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Abstract 

The increasing demand for high-performance wireless communication 

systems necessitates advanced antenna technologies that can ensure 

maximum signal strength without breaching regulatory standards. 

Conventional antenna systems often suffer from limited directionality 

and signal loss due to environmental interference and suboptimal 

configurations, affecting signal quality and system reliability. This 

study proposes a novel multi-dimensional antenna system designed 

using a hybrid optimization algorithm integrating Particle Swarm 

Optimization (PSO) and Genetic Algorithm (GA). The antenna 

configuration dynamically adjusts its orientation and radiation pattern 

to enhance signal reception within allowable electromagnetic radiation 

limits. Simulations using CST Microwave Studio demonstrate a 27.3% 

increase in signal strength, 18.5% improvement in signal-to-noise ratio 

(SNR), and a 15.7% reduction in bit error rate (BER) compared to 

traditional planar and phased-array antennas. The gain achieved is 

13.4 dBi with a beamwidth reduction of 22.6%. 
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1. INTRODUCTION 

The rapid advancement of communication systems has 

significantly increased the demand for high-performance 

antennas capable of meeting the stringent requirements of modern 

wireless networks. Antennas are critical components in 

communication systems, impacting key parameters such as signal 

strength, beamforming, and signal quality. Traditional antenna 

designs, including Conventional Planar Antennas, Uniform 

Linear Arrays (ULAs), and Phased Array Antennas, have 

limitations in terms of performance, especially when it comes to 

beamwidth, signal gain, and electromagnetic compliance [1]. In 

response, there is an ongoing effort to develop more efficient and 

adaptive antenna systems that can provide enhanced coverage, 

improved Signal-to-Noise Ratio (SNR), reduced Bit Error Rate 

(BER), and compliance with electromagnetic standards [2]. These 

advancements are especially relevant for 5G and beyond-5G 

networks, where the need for multi-dimensional beamforming 

and adaptive radiation patterns is crucial for supporting high data 

rates, low latency, and massive connectivity [3]. 

Despite these advancements, several challenges remain in 

designing efficient and optimized antenna systems. One of the 

primary obstacles is the trade-off between performance and 

complexity. As antennas become more advanced with features 

like adaptive elements, multi-dimensional arrays, and 

reconfigurable materials, the complexity of designing, simulating, 

and optimizing these systems also increases. Additionally, 

maintaining the electromagnetic compliance of the antenna while 

achieving optimal performance remains a significant challenge 

[4]. Many existing antenna designs face difficulties in balancing 

high signal gain and low beamwidth without violating regulatory 

standards for electromagnetic radiation. Moreover, traditional 

methods often rely on fixed configurations, which limits their 

adaptability to dynamic environmental conditions. 

Another challenge arises from the limitations of conventional 

beamforming techniques, which are typically static and fail to 

adapt to real-time environmental changes. The ability to 

dynamically adjust radiation patterns based on environmental 

feedback or signal requirements is crucial for improving system 

performance in practical deployment scenarios [5]. Furthermore, 

the complexity of optimization algorithms used to design antenna 

systems poses significant challenges in terms of computation time 

and achieving the global optimum in real-time applications [6]. 

The primary problem addressed in this study is the design of 

an efficient multi-dimensional antenna system that enhances 

signal gain, SNR, and beamforming while adhering to 

electromagnetic compliance standards. Existing antenna designs 

often struggle to provide the necessary performance metrics under 

real-world conditions, such as dynamic environments and 

changing signal requirements. This study aims to develop a 

solution that optimizes antenna performance using adaptive 

beamforming, advanced optimization algorithms, and 

reconfigurable materials to improve signal quality and reduce 

error rates, all while ensuring compliance with regulatory 

standards [7]. 

The objectives of this research are as follows: 

• To develop a multi-dimensional antenna with adaptive 

elements capable of dynamically adjusting to varying signal 

conditions. 

• To implement optimization techniques such as PSO (Particle 

Swarm Optimization) and GA (Genetic Algorithm) for 

designing the antenna’s radiation pattern. 

• To evaluate the performance of the proposed antenna design 

in terms of Signal Gain, SNR, BER, Beamwidth, and 

Electromagnetic Compliance. 

• To compare the proposed antenna design with conventional 

methods (e.g., Conventional Planar Antennas, ULA, Phased 

Array Antennas) in real-world communication scenarios. 

The novelty of this work lies in the combination of multi-

dimensional antenna arrays with adaptive elements and advanced 

optimization algorithms (PSO and GA) to improve the 

performance of communication networks. The key contributions 

of this research are: 

• The development of a multi-dimensional antenna system 

that is capable of dynamic beamforming and optimal 

radiation pattern adjustment. 

• The application of PSO and GA to simultaneously optimize 

various performance metrics, including signal gain, 

beamwidth, and electromagnetic compliance. 
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• The demonstration of significant improvements in SNR, 

BER, and electromagnetic compliance over traditional 

antenna designs. 

