH)3  1.96E+03  1.97E-13  0.00E400  9.86E-02  2.78E+02 10 9.95EH)2 9. 79E4H02  LL19EHO3  1.28EH02  2.45E401 1LOGE+HD2 4 8TE+01
F7 30 471EH3  470E4+03  4.70EHI3  5.03E+03  BOOE4HO0  000E+M0  643E-13 205EH2 F20 30 9.21EH2  9.09E+02  LOZEHD3  5.5TEHI0 2.08E+01  1LOSEH0  1.61E+01
30 6.27EH3  622E4+03  6.20EH)3  628E+03  2.00EH01 38BE+01 2.3E-12 649EHII S0 LOSEHD3  937EH2  1L04EH03  5.54E+00  1.0O0OE+02  1.33EHI1  1.85E+01
10 202EH)1  203E+01  2.03E+01  204E+01  5.23E-02  2.04E-02 6.52E-02  364E-02 10 9.64EH)2  9.22E+02 1.31E+03  2.62EH)2  2.8BE+02  356EH2 5.55E401
F8 30 2.09E4H01  2.00E4+01  2.09E+01  210E+01  8.56E-02  345E-02  329E-02  598E-02  F21 30 546EH02  6.19EH02  1.18EH)3  2.89EH)2  B.08E+0I  2.66EH02  4.07TE+0]
S0 210E401  2U02E+01  2012EH01 2U02E+01  551E-02 328E-02  3.85E-02  3.83E-02 S0 9.34E402  1.02EH03  1L.OIE+)3  3.07EH02  376E+02  9.68EHI0  [.15E+02
10 L33EH01  1.81E+01  1.53E+01  3.50E+01  240E+00 1 47E+H01  S583EH00  1.35EH) 10 T.O03EH2  8.12EH)2  1L.OIE+)3 2. 82EH01  226E+02  3.68EH)I [ 42E+02
F9 30 LOOE+D2  1.7E+02  745EH)1  8§44E+01 LT9E+01  254E+401  209EH01  1.O2E+01  F22 30 9.15EH)2  943E402  L.OIEHD3  4.53E+01  2.88E+01 LOIEHO] 4 43E+01
30 L99E+H)2  268E+02  149EH2  166E+02  1L54E+01  275EH) 390EHI1  340E+H01 S0 9.68EHI2  1.OIE+03  LOSE+D3  231EH)1 245E+01  322EH01  2.09E+01
10 283EH)1  2.88E+01  237EHOL T7.94E400  7.33EH0 9.T73EH0 1.O3EH01 2A3EH0 10 9.52EH)2  9.01E4H02  1.32EH03  2.61EH)2  3.65E+02  3.30EH)2Z  2.11E+01
Flo 30 L39E+H02  207E+02  931E4H01 192E+02  290E+01  4.79EH)1  243EH)1  393E+H00  F23 30 T51EH2  6.66E+H02  116E+03  2.85EH)2  287E+02  1.22EH02  6.10E+01
S0 233EH02  470E+02  1.68EHI2Z  4.06E+02  6.23EH)I 624EH01  S5T7T7EHI1 1.38E+01 S0 LOSE+H)3  1.02E+03 1.14E+03  1.58E+02  283E+02 3.76EH)0  7.56E+01
10 4.TIEH0  634E+00 424EH00  4.60E+00  1.53EH)0  5.53E-01 1.86EHI0  T7.79E-01 10 3.62EH2  6.83EH)2  LLIIEH)3  1.64EH02  1.53E+02 4 17EH2 [ 44E+02
FI1 30 LL62ZEHO1  3.08E+01  1.68E+01  3.75E+01  4.61E+00  280EH00  229EH00  9.84E-01 F24 30 212EH02 B.I9EH)2  LLI4E+03  5.37E-10  2U02E+00  346EH)2  1.06E+02
S0 J78EHIL SB6EH01 345EHD1 T33E+01 4.64EH0  344EH0 2.70EH0  [L8SEH0 50 1L23E+03  1.0TEHD3  1.22EH03  4.40EH)1  333E+01 1LOSE+02  2.90E+01
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10 7.59E-01 8.77E-01 7.36E-01 3.07E401 2.14E-01 330E-01 1.35E-01 5.19E-02
F13 30 J.O08EHI0 TOH9E4H00  4TIEHO0  T.OTE+00  LISEHIO  320EHM0  T26E-01  4.56E-01
S0 645600 1.90E+01  9.85EH)0  221E+01  140EH)0  3.85E+00  244E+00 1 46E+00
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Figure2: The convergence curves of the PSO, DE, GPSO, and GDE algorithms for dimension 50
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M EPSODE MPSO PSOJADE DEPSO GPSO GDE
W Fi D Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
w 10 7.24E+02 84T7E+H02 249E+02 3 92E+01 1.29E+03 6.27EH)2  3.54E-09 5.97E-09  0.00E+00 0.00E+00 0.00E+00 0.00E+00
F1 30 131E+03 5.00E+H02 945E+03 4.69E+03 1.99E+04 2.19E+H03  7.34E-02 1.50E-02 4.66E-13 9.15E-13 7.96E-14 3.11E-14
pm. 50 399E+04 3.01E+04 2.09E+04 491E+03 530E+H04 2.65E+H03  3.33EH00 439E-01 1.75E-04 1.57E-04 1.59E-13 4.76E-14
.mj 10 195E+02 123E+02 261E+02 227E+02 1.55E+03 2.61E+H02  1.06E-01 6.28E-02  0.00E+00 0.00E+00 6.82E-14 6.23E-14
