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ABSTRACT

This paper presents the design, fabrication, and performance evaluation of a 2.6 GHz switched
beam antenna for 5G applications, incorporating machine learning techniques for beam direction
and return loss prediction. The antenna, a single circular microstrip patch, is capable of beam
switching in eight directions (0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°) by implementing short
circuits at specific terminal edges controlled by a microcontroller. The input parameters for machine
learning include the distance between short circuit points, the number and direction of short circuit
holes, and their radial position from the antenna center. A dataset of 148 samples was generated
using CST Studio Suite simulations, and four machine learning algorithms—Gradient Regression,
Lasso Regression, Linear Regression, and Random Forest—were applied to predict the main beam
direction and return loss. The predictions were compared with CST results, and among the tested
algorithms, Random Forest demonstrated the highest accuracy. Subsequently, the antenna was
fabricated and experimentally measured, with results confirming beam steering capabilities and a
maximum gain of 11 dBi. The measured performance was further compared with both CST
simulations and machine learning predictions, validating the effectiveness of the proposed approach
in accurately predicting antenna characteristics.
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1. INTRODUCTION

In the era of 5th Generation (5G) wireless communication [1-5], the demand for
high-speed, high-quality, and reliable connectivity has significantly increased.
Wireless communication plays a crucial role in various applications, including
telecommunications, healthcare, and remote communication. As the population
grows and the need for seamless connectivity expands to diverse environments,
including remote and urban areas, antenna technology continues to evolve to meet
these demands. Modern antennas are designed to be smaller, cost-effective, and
capable of efficiently directing signals to desired locations while minimizing
interference.

A critical challenge in wireless communication is the unwanted propagation of
signals, which can lead to interference and reduced system efficiency. To address
this, beam-switching antennas [6-7] have gained attention, as they can dynamically
steer their main lobe toward desired directions while suppressing side lobes or null
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in undesired directions. This improves signal quality and system performance.
Among various antenna types, directional antennas are particularly useful for point-
to-point communication, as they offer higher gain and longer transmission distances
compared to omnidirectional antennas. The beam-switching technique further
enhances their performance by providing adaptive signal directionality, which is
essential in 5G networks.

Several works have demonstrated the effectiveness of single-element switched-
beam antennas in improving wireless communication by dynamically steering
beams while minimizing interference. For instance, [8-9] introduced a low-cost,
multiband switched beam antenna designed for 5G applications. Their design
enables beam switching across multiple frequency bands, improving signal
coverage and network efficiency without requiring complex phased array systems.
Further advancements in single-element antenna design have focused on
performance improvements. Reducing backlobe radiation in a circular patch
antenna [10], which helps enhance radiation efficiency. Next, the work [11]
developed a compact antipodal Vivaldi antenna with consistent gain, suitable for
5G communication. Additionally, the work [12] explored the use of shorting pins
in microstrip patch antennas to reduce the specific absorption rate (SAR), ensuring
better safety and efficiency in mobile applications.

One of the widely explored approaches for improving beam-switching antenna
performance is the integration of Machine Learning (ML) techniques. Antenna
design involves numerous complex parameters, making it challenging to optimize
performance manually. ML algorithms can analyze large datasets and identify
optimal configurations, reducing design complexity and computation time while
improving accuracy and efficiency. Several research efforts have successfully
implemented ML-based techniques for antenna optimization, achieving significant
improvements in gain such as the work presented in [13], designed and optimized
a rectangular patch antenna at 28 GHz, demonstrating how different substrate
materials significantly affect gain, efficiency, and directivity. By employing a
Multivariate Polynomial Regression (MPR) model, the study effectively predicted
antenna parameters with high accuracy (R* = 0.9999), eliminating the need for
extensive physical prototyping and accelerating the design process. The work
presented in [14] reviewed various ML algorithms applied to optimize antenna
parameters, including gain, bandwidth, and radiation patterns, demonstrating the
effectiveness of ML in enhancing antenna performance. Similarly, [15] developed
a high-gain, low-return-loss Quasi-Yagi—Uda antenna operating at 3.5 GHz for the
n78 band of 5G. The paper utilized supervised regression ML models, where Linear
Regression provided the best prediction for resonant frequency, and Gaussian
Process Regression demonstrated superior performance for gain prediction,
achieving an accuracy close to 99%. The paper highlights the potential of ML
techniques in enhancing antenna gain while reducing design complexity and time.
Moreover, work [16-17] introduced a machine learning-based generative method
that automates antenna design and optimization by employing a flexible geometric
scheme based on a mesh network. The method integrates discriminators and
generators to predict and generate optimal antenna geometries, improving the
efficiency of the design process. Their approach, when applied to a dual resonance
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antenna with wide bandwidth, performed comparably to the Trust Region
Framework and outperformed other conventional ML algorithms such as Genetic
Algorithm (GA) and Particle Swarm Optimization (PSO). In addition, the study
[18] utilized machine learning techniques to enhance the gain and resonance
performance of Quasi-Yagi—Uda antennas. The research found that the Linear
Regression and Gaussian Process Regression algorithms provided the most
accurate predictions for optimizing antenna performance.

