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Abstract. This paper introduces a new approach for miniaturizing a rectangular patch antenna to achieve a
resonant frequency of 2.45 GHz using the Ant Colony Optimization (ACO) algorithm. Initially, the antenna
is designed using conventional methods and then the ground plane structure is optimized by introducing
slots using ACO algorithm. The targeted resonant frequency of 2.45 GHz is achieved through an appropriate
fitness function. The ACO algorithm is employed to design the optimal shape of the ground plane, resulting
in a 50.9% miniaturization rate. The proposed antenna, with dimension of 37.6x33.04x1.6 mm?, will be
useful for wireless applications such as Wi-Fi and Bluetooth.

1 Introduction

Antennas are a crucial element in wireless
communication systems. They are used in various
applications, including mobile and satellite
communications, wireless technologies, and radar
systems. Traditionally, antennas were designed using
trial-and-error methods, which involved iterative
adjustments of dimensions and configurations to
achieve the desired performance. While sometimes
effective, this approach can be time-consuming and
resource-intensive. With the emergence of artificial
intelligence (Al), new optimization methods have been
introduced, greatly improving the efficiency of antenna
design.

Several methodologies have been applied to increase
the reflection coefficient at the resonant frequency, such
as implementing an inset feeding technique in a
Microstrip Patch Antenna (MPA) [1]. The Ant Colony
Optimization (ACO) algorithm has been employed to
enhance antenna performance by optimizing the shape
of the radiating element, thereby improving the
reflection coefficient, gain, and bandwidth [2].
Additionally, the Genetic Algorithm (GA) has been used
to the miniaturization of MPAs. In [3], an initial antenna
design is created to resonate at a specific frequency, and
by applying GA while maintaining the antenna's
dimensions, the antenna is optimized to resonate at a
lower frequency, effectively reducing its conventional
size.

In [4], the design and simulation of double-layer and
slotted coupled microstrip patch antennas for Wi-Fi and
Bluetooth applications were explored. To improve the
performance of miniaturized antennas, GA is employed
to identify the optimal parameters for the radiating
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element and the ground plane [5-8]. Bandwidth
enhancement is achieved through the implementation of
a partial ground plane in [9].

In this paper, the purpose is to achieve the
miniaturization of a rectangular patch antenna at a
desired frequency using an improved ACO algorithm,
specifically aiming to minimize the reflection
coefficient at 2.45 GHz. This is accomplished by
modifying the ground plane structure, where slots are
introduced through the ACO algorithm. Initially, a
microstrip patch antenna is designed to resonate at a
higher frequency of 3.5 GHz using conventional
methods. The ACO algorithm is then applied to
optimize the ground plane structure and shift the
antenna's resonant frequency to a lower value of 2.45
GHz, while maintaining the antenna's physical
dimensions. This approach effectively reduces the
antenna's size compared to traditional designs.

This study is organized as follows: after the
introduction, in section 2, the antenna structure and the
optimization methodology are detailed. Section 3
presents the simulation results, analyzing the
performance improvements achieved through the
proposed design. Finally, Section 4 concludes the paper.

2 Antenna structure and methodology

2.1 Patch Antenna Configuration

Patch antennas consist of a radiating element placed
on the top of a dielectric substrate with a ground plane
on the opposite side. These antennas are typically used
in applications such as Wi-Fi, Bluetooth, and satellite
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communication due to their ability to be easily
integrated into devices and systems.

Fig. 1 presents the geometry of the proposed patch
antenna, which consists of a rectangular radiating patch
made of copper. The feed is provided through a
microstrip transmission line with an impedance of 50 Q.
The substrate is an FR4 epoxy material with a relative
dielectric constant (€.) of 4.4 and a thickness of 2 mm.
The ground plane is placed on the opposite side of the
substrate. This antenna is designed to operate at the
resonant frequency of 2.45 GHz.
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Fig. 1. Patch antenna structure.

Initially, the 3.5 GHz antenna is designed using
conventional methods, and then the ACO algorithm will
be implemented to optimize the ground plane structure
by introducing slots, in order to shift the antenna's
resonant frequency to a lower value of 2.45 GHz, which
is the desired frequency, while keeping the original
dimensions unchanged. This approach ensures that the
antenna operates at the desired frequency while
maintaining its compact size, offering an efficient and
optimized design solution.

Table 1 summarizes the key dimensions of the
proposed antenna design for both 2.45 GHz and 3.5 GHz
operating frequencies. The table highlights the patch,
substrate, ground plane, and feed line dimensions. The
Table 2 compares the performance and dimensions of
the patch antenna at 2.45 GHz and at 3.5 GHz.

Table 1. Antenna Dimensions.