. F2 30 939E+03 8.52E+03 4.10E+H04 2.10E+04 2.75E+04 3.35E+03 1.17E+03  1.28E+02 4.69E-02 3.01E-02 3.75E-13 3.11E-14
w, 50 839E+04 358EH04  9.15E+04 1.12E+04 9 25E+H04 1.21E+04  159E+04 1.01E+03 S.98E+02 143E+02 6.61E+01 8.71E+01
/u. 10 1.56E+06 2.15E+06 520E+H06 2.18E+06 2.72E+06 1.83E+06 3.53E+H05  3.24E+05 1.00E+05 837EH)4  2.49E+03  4.24E+03
3 F3 30 6.17EH07 396EH07 9.33EH07 1.33E+H07 1.83E408 328E+H07 1.82E+H06 5 34E+05 1.49E+06 6.21E+05 6.10E+05 3.50E+05
J g 50 229E+H08 224EH08 6.87EH08 4.68E+H08  1.00E4H09 2.72EH07  4.67E+06  198EH06  T7.62EHA 1.53E+06 6.17E+06 2 29E+06
IM.M m 10 593E+03 B8.01EH03 959E+02 4.60E+02 1.72E+03 6.06E+H02  593E-01 4 84E-01 0.00E+00 0.00E+H00  1.02E-13 1.09E-13
W w, W F4 30 577E+04 1.04E+03 S5 44EH4  953E+03  2.79E+04 460E+H03 2.82E+03 1.46E+03 1.69E+02 1.24E+02 2.85E-01 6.10E-01
S D e 50 1.35E+05 3.14E+04 1.29E+H05 331E+04 1.03E+05 1.54E+04 2.64E+04 420E+03 1.28E+04 4 20E+03 1.44E+04 8.38E+03
IM M m 10 578E+03 594E+03 135E+02 4.11E+01 5.61E+03 5.78E+H2  4.51E-01 3 86E-01 0.00E+00 0.00E+H)0  7.28E-13 1.63E-12
D po F5 30 127E+04 105E+03 1.80E+04 140E+04 1.86E+04 1.16E+03 355E+03 3 40E+02 3.50E+03 4.68E+H02 2,10E+03 1.05E+03
w M) m 50 156E+04 388E+03 1.78E+04 2.65E+03 3.00E+04 T55E+02  T7.04E+03 3.84E+02 7.58EH03 1.84E+03 599E+03 1.06E+03
3 w £ 10 297E+07 S5.07EH07 2.66EH06  1.52E+06 2.76E+07 2.34E+07  4.98E+H00  3.93E+00 5.84EH00 6.30E+H00 7.97E-01 1.78E+00
o g & Feo 30 594E+08 1.01E+09 7.15E+H08 S5.77E+08 3.58E+09 T.53E+H08  8.25E+H02  1.05E+03 9.33E+01 6.88E+01 1.59E+00 2.18E+00
@ = m. 50 534E+H09 S899EH09 3 20EH09  2.02EH09 1.44E+10 T.66E+H08  3.53E+H03  1.17E4+03  1.33E+02 8 42E+H01  1.05E+00 2 32E+00
W &.u, & 10 127E+03  463E-01 127EH03 354E-01 127E+H03 2.23E-05 1.27E+03 1.04E-01 1.27E+03 1.97E-13 1.27E+03  9.86E-02
al 3 m F7 30 471E+03 1.70E+01 S527E+H03 994E+02 4.72E+03 1.19E+01 4.70E+03 1.44E-08 4.71E+03 8.00E+H00 4.70E+03  6.43E-13
o K] M 50 6.28E+03 125E+H02 6.91E+03 1.08E+03 6.29E+03 3.55E+01  6.20E+03 2.00E-05 6.27EH03 2.00E+H01 6.20E+03 2.13E-12
c\/m 2 m 10 2.01E+01 2.07E-01 2.02E+01 3.80E-02 2.03E+01 9 88E-02 2.03E+01 5.55E-02 2.02E+01 5.23E-02 2.03E+01 6.52E-02
3 M £ F8 30 2.06E+01 391E01 2.10EH01 6.42E-02 2.09E+01 8.78E-02 2.10E+01 323E-02 2.09EH01 8.56E-02 2.09E+01 3.29E-02
a._\ M 50 2.08E+01 1.80E-01 2.11E+01 224E-02  2.12E+01 1.74E-02 2.12E+01 2.35E-02 2.10E+H01 551E-02 2.12E+01 3 85E-02
> g 10 322E+01 491EH00 744E+01 561E+H00 3 45E+01 5.73E+H00 1.18E-08 1.03E-08 133EH01 240E+H00  1.53E+01  5.83E+00
F ro 30 1.72E+02 360E+01 4.83E+02 1.99E+01 2.89E+02 1.07E+01 3.43E+00 148E+00 1.00E+02 1.79E+01 745E+01 2.09E+01
50 424E+H02 1.08EH02 582EH02  35T7E+H01 6.05E402 1.88E+01 1.72E+02  7.52E+01 1.99E+02 1.54E+01 1.49E+02 3. 90E+01
10 454E+01 346E+01 1.04E+02 224E+01 481EH01 277EHO  1.43E+01 548EH00 2 .83EH01 733E+H0 237E+01  1.03E+01
F10 30 292E+02 B829E+H01 4.13E+02 485E+01 395E+02 5.88EH00  2.02EH02 9 36EH00 1.39E+02 290EH)1 931E+01 243E+H01
50 579E+02 1.79E+02 7.17E+H02 6.21E+01 S8.07E+02 3.26E+01  4.07E+02  927E+00 2.33E+02 6.23E+H1 1.68E+02 5 77E+01
10 9.16E+00 234E+00 8.75E+00 1.08E+00 8.11E+00 4 68E-01 4.20E+00 9.10E-01 4.71E+00 1.53E+00 4.24E+00 1.86E+00