In terms of return loss prediction, machine learning has been applied to enhance
the efficiency of antenna design and optimization. For example, the review paper
[19] provides a comprehensive overview of how ML and DL techniques contribute
to antenna engineering. The study highlights the role of electromagnetic (EM)
simulators such as CST and HFSS in generating datasets for ML-based return loss
prediction. Various optimization strategies, including surrogate-based and multi-
objective optimization, are explored to refine antenna performance parameters such
as return loss. In addition, [20] explores the use of regression-based ML techniques
to predict resonant frequency and optimize the dimensions of a compact microstrip
antenna (SPCMA). The research utilizes CST Microwave Studio to simulate 3,822
antenna variations by adjusting slot size, material thickness, patch length, and
dielectric properties across multiple frequency bands. Next, the work presented in
[21] employed seven ML models, including Convolutional Neural Network (CNN),
Linear Regression, Random Forest Regression (RFR), Decision Tree Regression
(DTR), and Extreme Gradient Boosting (XGB), to estimate the resonance
frequency of patch antennas. The Decision Tree Regression model yielded the best
results, with an R-squared score of 99.68%. Similarly, the work presented in [22]
applied ML techniques to predict the return loss (Si1) of microstrip patch antennas.
The study compared Decision Tree, Random Forest, XGBoost, and KNN models,
with KNN exhibiting the most accurate predictions.

Next, improvements in beam direction control using ML have been explored in
various works, such as the work on hybrid plasmonic nano-antenna arrays [23],
where deep neural networks (DNN) and optimization techniques were employed
for precise beam steering. In this work, different beam-steering techniques,
including switched-beam and phased-array approaches, were investigated. The
authors proposed a hybrid method that utilizes a neural network to predict the
appropriate feeding phases of antenna elements, enhancing beam-steering accuracy.
Additionally, a weighted hybrid gravitational search algorithm combined with
particle swarm optimization was used to further refine the beam-steering process,
demonstrating the effectiveness of ML in optimizing beam direction control.
Furthermore, deep neural networks (DNNs) have been employed to enhance beam
steering capabilities in antenna arrays [24]. A study implemented a DNN-based
approach for beam-steering control in a uniform circular antenna array, optimizing
the main beam direction while maintaining a side-lobe level of <—-30 dB. Using a
hybrid optimization algorithm combining particle swarm optimization (PSO) and a
modified gravitational search algorithm (MGSA-PSO), the model accurately
estimated the appropriate feeding phases of the 16 antenna elements. The
experimental results demonstrated the effectiveness of the DNN-based approach in
dynamically steering the beam pattern toward desired directions, improving
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directional control in 5G applications. Moreover, a study in beam prediction
through machine learning focuses on the evaluation of beam-steering in a
metasurface-based terahertz (THz) antenna for 6G networks [25]. This research
employs a machine learning approach to assess the radiation pattern of a
photoconductive THz antenna loaded with a graphene-based digital metasurface
(MSF). The metasurface, consisting of graphene meta-atoms, enables
reconfigurable beam-steering by switching the meta-atom states between ON and
OFF to generate specific beam directions. The machine learning model helps
characterize the antenna’s radiation pattern with greater speed and accuracy,
avoiding the need for computationally intensive full-wave simulations. Among five
machine learning models tested, the Extreme Randomized Tree algorithm provided
the most accurate predictions, with an R-squared score of 0.9966. While most
machine learning applications in beam steering focus on antenna arrays, where
algorithms calculate weights or phase shifts for each element, there is increasing
interest in ML-driven techniques for single-element switched-beam antennas.
These antennas offer a more compact and simplified solution for beamforming
while benefiting from predictive modeling. For example, a study on a wideband
circular slot antenna utilized ML algorithms to predict beam-switching directions
based on key parameters, including the distance from the center, shorted circuit
positions, and the number of shorting points [26]. The study compared five ML
algorithms and found that Decision Trees and Random Forest provided the most
accurate predictions. Similarly, another study on ultra-wideband spiral antennas
applied ML techniques to predict beam-switching directions by analyzing slot
positions and the turn number of the ring [27]. Using a dataset of 200 simulated
configurations, the researchers evaluated Decision Trees, Random Forest, and K-
Nearest Neighbors (KNN), with Decision Trees and Random Forest delivering the
highest prediction accuracy. These works highlight the potential of ML in
optimizing beam switching for compact, single-element antennas, making them
promising solutions for efficient and adaptive beamforming in 5G applications.