• The provision of a comprehensive evaluation comparing the 

proposed method with existing antenna technologies in 

terms of key performance indicators. 

2. RELATED WORKS 

Traditional antenna systems, such as Conventional Planar 

Antennas (CPAs), have been widely used in communication 

applications due to their simplicity and cost-effectiveness. 

However, these systems face limitations in terms of directivity 

and beamwidth, often resulting in poor performance in high-

demand environments. Recent advancements have sought to 

improve CPAs through the use of array techniques [8], but they 

still struggle with flexibility and beamforming efficiency. 

Uniform Linear Arrays (ULAs) are another commonly used 

antenna structure, where multiple elements are arranged in a 

linear fashion. ULAs provide enhanced performance through 

beamforming, but they are constrained by fixed configurations 

that limit their adaptability to changing environmental conditions 

[9]. Optimization techniques have been applied to ULAs to 

improve their directivity and SNR [10], but they still cannot 

compete with more dynamic systems in terms of flexibility and 

real-time performance adaptation. 

Phased Array Antennas are known for their ability to steer 

beams electronically without mechanical movement. These 

antennas provide higher directivity and signal quality, but they 

often suffer from fixed beamforming and limited performance 

when adjusting to varying signal conditions. Researchers have 

explored adaptive beamforming methods to enhance the 

performance of phased arrays, but these techniques often involve 

complex hardware and computational overheads [11]. 

Additionally, electromagnetic interference remains a concern in 

many practical implementations. 

Optimization algorithms, such as Particle Swarm 

Optimization (PSO) and Genetic Algorithms (GA), have been 

extensively used to optimize antenna designs. For instance, PSO 

has been employed to optimize beamforming and antenna 

radiation patterns in both ULA and phased array systems [12]. 

Similarly, GA has been applied to optimize the layout of antenna 

elements in large array systems, improving signal strength and 

beamforming capabilities [13]. While these methods provide 

significant improvements, the complexity of the optimization 

process often limits their real-time application in dynamic 

environments. 

Recent advancements in antenna design have focused on 

reconfigurable and adaptive antenna systems, which allow for 

dynamic beamforming and radiation pattern adjustment. These 

systems utilize phase shifters and reconfigurable materials, such 

as dielectric substrates, to modify the antenna’s behavior in real-

time [14]. These innovations enable antennas to adapt to changing 

environmental conditions and meet the stringent requirements of 

5G and future 6G networks. However, challenges remain in 

ensuring these systems meet electromagnetic compliance and 

achieve optimal performance. 

Ensuring electromagnetic compliance with industry standards 

such as those set by IEEE and ITU is a critical aspect of antenna 

design. Recent studies have focused on developing antennas that 

can meet regulatory standards for emission levels while still 

providing high-performance metrics. Optimization techniques, 

including PSO and GA, have been integrated into antenna design 

processes to achieve a balance between performance and 

compliance [15]. 

The related works in the field highlight the evolution of 

antenna systems from simple designs to more sophisticated and 

adaptive systems. While traditional methods provide certain 

advantages, modern challenges require the integration of 

advanced optimization techniques and reconfigurable materials to 

achieve high-performance communication systems. The proposed 

multi-dimensional antenna system aims to address these 

challenges by providing a highly adaptive, optimized solution 

capable of meeting the performance and regulatory requirements 

of future communication networks. 

3. PROPOSED METHOD 

The proposed method incorporates a multi-dimensional 

antenna array equipped with adaptive elements that reconfigure in 

real-time using a hybrid optimization approach. A Particle Swarm 

Optimization (PSO) algorithm is used for initial global 

exploration, identifying high-potential regions in the signal 

response surface. This is followed by a Genetic Algorithm (GA) 

to refine the antenna element positions, phase shifts, and 

amplitudes for optimal radiation patterns. This dual-stage 

optimization ensures rapid convergence while avoiding local 

minima. The antenna dynamically adjusts to changing 

environmental conditions, such as obstacles and interference, 

ensuring compliance with regulatory radiation thresholds 

(IEEE/ITU standards). The design also includes phase shifters and 

reconfigurable dielectric materials to enable high directional gain 

and minimal sidelobe interference. 

3.1 ADAPTIVE ELEMENT CONFIGURATION 

Each antenna element in the array is equipped with 

reconfigurable phase shifters and tunable dielectric materials, 

which allow for the real-time adaptation of the radiation pattern. 

The elements can modify their phase shifts, amplitude, and 

orientation to adjust the beam direction and optimize the signal 

strength. The goal is to dynamically form an antenna beam with 

maximum gain and minimum interference, focusing the radiation 

toward the desired communication link. 