Fil 30 3.11E+01 201E+00 4.03E+01 1.11E+00 4.00E+01 897E-01 193E+01 3 70E+00 1.62E+01 461E+H00 1.68E+01 2.29E+00
50 637E+01 S599E+00 7.31E+01 6.58E-01 7.33E+01 1.36E+00 7.06E+01  2.85E+00 3.78E+01 4 64E+H00 3.45E+01 2. 70E+00
10 361E+03 290EH03 2.16E+04 S500E+03 220E+04 390E+H03 T7.16EH03  B.96EH02 3.17E+02 6.93E+H02 295E+03 238E+H03
F12 30 431E+05 443E+05 1.02EH06 6.48E+04 9.84E+05 5.28E+H04 6. 77EHDS  1.36E+H05  4.19E+04 6.96E+H04 S541EH05  2.79E+05
50 159E+06 120E+06 532E+H06 1.58E+05 5.32E+06 1.45E+H05 3 44E+H06 6.01E+05 4.63E+05 290EH)5  3.14E+H06  9.51E+05
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1. Introduction
The Internet of Things (1oT) has undergone remarkable advancements, becoming a cornerstone of modern
technology. Smart devices are now ubiquitous, seamlessly integrated into everyday life, offering unprecedented
convenience and efficiency. The proliferation of 10T devices has revolutionized various sectors, including smart
homes, healthcare, transportation, and energy management, by enabling automation, enhancing productivity, and
optimizing resource utilization [1]. However, this rapid expansion has also introduced significant challenges,
particularly in the realms of security and privacy.
One of the most pressing concerns is the vulnerability of 10T devices to cyberattacks. These devices, often
designed with limited computational resources and security measures, are prime targets for malicious actors.
Among the most prevalent and damaging attacks are Distributed Denial of Service (DDoS) attacks. In such
attacks, a multitude of compromised I0T devices, infected with malware, are harnessed to overwhelm a target
network with excessive traffic, rendering it inaccessible to legitimate users [2]. The consequences of these attacks
can be severe, disrupting critical services and causing substantial financial and reputational damage.
The rise in DDoS attacks has been fueled by the increasing number of 10T devices connected to the internet. These
devices, equipped with sensors and remote communication capabilities, have become integral components of the
IoT ecosystem. However, their widespread adoption has also expanded the attack surface, making them attractive
targets for cybercriminals. The situation is exacerbated by the fact that many IoT devices are deployed with default
configurations and lack robust security mechanisms, making them easy prey for malware such as the Mirai botnet,
which has been responsible for some of the largest DDoS attacks in recent history [3].
To combat these threats, researchers have developed various intrusion detection techniques. Traditional methods
include signature-based detection, which relies on a database of known attack patterns, and anomaly-based
detection, which identifies deviations from normal network behavior [4]. While these approaches have proven
effective to some extent, they are not without limitations. Signature-based methods struggle to detect novel
attacks, while anomaly-based techniques can generate high false-positive rates. Moreover, the centralized nature
of many intrusion detection systems poses scalability challenges, particularly in the context of 10T networks,
which generate vast amounts of data.