This paper presents the design, simulation, fabrication, and testing of a 2.6 GHz
single circular microstrip switched-beam antenna for 5G applications. The antenna
can steer its beam in eight directions (0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°)
by implementing short circuits at specific terminal edges, controlled by a
microcontroller. To enhance the design process, ML techniques are applied to
predict both the main beam direction and return loss using a dataset generated from
CST Studio Suite simulations. Four ML algorithms—Gradient Regression, Lasso
Regression, Linear Regression, and Random Forest—are utilized, and their
predictive performance is evaluated by comparing the results with CST simulations.
The most effective ML model is then identified. Finally, the antenna is fabricated,
and its performance is measured to validate the ML predictions and simulation
results.

By integrating ML into the beam-switching antenna design, this study achieves
two key objectives: (1) predicting the return loss at 2.6 GHz to optimize impedance
matching and overall performance, and (2) forecasting the main beam direction
based on variations in shorted positions and the number of shorted circuit holes,
enabling efficient beam control. These capabilities enhance the adaptability and

BRADLEYA .




ISSN:0265-086X Vol. 43 (n. 5, 2025)

accuracy of switched-beam antennas, supporting the advancement of smart antenna
systems for future 5G networks.

The rest of the paper is structured as follows: Section 2 describes the design
of the 2.6 GHz circular microstrip antenna and the implementation of the
switched-beam mechanism. Section 3 presents the application of machine
learning techniques for predicting return loss and beam directions based on
variations in input parameters. Section 4 discusses the experimental validation of
the fabricated antenna, comparing measured results with CST simulations and ML
predictions. Finally, Section 5 provides the conclusion.

2. ANTENNA DESIGN AND SWITCHED-BEAM IMPLEMENTATION

To develop an efficient beam-switching antenna for 5G applications, a circular
microstrip patch antenna operating at 2.6 GHz is designed. This frequency is one
of the allocated bands for 5G in Thailand, making it suitable for wireless
communication applications. The antenna is optimized to achieve a well-matched
impedance, ensuring minimal return loss and stable performance.

To enable beam switching, a systematic approach is employed where short
circuits are introduced at specific locations along the antenna’s perimeter. These
short circuits dynamically alter the current distribution, allowing the main beam to
steer in predefined directions. This section details the design principles, simulation
setup, and beam-switching mechanism used to achieve directional control.

2.1 DESIGN OF THE 2.6 GHZ CIRCULAR MICROSTRIP ANTENNA

The designed single circular microstrip antenna features a substrate with a
thickness of 1.6 mm, while both the conductor and ground plane have a thickness of
0.03 mm. The substrate and ground plane dimensions are 150 mm x 150 mm. The
antenna is constructed using a dielectric material with a relative permittivity (&, ) of

4.4. The initial radius of the circular patch, denoted as a, is determined using the
formula [28]:

o= F (1)

1
2
1x_2" In(ﬂFj 1.7726
e F 2h

where s represents the substrate thickness which F' can be obtained from

_ 8.791x10°

e,

where f, is the resonant frequency, set at 2.6 GHz. Using these parameters, the

F 2)

calculated initial radius is 15.62 mm.