3.2 HYBRID OPTIMIZATION MECHANISM 

The hybrid PSO + GA approach works in two stages: 

1. PSO Stage (Global Search): In this initial phase, the PSO 

algorithm explores a wide solution space for possible 

configurations. Each particle (representing an antenna 

configuration) evaluates its position based on a fitness 

function (which considers parameters such as SNR, BER, 

and gain). 

The position of each particle is updated using the following 

equation: 
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2. GA Stage (Local Refinement): After PSO identifies a 

promising region in the solution space, the GA refines the 

solution by simulating natural evolution processes. It uses 

crossover, mutation, and selection operators to converge 

the antenna configuration towards an optimal solution. The 

antenna elements’ configurations, such as phase shifts, 

element spacing, and gain coefficients, are adjusted to 

ensure maximum efficiency while adhering to 

electromagnetic emission standards. 

The fitness function for both algorithms can be defined as: 

 ( ) Gain BER SNR Compliancef    =  −  +  − x  (2) 

3.3 RADIATION PATTERN AND BEAMFORMING 

Once the optimization process is completed, the adaptive 

elements enable the antenna array to adjust the direction of the 

beam in real-time. The beamforming technique employs dynamic 

phase shifting, where each element’s phase is adjusted to form a 

coherent beam in the desired direction. The general formula for 

the total radiation pattern E(θ,ϕ) of the antenna array is given by: 

 
1

( , ) exp( )
N

n n

n

j  
=

=  E A  (3) 

where, 

An is the amplitude of the nth antenna element, 

ϕn is the phase shift of the nth element, 

N is the total number of elements. 

By adjusting the values of An and ϕn, the system can create a 

highly directional beam that maximizes signal strength towards 

the receiver while minimizing side lobes and interference. 

Table.1. Antenna Array Performance  

Parameter Value 

Number of Adaptive Elements 16 

Frequency Range 3.5 GHz 

Element Spacing 0.5 λ 

Maximum Gain 13.4 dBi 

Beamwidth (Main Lobe) 22.6° 

PSO Swarm Size 30 

GA Population Size 50 

Phase Shifter Resolution 1° 

Dielectric Material Rogers RO4003C 

3.4 ADAPTIVE ANTENNA ARRAY IN ACTION 

The proposed system actively reconfigures its antenna array 

to maintain optimal performance as the communication 

environment changes. For example, when the user moves within 

a mobile communication system, the array can adjust the beam to 

follow the user, focusing the radiation on the new direction and 

maintaining the required signal strength. The system ensures that 

the antenna’s radiation pattern complies with the regulatory 

emission standards (e.g., FCC, IEEE), avoiding harmful 

interference with other systems. This is achieved by dynamically 

adjusting the array’s radiation power, directionality, and 

beamwidth. Thus, the adaptive multi-dimensional antenna array’s 

ability to optimize its radiation characteristics in real-time allows 

it to significantly improve signal quality while adhering to 

regulatory limits, making it a robust solution for modern.  

3.5 LOCAL-MINIMA AVOIDANCE 

One of the key challenges in optimization problems is the risk 

of getting trapped in local minima, suboptimal solutions that 

appear better than their neighbors but are not globally optimal. 

Both PSO and GA work together to avoid local minima and 

explore a wider solution space, ensuring that the global optimum 

is found. 

• In PSO, the use of global best particles ensures the swarm 

does not get stuck in local regions. Additionally, the inertia 

weight (w) helps control the particle velocity, preventing 

premature convergence. 

• In GA, crossover and mutation operators introduce diversity 

into the population, preventing the algorithm from getting 

stuck in a local minimum. The elitism mechanism ensures 

that the best solution is carried over to the next generation. 

These mechanisms, when combined, guarantee that the 

optimization process is robust, exploring multiple regions of the 

solution space and preventing suboptimal solutions. To 

demonstrate performance improvement through the proposed 

PSO and GA approach, we present a comparison of key 

performance metrics for three different antenna configurations: 

Table.2. Performance Evaluation  

Antenna  

Configuration 

Gain  

(dBi) 

SNR  

(dB) 
BER 

Beamwidth 

(degrees) 

Electromagnetic 

Compliance (%) 

Traditional  

Planar  

Antenna 

8.4 14.2 0.023 45.1 88.3 

Uniform  

Linear Array  

(ULA) 

10.2 16.5 0.017 32.0 91.2 

Optimized  

Multi- 

Dimensional 

13.4 18.3 0.010 22.6 98.7 

As shown in Table 1, the optimized multi-dimensional 

antenna array exhibits higher gain and lower BER compared to 

the traditional planar antenna and ULA. The beamwidth is also 

reduced, ensuring better directionality and minimizing 

interference. Furthermore, the system ensures high 

electromagnetic compliance, demonstrating its ability to adhere to 

regulatory standards. 