In recent years, machine learning and deep learning have emerged as powerful tools for enhancing intrusion

detection capabilities. These techniques can analyze complex, high-dimensional data and identify subtle patterns

indicative of malicious activity [5]. Deep learning, in particular, has shown great promise due to its ability to
model non-linear relationships and capture intricate features in network traffic. However, the effectiveness of
these methods depends on the quality and balance of the training data. Imbalanced datasets, where one class of

data is underrepresented, can lead to biased models with poor detection performance [6].

To address these challenges, this paper proposes a distributed intrusion detection system within a Software-

Defined Networking (SDN) framework. SDN offers a centralized control plane that can dynamically manage

network resources and traffic flows, providing a flexible and scalable platform for implementing security

measures [7]. The proposed system leverages several advanced techniques to enhance detection accuracy and
efficiency:

1. Data Balancing: The Synthetic Minority Over-sampling Technique (SMOTE) is used to balance the dataset,
ensuring that the model is trained on a representative sample of both normal and attack traffic [8]. This step is
crucial for improving the model's ability to detect rare but critical attack events.

2. Feature Selection: The African Vulture Optimization Algorithm (AVOA) is employed for feature selection.
This metaheuristic algorithm, inspired by the foraging behavior of vultures, excels at navigating complex,
high-dimensional search spaces to identify the most relevant features for intrusion detection [9]. By reducing
the dimensionality of the data, AVOA enhances the efficiency of the detection process and improves the
model's performance.

3. Deep Learning: The system incorporates Long Short-Term Memory (LSTM) networks, a type of recurrent
neural network known for its ability to capture temporal dependencies in sequential data. LSTM is particularly
well-suited for analyzing network traffic, which often exhibits time-based patterns. The trained LSTM model,
along with the optimized feature set, is deployed across the SDN switches, enabling distributed detection of
DDosS attacks in real-time.

The primary contribution of this research is the development of an efficient, distributed intrusion detection system

tailored for 10T networks. By integrating data balancing, intelligent feature selection, and deep learning within an

SDN architecture, the proposed system addresses key challenges in 10T security, such as data imbalance,

scalability, and detection accuracy. The system's distributed nature ensures that it can handle the high volume of

traffic generated by 10T devices, while its advanced algorithms enable precise and timely detection of DDoS
attacks.

In summary, this paper presents a comprehensive solution to the growing threat of DDoS attacks in 10T networks.

By leveraging the strengths of SDN, machine learning, and deep learning, the proposed system offers a robust and

scalable approach to enhancing the security of 10T ecosystems [10]. The findings of this research have significant
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implications for the development of future intrusion detection systems, paving the way for more secure and
resilient 10T infrastructures.

2. Innovation and contributions

The proposed method for detecting network attacks employs a distributed architecture within SDN switches. This

method consists of the following steps:

1. Data Balancing with SMOTE: The SDN controller receives network traffic and balances the dataset using
the Synthetic Minority Over-sampling Technique (SMOTE). This technique generates synthetic samples for
minority classes (e.g., attack traffic), addressing data imbalance and preventing overfitting.