BRADLEYA »



ISSN:0265-086X Vol. 43 (n. 5, 2025)

This initial radius was implemented in CST Studio Suite for simulation;
however, the results did not meet the desired performance criteria. To enhance the
antenna’s performance, the radius was increased to four times its original value,
resulting in a new radius of 62.48 mm. Further fine-tuning was performed to optimize
the return loss, leading to a final selected radius of 58.5 mm.

The final antenna configuration is illustrated in Figure 1(a), while the radiation
pattern and corresponding return loss characteristics are presented in Figure 1(b) and
Figure 1(c), respectively.
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Figure 1. Simulation of circular microstrip patch antenna (a) structure (b)
radiation pattern and (c) return loss.

2.2  SWITCHED-BEAM CONFIGURATION AND OPERATING
MECHANISM

The antenna is designed with a switched-beam mechanism by introducing short-
circuiting holes along the inner edge of the circular patch. These holes are
strategically placed at points where the current distribution is minimal, influencing
the radiation pattern and altering the current flow across the antenna surface.

Initially, four short-circuiting holes were introduced; however, this configuration
failed to achieve beam switching. Subsequently, the number of holes was increased
to 8 and then to 16, but beam switching was still not observed. It was only when the
number of short-circuiting holes was increased to 32 that beam switching was
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successfully achieved, enabling the main beam to steer in eight distinct directions, as
summarized in Table 1.

Table 1. Configurations and radiation patterns of the antenna with 32 holes.

Case Antenna configuration Radiation pattern Main
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Table 1. Configurations and radiation patterns of the antenna with 32 holes.

(Count.)
Case Antenna configuration Radiation pattern Main
beam
direction
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In Table 1, the red dots represent open circuits, which determine the direction of
the main beam. The radiation pattern is primarily directed toward the open circuit
regions, as these areas allow for maximum radiation, while the short-circuited points
affect the current distribution and steering capability. In this configuration, the
antenna includes 32 holes in total, with 28 short-circuited and 4 left as open circuits.
These open circuits, indicated by red dots, play a critical role in determining the main
beam direction by allowing maximum radiation, while the shorted holes influence the
current distribution and enable beam steering. Additionally, as shown in Figure 2, the
return loss remains consistent across all eight beam-switching cases in Table 1. This
consistency is due to the symmetric structure of the antenna and the uniform
distribution of shorted circuits. The antenna operates within the 2.6 GHz frequency
band, ranging from 2.573 GHz to 2.62 GHz.

While 32 holes marked the threshold for achieving beam switching, further
variations in the number of holes and their spacing improved the antenna’s
performance. For instance, a configuration with 56 holes, grouped into eight sets of
seven holes each, was simulated. Within each group, the holes were evenly spaced,
but the spacing between adjacent groups differed from the intra-group spacing, as
detailed in Table 2. This configuration resulted in eight distinct short-circuiting cases,
each corresponding to a specific main beam direction. Similar to Table 1, Table 2
presents these eight beam-switching configurations using an alternative short-
circuiting pattern. The red dots represent the open circuits, which define the direction
of the main beam, while the. shorted holes influence the current distribution and
facilitate directional control. As shown in Figure 3 shows that the return loss across
all eight configurations remains consistently acceptable, confirming that the antenna
effectively operates at the desired frequency of 2.6 GHz. This stability is attributed
to the symmetrical structure and balanced grouping of the short-circuited positions,
ensuring effective impedance matching and reliable performance.
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Figure 2. Return loss of eight cases with 32 holes.
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Table 2. Configurations and radiation patterns of the antenna with 56 holes.
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Table 2. Configurations and radiation patterns of the antenna with 56 holes.

(Count.)

Case

Antenna configuration

Radiation pattern

Main
beam
direction

T . °
p 600000, - 80
5 : 1
L4 8 %o
(3 o
o o
o °
/o o\
/ A
{ o o \
[ o > |
i o |
T L ot
[ o
\ © s |
\ @ o |
\ /
\ e o /
¢ e o /
\ [
3 a
o, °
o
~ Casnes?® /
0
o —— °
6 L aRong) | N Phi= 0 30— 30 Phi=180 225

270°

150%—"150

315°

BRADLEYA

20




ISSN:0265-086X Vol. 43 (n. 5, 2025)
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Figure 3. Return loss of eight cases with 56 holes.

shorted holes influence the current distribution and facilitate directional control. As
shown in Figure 3 shows that the return loss across all eight configurations remains
consistently acceptable, confirming that the antenna effectively operates at the
desired frequency of 2.6 GHz. This stability is attributed to the symmetrical structure
and balanced grouping of the short-circuited positions, ensuring effective impedance
matching and reliable performance.