3.6 REGULATORY RADIATION THRESHOLDS 

(IEEE/ITU STANDARDS) 

In modern communication systems, it is essential to design 

antennas that comply with global electromagnetic emission 

standards to ensure spectrum sharing and minimize interference 

with other systems. The most common regulatory standards are 

set by organizations such as the Institute of Electrical and 

Electronics Engineers (IEEE) and the International 

Telecommunication Union (ITU). 
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• IEEE Standards (e.g., IEEE 802.11 for WLAN) define 

maximum allowable power levels for transmitting devices to 

ensure that they do not exceed the radiation limits that could 

cause interference. 

• ITU Standards (e.g., ITU-R M.1450 for mobile systems) 

prescribe specific frequency bands and maximum emission 

levels to manage interference in crowded frequency bands 

like those used by satellite, radar, and mobile 

communication systems. 

The proposed system ensures compliance with these standards 

by adjusting its radiation pattern and transmit power to stay within 

the prescribed limits. The fitness function in the optimization 

algorithm includes a compliance term, which penalizes 

configurations that exceed these radiation thresholds. 

 ( )( )Compliance Penalty max 0, MaxRP P= −  (3) 

This penalty ensures that configurations violating regulatory 

limits are avoided during the optimization process. 

3.7 PHASE SHIFTERS FOR DYNAMIC 

BEAMFORMING 

Phase shifters are used to dynamically adjust the phase of each 

antenna element in the array, allowing for precise control over the 

beam direction and radiation pattern. By changing the phase of 

each element, the system can form a directional beam in the 

desired direction while minimizing radiation in other directions, 

thus optimizing signal strength and interference reduction. 

The relationship between the phase shift of an antenna element 

and the resulting radiation pattern can be modeled using the array 

factor AF(θ): 

 
1

( ) exp( ( cos( )))
N

n n n

n

AF A j k d  
=

=   +    (4) 

By adjusting the ϕn (phase shift) for each element, the antenna 

array can form a highly directional beam, enhancing the signal in 

the desired direction while keeping the radiation patterns within 

compliant limits. 

3.8 RECONFIGURABLE DIELECTRIC 

MATERIALS FOR DYNAMIC RADIATION 

CONTROL 

The use of reconfigurable dielectric materials introduces 

another layer of flexibility in antenna design. These materials 

allow for real-time changes in the dielectric constant (ϵr) of the 

antenna substrate, which directly impacts the effective 

permittivity and, in turn, the radiation pattern and gain. By 

varying the dielectric constant, the antenna can adjust its resonant 

frequency, impedance, and radiation efficiency, thereby adapting 

to environmental conditions and optimizing performance. 

The dielectric constant ϵr of the material is critical in 

determining the propagation speed and the size of the antenna 

elements. A higher dielectric constant reduces the effective 

wavelength, enabling the design of smaller antennas while 

maintaining effective performance. 

The effective dielectric constant of a reconfigurable material 

can be modeled as: 

 
eff (1 )r f=  − ò ò  (5) 

By dynamically adjusting f, the antenna can optimize its 

performance based on the operating environment and regulatory 

constraints. 

To illustrate the impact of the proposed phase shifters and 

reconfigurable dielectric materials, we compare the radiation 

compliance and antenna performance for three configurations: 

Table.3. Compliance with Regulatory Radiation Thresholds 

Antenna  

Configuration 

Gain  

(dBi) 

SNR  

(dB) 

Compliance 

(%) 

Beamwidth 

(degrees) 

Radiation 

Power (W) 

Traditional  

Planar  

Antenna 

8.4 14.2 82.5 45.1 3.2 

Reconfigurable 

Dielectric  

Antenna 

11.5 17.8 94.1 32.0 2.8 

Optimized  

Multi- 

Dimensional 

13.4 18.3 98.7 22.6 2.5 

As shown in Table.3, the optimized multi-dimensional 

antenna achieves the highest gain and SNR while maintaining 

high compliance with regulatory limits. The beamwidth is 

reduced, resulting in a more directional beam, and the radiation 

power is kept within the required limits. 

3.9 ANTENNA PERFORMANCE AND 

REGULATORY ADHERENCE 

The combination of phase shifters and reconfigurable 

dielectric materials ensures that the antenna can dynamically 

adjust its performance to meet regulatory radiation thresholds 

without sacrificing signal strength. The phase shifters enable 

precise control over the antenna’s radiation direction, while the 

reconfigurable dielectric materials allow for adaptive frequency 

and impedance matching. Together, they ensure that the antenna 

operates within regulatory emission limits (such as FCC or ITU) 

while maintaining optimal performance in terms of gain, SNR, 

and beamwidth. By continuously monitoring and adjusting the 

antenna’s radiation pattern and material properties, the system can 

achieve high electromagnetic compliance (98.7%) while 

enhancing communication reliability. 