2. Feature Selection with AVOA: The controller utilizes the African Vulture Optimization Algorithm (AVOA) to
select the most important features from the network traffic. AVOA excels in identifying optimal features due
to its ability to perform both global and local searches simultaneously. Each feature vector is treated as a
vulture, and the optimal feature vectors are selected using objective functions.

3. Training the LSTM Deep Learning Model: The controller employs an LSTM (Long Short-Term
Memory) neural network to classify network traffic. LSTM is particularly effective for analyzing time-series
data and avoids issues such as the vanishing gradient problem. The trained LSTM model, along with the
optimal feature vector, is distributed to the SDN switches.

4. Intrusion Detection in SDN Switches: Each SDN switch analyzes network traffic using the optimal feature
vector and the LSTM model to detect attacks. The switches can also share information about malicious IP
addresses of attacking nodes and block malicious traffic.

5. Information Sharing Among Switches: SDN switches share information about malicious IP addresses among
themselves, enabling more effective identification and mitigation of DDoS attacks.

Key Innovations of This Paper:

e Data Balancing: The use of SMOTE resolves data imbalance issues, improving model accuracy and
robustness.

o Intelligent Feature Selection: The African Vulture Optimization Algorithm (AVOA) accurately selects
important features, reducing data dimensionality and enhancing detection efficiency.

e Use of LSTM: The LSTM neural network is highly effective for detecting DDoS attacks due to its ability to
process time-series data and capture temporal dependencies.

e Distributed Architecture: Distributing the intrusion detection process across SDN switches increases system
speed, scalability, and efficiency.

This method integrates advanced techniques such as SMOTE, AVOA, and LSTM to create an efficient and

accurate intrusion detection system for SDN networks.

3. Materials and Methods

In the proposed method, the SDN controller utilizes the optimal feature vector calculated by the African Vulture

Optimization Algorithm (AVOA) as the input for the LSTM classifier. The LSTM neural network, a deep learning

model, incorporates input, forget, and output gates, making it highly efficient for classifying network traffic. This

network models hidden states and cell states using specific equations, enabling it to analyze time-series data and

retain critical information in its memory. These characteristics make LSTM particularly effective for detecting

network attacks.

One of the key advantages of the LSTM network is its ability to avoid issues such as vanishing

gradients or exploding gradients, which are common in traditional recurrent neural networks (RNNs).

Additionally, LSTM can process longer sequences of data, overcoming the limitations imposed by activation

functions. By leveraging the AVOA algorithm to select important features, the accuracy and effectiveness of

LSTM in detecting attacks are significantly improved.

The proposed process involves the following steps:

1. Data Balancing: Network traffic enters the SDN controller and is balanced using the SMOTE method.

2. Feature Selection: The AVOA algorithm is applied to select the optimal features, and the feature vectors are
updated.

3. Model Deployment: The trained LSTM model, along with the optimal feature vector, is distributed to the SDN
switches.

4. Attack Detection: The switches use the LSTM model to detect DDoS attacks and block malicious IP addresses.

This method achieves high accuracy in attack detection by intelligently combining feature selection and deep

learning.

4. Results and Discussion

The proposed intrusion detection system is implemented in an SDN architecture using Matlab and evaluated
against similar methods. It utilizes 70% of the data for training and 30% for testing, with data normalized between
0 and 1. The system employs the AVOA for feature selection and LSTM for classification, achieving high
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accuracy, sensitivity, and precision. The NSL-KDD dataset, which includes four main attack types, is used for
evaluation. However, the dataset is highly imbalanced, with normal traffic dominating. To address this, the
SMOTE method is applied to balance the data by generating synthetic samples for minority classes.
Experimental results show that without balancing, the system achieves 96.68% accuracy, 95.52% sensitivity, and
95.44% precision. With SMOTE balancing, these metrics improve to 99.34%, 99.16%, and 98.93%, respectively.
The system outperforms other feature selection algorithms like WOA, HHO, and GEO due to the superior
intelligence and hierarchical mechanism of AVOA. Additionally, it surpasses deep learning methods such as CNN
and CNN+LSTM, as well as hybrid swarm intelligence algorithms like Black Widow and Honey Bee and Grey
Wolf Optimizer, in terms of accuracy. However, it slightly lags behind the majority voting-based method.

In conclusion, the proposed method combines SMOTE, AVOA, and LSTM to create an efficient and accurate
intrusion detection system. Data balancing and intelligent feature selection significantly enhance its performance,
making it highly effective in detecting DDoS and other cyberattacks. This approach demonstrates the importance
of addressing data imbalance and leveraging advanced optimization and deep learning techniques for robust
network security.