3. MACHINE LEARNING-BASED PREDICTION OF RETURN LOSS AND
BEAM DIRECTION

To address the complexity of design parameters in circular microstrip antennas,
ML techniques are employed to assist in predicting key antenna performance metrics.
During the antenna design process, it was observed that multiple variables—such as
hole positions, quantity, and spacing—can significantly affect performance. To
efficiently manage this design variability, a dataset was generated using CST Studio
Suite by simulating antenna configurations with drilled short-circuit holes along the
inner edge of the circular patch.

Five different configurations were considered, comprising a uniform-spacing 32-
hole configuration and non-uniform spacing configurations with 40, 56, 72, and 88
short-circuit holes. For each configuration, short-circuiting was applied to steer the
main beam in eight distinct directions (0°, 45°, 90°, 135°, 180°,225°,270°, and 315°).
The dataset includes input parameters and corresponding output values. The input
parameters consist of:

(A) the open-circuiting direction (group number),

(B) the radial distance from the antenna center to the short-circuited position,

(C) the total number of shorted holes, and

(D) the spacing between shorted positions,

—as illustrated in Figure 4. For parameter (A), the short-circuiting direction is
represented by group numbers ranging from 1 to 8, where each number corresponds
to an open-circuit direction associated with the main beam direction: 1 =0°, 2 =45°,
3=90°4=135°5=180° 6 =225° 7 =270°, and 8 = 315°. The ML models are
trained to predict two outputs: (X) the main beam direction (in degrees) and (Y) the
return loss (in dB). For the antenna to operate effectively, the return loss must be
greater than 10 dB (S11 less than -10 dB). Table 3 presents an example of 10 dataset
entries, where all return loss values are within the acceptable range. Notably, one
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dataset exhibits a return loss of 9.4939332 dB, which is very close to the acceptable
threshold of 10 dB. This indicates that even slight variations in design parameters can
influence impedance matching. Additionally, the beam direction consistently aligns
with the open circuit positions, validating the switching capability of the design. This
approach streamlines the antenna design process, enabling efficient evaluation and
optimization of multiple configurations without the need for extensive manual
simulations.

Figure 4. Prototype of a switched beam antenna with enhanced back lobe
suppression.

Table 3. Machine Learning Prediction Results.

Input Output

CST Gradient Lasso Linear Random

Regression | Regression | Regression | Forest

A/ B |C|D X Y X Y X Y X Y X|Y
1| 49 [35] 4 | 0 [ 13524858 | 0.1 | 13.65| 0O 12.91 0 1333 | 0 | 12.82
2 | 49 [63] 4 | 45 | 13970500 | 43.04 | 1355 | 45 | 1402 | 45 | 1561 | 45 | 14.17
3 | 48 [49] 6 | 90 [ 10.056579 | 90 [ 1648 | 90 [ 1523 | 90 | 15.18 | 90 | 12.08
4 | 51 [35] 6 | 135 | 14256303 | 135 | 13.28 | 135 | 1191 | 135 | 11.95 | 135 | 13.04
5 | 485 49| 5 | 180 | 13.030897 | 180 | 14.10 | 180 | 14.52 | 180 | 14.40 | 180 | 13.72
6 | 495 |35 5 [ 225 94939332 | 225 [ 1392 | 225 | 13.15 | 225 | 13.18 | 225 | 13.35
7 150 [49 45270 [ 11.955513 | 2723 [ 13.81 | 270 [ 1279 | 270 | 12.63 | 270 | 12.59
8 | 495 [ 63 | 45 | 315 [ 13423955 | 314.89 | 11.93 | 315 | 13.63 | 315 | 1321 | 315 | 12.83
6 1495 [ 63 |4 [225] 13398172 | 225 [ 1920 | 225 [ 1546 | 225 | 14.96 | 225 | 13.23
1 [51 [77]4 0 [13.233036 | 01 [ 1409 [ 0 [ 12.06 0 1208 | 0 | 13.94

To develop an effective machine learning-based prediction model, four
algorithms were implemented: Gradient Regression, Lasso Regression, Linear
Regression, and Random Forest. Since input and output values are continuous data
that can vary over a range of numbers, regression methods are suitable for analyzing
the relationship between input and output values. The implementation was
conducted using Python, with a dataset generated from CST Studio Suite
simulations. The collected data, consisting of 148 antenna design samples, was then
used for model training and evaluation. The dataset enabled the algorithms to learn

BRADLEYA .