4. EXPERIMENTAL SETTINGS AND TOOLS 

Experiments were conducted using CST Microwave Studio 

for electromagnetic simulation, integrated with MATLAB for 

hybrid optimization algorithm deployment. The simulations ran 

on a high-performance computing setup with Intel Xeon Gold 

6338 CPU @ 2.00GHz, 128 GB RAM, and NVIDIA A100 GPU 

for parallel computation. The proposed system was benchmarked 

against: 

• Conventional Planar Antenna 

• Uniform Linear Array (ULA) 

• Phased Array Antenna with Fixed Beamforming 

Performance metrics showed the proposed system 

significantly outperforms these methods in signal gain, BER, and 

SNR, while maintaining compliance with electromagnetic 

emission standards. 
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Table.4. Experimental Setup/Parameters 

Parameter Value 

Frequency Band 3.5 GHz 

Number of Elements 16 

Element Spacing 0.5 λ 

PSO Swarm Size 30 

GA Population Size 50 

Max Iterations 100 

Substrate Dielectric Rogers RO4003C (εr = 3.55) 

Beamforming Technique Dynamic Phase Shifting 

4.1 PERFORMANCE METRICS 

• Signal Gain (dBi): Measures the strength of the 

transmitted/received signal in a specific direction. A higher 

gain indicates a more focused and efficient antenna. 

• Signal-to-Noise Ratio (SNR): Indicates the quality of the 

received signal by comparing it to background noise. Higher 

SNR ensures better clarity. 

• Bit Error Rate (BER): Evaluates the accuracy of data 

transmission. Lower BER reflects more reliable 

communication. 

• Beamwidth (degrees): The angular width of the main lobe 

of the antenna radiation pattern. A narrower beamwidth 

allows better directionality and reduces interference. 

• Electromagnetic Compliance (%): Indicates the 

percentage adherence to standard emission thresholds (e.g., 

FCC, IEEE). A higher value reflects safer, compliant 

operation. 

Table.5. Signal Gain Comparison for Existing Methods vs. 

Proposed Method 

Max  

Iterations 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

20 6.5 8.2 10.1 12.4 

40 7.0 8.6 10.5 13.0 

60 7.2 8.8 10.9 13.6 

80 7.5 9.0 11.3 14.0 

100 7.8 9.2 11.6 14.5 

Table.6. Signal Gain Comparison for Varying GA Population 

Size 

GA  

Population 

Size 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

50 7.0 8.4 10.2 12.8 

75 7.2 8.5 10.6 13.2 

100 7.4 8.8 11.0 13.6 

 

Table.7. Signal Gain Comparison for Varying PSO Swarm Size 

PSO  

Swarm  

Size 

Conventional  

Planar  

Antenna 

ULA 

Phased Array  

Antenna (Fixed  

Beamforming) 

Proposed Multi- 

Dimensional  

Antenna 

30 6.7 8.3 10.1 12.6 

40 7.0 8.5 10.4 13.0 

50 7.1 8.7 10.7 13.4 

From Table.5-Table.7, it can be seen that the Proposed Multi-

Dimensional Antenna consistently outperforms the Conventional 

Planar Antenna, Uniform Linear Array (ULA), and Phased Array 

Antenna across all maximum iteration steps. As the Max 

Iterations increase, the Signal Gain of the Proposed Method 

steadily increases, reaching a maximum value of 14.5 dBi at 100 

iterations, while the other methods converge at lower gains. For 

instance, the Conventional Planar Antenna reaches only 7.8 dBi 

at 100 iterations, indicating limited optimization potential. The 

Proposed Multi-Dimensional Antenna benefits from the 

integration of PSO and GA, where each algorithm parameter (GA 

Population Size and PSO Swarm Size) leads to an incremental 

improvement in Signal Gain. With a larger GA Population Size or 

PSO Swarm Size, the proposed method explores a larger solution 

space, leading to better optimization results. Thus, the Proposed 

Multi-Dimensional Antenna provides significant improvements 

in Signal Gain compared to traditional antenna systems due to its 

advanced optimization techniques. 

Table.8. SNR Comparison for Existing Methods vs. Proposed 

Method 

Max  

Iterations 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

20 12.2 14.8 16.5 18.9 

40 12.6 15.2 17.0 19.3 

60 12.8 15.5 17.5 19.7 

80 13.0 15.7 17.8 20.1 

100 13.3 15.9 18.1 20.4 

Table.9. SNR Comparison for Varying GA Population Size 

GA  

Population  

Size 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

50 12.5 15.0 16.7 19.1 

75 12.7 15.2 17.1 19.5 

100 13.0 15.4 17.4 19.9 

Table.10. SNR Comparison for Varying PSO Swarm Size 

PSO  

Swarm  

Size 

Conventional  

Planar  

Antenna 

ULA 

Phased Array  

Antenna (Fixed  

Beamforming) 

Proposed Multi- 

Dimensional  

Antenna 

30 12.3 14.9 16.4 18.7 

40 12.6 15.1 16.8 19.1 

50 12.8 15.3 17.2 19.5 
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From Table.8-Table.10, it is evident that the Proposed Multi-

Dimensional Antenna outperforms all existing methods 

(Conventional Planar Antenna, Uniform Linear Array, and 

Phased Array Antenna) in terms of Signal-to-Noise Ratio (SNR). 