5. Conclusion

The Internet of Things connects smart devices to generate and collect vast amounts of data, but it faces significant
challenges from cyberattacks that disrupt services. To address this, the proposed method introduces an efficient
intrusion detection system within a distributed SDN architecture. This system leverages the SMOTE algorithm to
balance imbalanced datasets like NSL-KDD and uses the AVOA for feature selection to reduce network traffic
dimensionality. The selected features are then used to train a LSTM neural network, enabling accurate attack
detection. Evaluations show that the proposed method outperforms deep learning models like CNN and RNN, as
well as feature selection algorithms such as WOA, HHO, and GWO, in terms of accuracy.

A key strength of the proposed method lies in its use of swarm intelligence, which enables parallel searching for
optimal feature vectors. Parameters like population size and iteration count are carefully tuned to balance accuracy
and computational efficiency. Future work could explore integrating majority voting mechanisms for attack
detection in SDN switches and employing advanced neural networks like GRU and CNN to further enhance
detection capabilities. This approach demonstrates the importance of combining data balancing, intelligent feature
selection, and distributed architectures for robust IoT security.
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Network traffic enters the SDN controller, where it undergoes preprocessing and normalization

W

Network traffic is balanced using the SMOTE method, where synthetic samples are added to the minority classes to balance
the dataset.

W

Tuning the parameters of the AVOA algorithm and encoding the feature vector as a vulture.

v

Creating an initial population of feature vectors for attack detection

—
N

Yes

Evaluating feature vectors using the objective function in relation 2, and j=1

f No
jFivl j<=nPop t=t+1 |
Yes
Selecting two optimal feature vectors as the leaders of the two vulture groups and tuning the parameters F, Z and t
Yes /\ No
|F=>1
No
Yes
No Yes No Yes No
P1 > rand;
Updating the features Updating using Updating using Updating using Updating using Updating using
using relation 6 relation 17 relation 9 relation 13 relation 16 relation 17

Reducing the dimensions of network traffic using the optimal feature vector and training the LSTM

v

Sending the trained LSTM model with the optimal feature vector to SDN switches.

Vv

Detecting attacks in SDN switches by blocking malicious IPs.

Al 4y Dax yanseid jo (golpaing g, Olagld A S
Figure 8. Flowchart of the proposed method in detecting network attacks
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Table 1. Features used in the NSL-KDD dataset
Feature type Features
Duration, src_bytes, dst_bytes, land, wrong_fragment, urgent, hot, num_failed_logins, logged_in,
num_compromised, root_shell, su_attempted, num_root, num_file_creations, num_shells,
num_access_files, num_outbound_cmds, is_host_login, is_guest_login, count, srv_count, serror_rate,
Numerical Srv_serror_rate, rerror_rate, srv_rerror_rate, same_srv_rate, diff_srv_rate, srv_diff_host_rate,
dst_host_count, dst_host_srv_count, dst_host_same_srv_rate, dst_host_diff_srv_rate,
dst_host_same_src_port_rate, dst_host_srv_diff_host_rate, dst_host_serror_rate,
dst_host_srv_serror_rate, dst_host_rerror_rate and dst_host_srv_rerror_rate.

Non-numerical “Protocol type”, “Service”, and “Flag”.
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Figure 10. Imbalance in the NSL-KDD dataset
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Figure 11. The role of data set balancing in increasing the accuracy, sensitivity and accuracy of the proposed model
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Figure 13. Comparison of attack detection accuracy with learning methods
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algorithm has been successfully simulated and stabilized using
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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
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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.



124 Journal of Southern Communication Engineering, Vol. 14/ No.55/ 2025

Generate CM-PSO L] Initialize
@ Researchers Researchers
Generate Modified-GA Initialize
Populations Populations
Update the = Evaluate
Best Global Values Cost Function
i

MCM Determines which
Algorithm to Optimize?
CM-PSO or MGA?

MGA
Optimization

CM-PSO
Algorithm

Jp Pop i Update Researchers No!
and and
Cost Function Cost Function

End Optimization
if Iteration is Finished

Update the
Best Global Values

Save and Present
Optimized and Final Results
for Parameters Yes

Figure 1. Flowchart of how to decide the proposed algorithm [21].

or
Reached the Final Predefined
Goals?

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 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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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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