Antenna Dimension (mm?)
Components 2.45 GHz 3.5 GHz
Patch (L x W) 28 x 34.5 19.6 x 24.15

Substrate (Ls x Ws) 47.2 x53.7 33.04 x37.6
Ground plane (Lg x Wg) 47.2 x53.7 33.04 x 37.6
Feed line (Lf x Wf) 10 x 0.765 10 x 0.765

Table 2. Characteristics of the Antenna at 2.45 GHz and

at3.5 GHz.
Antenna 2.45 GHz | Antenna 3.5 GHz
Dimension (mm?) 537 %472 x2 37.6 x33.04 x 1.6
Resonazrg Iflr;:)quency 245 35
Bandwéi/t{l;l(z—)lo dB) 58 113
coe%”fe"lfgieecrio(r(liB) 164 —20.28

Fig. 2 presents the simulated reflection coefficient
S, for the two antennas designed for different resonant
frequencies. The first antenna resonates at around 2.45
GHz, with a minimum reflection coefficient of
approximately -16 dB. The second antenna resonates at
around 3.5 GHz, with an improved reflection coefficient
of nearly -20 dB.

This comparison highlights the difference in
performance between the two designs, with the second
antenna exhibiting better reflection characteristics at its
resonant frequency.
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Fig. 2. Simulated reflection coefficient for the antennas at
2.45 GHz and 3.5 GHz.

2.2 Ant Colony Optimization Overview

The ACO algorithm draws inspiration from the
behavior of ants. It is a powerful metaheuristic
technique used in optimization problems. Despite
having limited individual cognitive abilities, ants can
collectively find the shortest route between a food
source and their nest. This approach was first introduced
by Marco Dorigo and Thomas Stiitzle in the 1990s,
initially to tackle the traveling salesman problem by
finding the shortest route between multiple cities [10]
[11]. The ACO algorithm continues to be a widely used
technique for solving complex optimization problems
due to its balance between exploration and exploitation.
The trade-off between exploration, where ants discover
new paths, and exploitation, where they reinforce
known good solutions, is crucial to the algorithm’s
success. Ants rely on pheromones to communicate and
explore the solution space, meanwhile reinforcing
promising paths. Recent improvements have focused on
enhancing these mechanisms, optimizing pheromone
update strategies, and introducing dynamic balancing
between the two phases to prevent premature
convergence. Due to its effectiveness, ACO has been
applied across various fields, including patch antenna
design, where it is used to optimize antenna structures
for enhanced performance [2].

Fig. 3 illustrates the integration of the ACO
algorithm for optimizing the patch antenna. This
flowchart outlines the step-by-step process of how ACO
is applied.
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Fig. 3. ACO Algorithm flowchart for patch antenna
optimization.
For each ant £, the path between a city i and a city j

depends on the probability of selecting a path, as well as
the pheromone update mechanisms.

e The probability of the path selection:
[z:;0]" [nij(t)]ﬁ if j € Jk
plkj(t) = ZLE];(, [t (D1 [na (018 ¢ (1)
0 if j €Jf
Equation (1) defines the probability pf‘j (t) that an ant k
at node 7 will choose node ; at time ¢ as part of its path.
This probability is based on two factors: the pheromone
level 7;;(t) on the edge connecting nodes i and /, raised

to the power «, and the heuristic desirability 7;;(t),
raised to the power f.

e Local Pheromone Update:

L . PR k
ATl-k]-(t) — Fk(t) Lf (l,]) ET (t) (2)
0 if (i,)) € T(t)

Equation (2) outlines the local pheromone update rule.
When an ant k& traverses the edge (7, j) at time ¢. The
pheromone deposit AT{‘]- (t) is proportional to Q, (i.e., a
constant), divided by F¥(t), which is the objective
function value associated with the path T¥(t) followed
by ant k. If the edge (i, j) is not part of the ant’s path
T*(t), no pheromone will be deposited.

¢ Global Pheromone Update:

7t +1) = (1 — p)ry;(t) + Xty ATikj(t) 3)

Equation (3) defines the global pheromone update rule,
which is applied after all ants have completed their
paths. The pheromone level 7;;(t) on edge (i, j) is
updated by a combination of evaporation and
deposition. The existing pheromone value is reduced by
a factor of (1 — p), where p represents the evaporation
rate, ensuring that older pheromone trails decrease over
time. The second term sums the contributions A‘ci"j ®
from all m ants, representing the new pheromone
deposited based on the paths taken by the ants during the
current iteration.

Fig. 4 illustrates the ground plane of the patch
antenna, structured into a grid format. The overall
dimension of the ground plane is 37.59%33.04 mm?. The
plane is divided into 8x10 smaller square cells, each
measuring 4x4 mm?, forming the grid structure. These
cells will be used by the ACO algorithm to introduce
slots in the ground plane in order to enhance the
antenna’s performance.
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Fig. 4. Gridded ground plane.