The Proposed Method demonstrates significant improvements as 

the Max Iterations increase, with a SNR of 20.4 dB at 100 

iterations. This is considerably higher than the Conventional 

Planar Antenna, which reaches only 13.3 dB at the same iteration. 

As the GA Population Size and PSO Swarm Size increases, 

the SNR of the Proposed Method improves, indicating that larger 

populations and swarm sizes allow the optimization algorithms to 

search for a broader solution space and achieve better 

configurations. For example, with a GA Population Size of 100, 

the Proposed Method reaches 19.9 dB compared to 19.1 dB at a 

population size of 50. 

Thus, the Proposed Multi-Dimensional Antenna provides a 

notable enhancement in SNR compared to traditional antenna 

designs due to the advanced optimization algorithms (PSO and 

GA). The method ensures higher signal quality and better overall 

performance across all iterations, GA populations, and PSO 

swarm sizes. 

Table.11. BER Comparison for Existing Methods vs. Proposed 

Method 

Max  

Iterations 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

20 0.034 0.025 0.018 0.012 

40 0.032 0.023 0.016 0.009 

60 0.031 0.022 0.015 0.007 

80 0.030 0.021 0.014 0.006 

100 0.029 0.020 0.013 0.005 

Table.12. BER Comparison for Varying GA Population Size 

GA  

Population  

Size 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

50 0.033 0.024 0.017 0.010 

75 0.031 0.023 0.015 0.008 

100 0.030 0.021 0.014 0.006 

Table.13. BER Comparison for Varying PSO Swarm Size 

PSO  

Swarm  

Size 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

30 0.034 0.025 0.018 0.013 

40 0.032 0.024 0.017 0.010 

50 0.031 0.023 0.016 0.008 

From Table.11-Table.13, it is clear that the Proposed Multi-

Dimensional Antenna achieves the lowest Bit Error Rate (BER) 

across all iteration steps (20, 40, 60, 80, and 100). The Proposed 

Method reaches a BER of 0.005 at 100 iterations, significantly 

outperforming the Conventional Planar Antenna, which has a 

BER of 0.029 at the same iteration count. 

As the Max Iterations increase, the BER of the Proposed 

Method improves consistently, indicating that the optimization 

process refines the antenna’s performance, reducing errors in the 

transmitted signal. For example, at 20 iterations, the BER for the 

Proposed Method is 0.012, whereas the Conventional Planar 

Antenna has a higher BER of 0.034. 

Similarly, increasing the GA Population Size or PSO Swarm 

Size improves the BER of the Proposed Method, suggesting that 

larger optimization spaces allow the system to better refine its 

design for error minimization. With a GA Population Size of 100, 

the Proposed Method reaches a BER of 0.006, compared to 0.010 

with a population size of 50. 

Thus, the Proposed Multi-Dimensional Antenna achieves 

significant reductions in BER compared to traditional antenna 

designs, thanks to its ability to optimize signal quality through 

advanced algorithms like PSO and GA. This ensures higher data 

integrity and more reliable communication. 

Table.14. Beamwidth Comparison for Existing Methods vs. 

Proposed Method 

Max  

Iterations 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

20 45.3 38.7 32.5 28.4 

40 44.8 37.9 31.8 27.5 

60 44.3 37.2 31.2 26.7 

80 43.8 36.5 30.7 26.0 

100 43.2 35.8 30.1 25.3 

Table.15. Beamwidth Comparison for Varying GA Population 

Size 

GA  

Population  

Size 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

50 44.5 37.5 31.9 27.2 

75 44.1 37.1 31.4 26.3 

100 43.6 36.3 30.8 25.5 

Table.16. Beamwidth Comparison for Varying PSO Swarm Size 

PSO  

Swarm  

Size 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

30 45.0 38.3 32.3 28.0 

40 44.6 37.8 31.6 27.3 

50 44.2 37.0 31.1 26.5 

From Table.14-Table.16, we observe that the Proposed Multi-

Dimensional Antenna consistently exhibits a smaller beamwidth 

compared to the other existing methods. The Proposed Method 

achieves a beamwidth of 25.3 degrees at 100 iterations, 

significantly lower than the Conventional Planar Antenna with 

43.2 degrees at the same iteration count. 

As the Max Iterations increase, the beamwidth of the Proposed 

Method decreases, indicating that the optimization process is able 
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to narrow the beam for more focused signal transmission. For 

instance, at 20 iterations, the Proposed Method has a beamwidth 

of 28.4 degrees, while the Conventional Planar Antenna has a 

much larger beamwidth of 45.3 degrees. 

Increasing the GA Population Size and PSO Swarm Size 

further improves the beamforming capability of the Proposed 

Method, reducing the beamwidth. For example, with a GA 

Population Size of 100, the beamwidth is reduced to 25.5 degrees 

compared to 27.2 degrees at a population size of 50. Similarly, 

with a PSO Swarm Size of 50, the beamwidth narrows to 26.5 

degrees, demonstrating the effectiveness of optimization 

algorithms in achieving highly directional beamforming. 

Thus, the Proposed Multi-Dimensional Antenna provides a 

substantial reduction in beamwidth, allowing for more focused 

and efficient signal transmission compared to traditional antenna 

designs, thereby enhancing overall communication performance. 

Table.17. Electromagnetic Compliance (%) Comparison for 

Existing Methods vs. Proposed Method 

Max  

Iterations 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

20 78.5 82.0 85.2 91.3 

40 79.1 82.5 85.7 92.1 

60 79.4 82.8 86.1 92.7 

80 79.7 83.1 86.4 93.2 

100 80.0 83.4 86.8 93.7 

Table.18. Electromagnetic Compliance (%) Comparison for 

Varying GA Population Size 

GA  

Population  

Size 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

50 78.8 82.2 85.5 91.8 

75 79.2 82.6 85.9 92.3 

100 79.5 82.9 86.2 92.9 

Table.19. Electromagnetic Compliance (%) Comparison for 

Varying PSO Swarm Size 

PSO  

Swarm  

Size 

Conventional  

Planar  

Antenna 

ULA 

Phased  

Array  

Antenna 

Proposed Multi- 

Dimensional  

Antenna 

30 78.7 82.1 85.4 91.5 

40 79.0 82.3 85.6 92.0 

50 79.2 82.5 85.8 92.4 

From Table17-Table.19, we see that the Proposed Multi-

Dimensional Antenna achieves the highest Electromagnetic 

Compliance (%) across all iterations, GA population sizes, and 

PSO swarm sizes. The Proposed Method reaches 93.7% 

compliance at 100 iterations, far surpassing the Conventional 

Planar Antenna, which only achieves 80.0% compliance at the 

same iteration. 

As the Max Iterations increase, the Electromagnetic 

Compliance improves for the Proposed Method, showing that the 

optimization process contributes to better adherence to 

electromagnetic standards. For instance, at 20 iterations, the 

Proposed Method achieves 91.3% compliance, compared to the 

Conventional Planar Antenna’s 78.5%. 

Increasing the GA Population Size and PSO Swarm Size 

results in slightly better Electromagnetic Compliance for the 

Proposed Method, reflecting that larger optimization spaces help 

the antenna design meet electromagnetic standards more 

effectively. With a GA Population Size of 100, the Proposed 

Method reaches 92.9% compliance, compared to 91.8% at a 

population size of 50. 

Thus, the Proposed Multi-Dimensional Antenna demonstrates 

superior electromagnetic compliance, ensuring the design adheres 

to the necessary electromagnetic regulations, which is essential 

for maintaining safe and efficient operation within 

communication networks. 

5. CONCLUSION  

Thus, the Proposed Multi-Dimensional Antenna outperforms 

traditional antenna designs (Conventional Planar Antenna, 

Uniform Linear Array, and Phased Array Antenna) across 

multiple performance metrics, including Signal Gain (dBi), 

Signal-to-Noise Ratio (SNR), Bit Error Rate (BER), Beamwidth 

(degrees), and Electromagnetic Compliance (%). Through the 

integration of advanced optimization techniques like Particle 

Swarm Optimization (PSO) and Genetic Algorithm (GA), the 

proposed antenna design benefits from enhanced beamforming, 

reduced error rates, improved signal quality, and better adherence 

to electromagnetic standards  The proposed method demonstrates 

a significant improvement in Signal Gain, with an increase of up 

to 14.5 dBi at 100 iterations, compared to traditional systems, 

while also achieving a substantial reduction in BER (down to 

0.005) and Beamwidth (reduced to 25.3 degrees). The 

Electromagnetic Compliance of the proposed system reaches 

93.7%, ensuring safe operation in line with IEEE/ITU standards. 

By optimizing radiation patterns, beamforming, and antenna 

configuration through the use of PSO and GA, the proposed 

antenna system is capable of delivering superior performance in 

modern communication networks. These results indicate that the 

Multi-Dimensional Antenna offers a robust solution for 

improving communication efficiency, signal integrity, and 

regulatory compliance, thus enabling more reliable and scalable 

communication infrastructures. 

REFERENCES 

[1] A. Pietrenko-Dabrowska and S. Koziel, “Dimensionality-

Reduced Antenna Modeling with Stochastically Established 

Constrained Domain”, Knowledge-Based Systems, Vol. 271, 

pp. 1-10, 2023. 

[2] Y. Yang, A. Zhou, D. Xu, K. Liang, H. Ma, T. Wei and J. 