By using this grid structure, the ACO algorithm will
selectively create slots in the ground plane, optimizing
the antenna’s performance parameters such as reflection
coefficient, bandwidth, and impedance matching. The
ACO algorithm can be applied to this ground plane
structure by treating each cell as a node in the search
space. The ants, in this case, represent potential paths
that explore various configurations of slots within the
ground plane. Each slot configuration affects the
electromagnetic behavior of the antenna, with the
objective of optimizing its performance, specifically
reducing the resonant frequency while improving the
reflection coefficient.

The optimization objective is defined by the fitness
function:

F¥(6) = min [S{y(f)] “

where SF, is the reflection coefficient that needs to be
minimized to enhance antenna efficiency and f, is the
target resonant frequency of 2.45 GHz.

The ACO algorithm iteratively explores different
slot configurations within the antenna’s ground plane by
updating pheromone levels based on the fitness
function. Paths that lead to better S;; values and a closer
shift towards the desired frequency of 2.45 GHz are
reinforced with more pheromone, guiding future ants
toward those solutions.

:#::: Overlap of 0,1 mm
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3 Simulation results and discussion

Fig. 5 illustrates the convergence curve of the cost
function for the ACO algorithm. Around 50 iterations,
the cost stabilizes at approximately 0.025, indicating
that the algorithm has converged to an optimal or a sub-
optimal solution. After 50 iterations, there is no
significant improvement in the cost function,
confirming that the algorithm has achieved its target.

Reference antenna

Reflexion coefficient S, (dB)
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A S Fig. 8 illustrates the simulated input impedance of
N o O P the antenna across its operating bandwidth. The
(1717 13 SRR R SRR S A . . .
A b impedance is characterized by a real part of 50 Q and an
A imaginary part of 0 Q throughout the entire bandwidth,
1 1 1 1 1 1 1 1 1 . . . . . . .
o 10 20 30 40 50 60 70 8 9 100 indicating good impedance matching. This optimal
Iteration matching enhances the antenna’s performance, ensuring

. o efficient power transfer and minimizing reflections.
Fig. 5. Convergence of best fitness value over 100 iterations.
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Through the iterative process of the ACO algorithm,
the antenna’s resonant frequency is gradually shifted 400
closer to the target frequency of 2.45 GHz, while the e
reflection coefficient becomes more optimized, <3
indicating enhanced antenna performance. Fig. 6 )
presents the optimized antenna design using the ACO £
algorithm. Through iterative updates, the algorithm §_ 100
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Fig. 8. Simulated input impedance of the optimized antenna.

[ | Table 3 provides a comparison of the proposed
antenna design with existing studies, illustrating
(a) Front view (b) Back view improvements in return loss, bandwidth, and size

reduction, highlighting the best performance and

Fig. 6. Optimal slot configuration using ACO.

The simulated reflection coefficient S;; for both the

compactness of the proposed antenna.

Table 3. Comparison of the Proposed Antenna with Existing

reference and the optimized antenna over a frequency Works.

range of 1.5 GHz to 4.5 GHz is presented in Fig. 7. The

blu§ curve .represents the thimized antenna, which Works | f(GHz) | Su(dB) BV_VI((I)\g]fle) Dimeniioll R d%O:i
exhibits a significant reduction in S;; to —32.09 dB , ( ) (mm) eduction
partlculalfly at the deS}red frequency of 2.4§ GHZ. The o o 7 7 49.91x38 21x1.6 )
introduction of slots in the ground plane significantly

improves antenna performance by reducing the 3 2.39 -12.5 30 46.5%x41.2x1.6 24.4
reflection coefficient, which indicates better impedance B3] 24 -13.5 22 38.7x35.5%1.6 45.8
matching at 2.45 GHz. By carefully adjusting the slot

configuration, the algorithm not only minimized the S;; [4] 2.4 —32.09 100 47.0938.48x1.5 .
at the tgrget frequ.ency but also broadened the operating Our 245 103 230 37 6x33.04%1.6 509
bandwidth, leading to enhanced overall antenna work

performances.
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4 Conclusion

In this paper, we have successfully reached the
miniaturization of a rectangular patch antenna for 2.45
GHz wireless applications using the ACO algorithm.
Starting from a 3.5 GHz design, the ACO algorithm
optimized the ground plane structure by introducing
slots to shift the resonant frequency to 2.45 GHz while
maintaining the original dimensions. This approach
achieved a significant size reduction of 50.9 %, resulting
in a compact antenna suitable for applications such as
Wi-Fi and Bluetooth. The simulation results have shown
that the proposed antenna design maintains an optimal
reflection  coefficient and exhibits improved
performance at the target frequency.

In future work, the antenna design can be refined
further by exploring additional optimization techniques
to improve performance parameters such as bandwidth
and gain.
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