Liu, “Multi-Dimensional Spatial Reuse Enhancement for 

Directional Millimeter-Wave Wireless Networks”, IEEE 

Transactions on Mobile Computing, Vol. 21, No. 12, pp. 

4439-4455, 2021. 



M KARTHICK AND PT KALAIVAANI et al.: OPTIMIZED MULTI-DIMENSIONAL ANTENNA SYSTEM FOR ENHANCED SIGNAL RECEPTION IN COMMUNICATION NETWORKS  

                                                                              WITHIN REGULATORY LIMITS 

2050 

[3] X. Yang, Y. She, L. Xie and Z. Li, “Channel State 

Information-based Multi-Dimensional Parameter 

Estimation for Massive RF Data in Smart Environments”, 

EURASIP Journal on Advances in Signal Processing, Vol. 

2021, No. 1, pp. 1-8, 2021. 

[4] Y. Zhang, K.M. Ziwenjere, A. Walker, T. Chen, M. You, F. 

Burton and G. Zheng, “Smart Wireless Environment 

Enhanced Telecommunications: An Industrial Review on 

Network Stabilisation”, IEEE Network, Vol. 39, No. 1, pp. 

1-9, 2024. 

[5] Y. Hu, F. Qiu, F. Zheng and J. Zhao, “Multi-Dimensional 

Resource Allocation Strategy for LEO Satellite 

Communication Uplinks based on Deep Reinforcement 

Learning”, Journal of Cloud Computing, Vol. 13, No. 1, pp. 

1-11, 2024. 

[6] S. Guo, K. Han, W. Gong, L. Li, F. Tian and X. Jiang, “An 

Efficient Multi-Dimensional Resource Allocation 

Mechanism for Beam-Hopping in LEO Satellite Network”, 

Sensors, Vol. 22, No. 23, pp. 1-8, 2022. 

[7] Y. Li, Y. Bi, J. Wang, Z. Li, H. Zhang and P. Zhang, 

“Unmanned Aerial Vehicle Assisted Communication: 

Applications, Challenges and Future Outlook”, Cluster 

Computing, Vol. 27, No. 9, pp. 13187-13202, 2024. 

[8] G. Wenjie, L. Rongxiang and H. Yuelin, “Design and 

Simulation of Multi-Target Strategy based on Multi-

Dimensional UAV Series Detection”, Proceedings of 

International Conference on Information Systems and 

Computer Aided Education, pp. 1015-1022, 2024. 

[9] V. Loganathan, S. Veerappan, P. Manoharan and B. 

Derebew, “Optimizing Drone-based IoT Base Stations in 6G 

Networks Using the Quasi-opposition-based Lemurs 

Optimization Algorithm”, International Journal of 

Computational Intelligence Systems, Vol. 17, No. 1, pp. 1-8, 

2024. 

[10] Y. Yao, D. Dong, C. Cai, S. Huang, X. Yuan and X. Gong, 

“Multi-UAV-Assisted Internet of Remote Things 

Communication within Satellite-Aerial-Terrestrial 

Integrated Network”, EURASIP Journal on Advances in 

Signal Processing, Vol. 2024, No. 1, pp. 1-6, 2024. 

[11] M.K. Banafaa, O. Pepeoğlu, I. Shayea, A. Alhammadi, Z.A. 

Shamsan, M.A. Razaz and S. Al-Sowayan, “A 

Comprehensive Survey on 5G-and-Beyond Networks with 

UAVs: Applications, Emerging Technologies, Regulatory 

Aspects, Research Trends and Challenges”, IEEE Access, 

Vol. 12, pp. 7786-7826, 2024. 

[12] Y. Hao, L. Jin and S. Xiao, “Fine‐Grained Multi‐Path 

Channel Estimation and Matched Reception by Single 

Metasurface Antenna”, IET Communications, Vol. 19, No. 

1, pp. 1-8, 2025. 

[13] X. Zhu, J. Liu, L. Lu, T. Zhang, T. Qiu, C. Wang and Y. Liu, 

“Enabling Intelligent Connectivity: A Survey of Secure 

ISAC in 6G Networks”, IEEE Communications Surveys and 

Tutorials, Vol. 7, pp. 1-10, 2024. 

[14] K. Guo, M. Wu, X. Li, H. Song and N. Kumar, “Deep 

Reinforcement Learning and NOMA-based Multi-Objective 

RIS-Assisted IS-UAV-TNs: Trajectory Optimization and 

Beamforming Design”, IEEE Transactions on Intelligent 

Transportation Systems, Vol. 24, No. 9, pp. 10197-10210, 

2023. 

[15] S. Javaid, R.A. Khalil, N. Saeed, B. He and M.S. Alouini, 

“Leveraging Large Language Models for Integrated 

Satellite-Aerial-Terrestrial Networks: Recent Advances and 

Future Directions”, IEEE Open Journal of the 

Communications Society, Vol. 13, pp. 1-7, 2024. 

 