ISSN:0265-086X Vol. 43 (n. 5, 2025)

the relationship between input parameters and output values, with the models being
trained to predict two key performance metrics: the main beam direction and the
return loss.

Finally, the prediction accuracy of each algorithm was analyzed and compared
to determine the most effective approach for optimizing antenna design. From
Table 3, the prediction results show that Gradient Regression achieved an accuracy
of 85.42%, Lasso Regression reached an accuracy of 63.56%, Linear Regression
achieved an accuracy of 61.95%, and Random Forest demonstrated the highest
accuracy at 99.39%. The radiation pattern has the main beam direction as designed
in all cases and can operate at a frequency of 2.6 GHz. In the next section, a circular
microstrip antenna capable of switching between 8 beam directions will be
constructed, and the results will be measured.

4. EXPERIMENTAL VALIDATION AND COMPARISON OF
FABRICATED ANTENNA WITH CST SIMULATIONS AND ML
PREDICTIONS

In this section, we describe the fabrication of a circular microstrip antenna with a
switched-beam mechanism, followed by performance measurements and
comparisons with CST Studio Suite simulations and machine learning predictions.
This validation aims to confirm that the fabricated antenna performs in accordance
with both the simulation and prediction results.

The antenna is constructed on a substrate with a thickness (/#) of 1.6 mm, a
conductor and ground plane thickness of 0.03 mm, and overall dimensions of 110
mm X 110 mm. The dielectric constant of the substrate is 4.4. On the front side, a
circular copper patch with a radius of 55.5 mm is implemented. A short-circuit
mechanism is realized by inserting copper wires along 32 evenly spaced positions
around the inner edge of the circular patch, as illustrated in Figure 5(a). On the back
side, each hole position is equipped with a capacitor and a PIN diode, enabling control
of the switching mechanism. Among the 32 positions, 28 are short-circuited in each
configuration, while 4 remain open to direct the main beam. As shown in Figure 5(b),
eight switching cases are realized:

Case 1 (yellow frame): Open circuit at 0°

Case 2 (pink frame): Open at 45°

Case 3 (green frame): Open at 90°

Case 4 (orange frame): Open at 135°

Case 5 (blue frame): Open at 180°

Case 6 (purple frame): Open at 225°

Case 7 (red frame): Open at 270°

Case 8 (black frame): Open at 315°

Finally, the antenna is connected with a stub and a microcontroller board to enable
beam-switching control and to perform return loss and radiation pattern
measurements, as shown in Figure 6.

After fabricating the antenna as designed, its performance was evaluated by
measuring the return loss, radiation pattern, and antenna gain across all eight beam-
switching configurations. For the antenna to be considered operational, the return
loss must exceed 10 dB. Measurement results confirmed that the antenna operates
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effectively within the frequency range of 2.599 GHz to 2.631 GHz, successfully
covering the target frequency of 2.6 GHz. The return loss at 2.6 GHz is 10.584 dB,
with the highest measured value reaching 19.481 dB at 2.620 GHz, and an overall
bandwidth of approximately 30-40 MHz. Since the return loss behavior is
consistent across all eight switching cases, a single representative return loss plot is
provided in Figure 7, confirming stable impedance matching and reliable frequency
performance for the entire beam-switching system.

(b)

Figure 5. Fabricated antenna setup showing (a) top view with circular patch and
(b) bottom view with switching components.
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Figure 6. The antenna is connected to a stub and a microcontroller board.
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Figure 7. Return loss of the fabricated antenna.

The radiation pattern and antenna gain results for each case are as follows:

Case 1 (open circuit at the top side, 0°): Beam at 0°, gain of 10 dBi.

Case 2 (upper-right side, 45°): Beam at 50°, gain of 11 dBi.

Case 3 (right side, 90°): Beam at 65°, gain of 11 dBi.

Case 4 (lower-right side, 135°): Beam at 100°, gain of 9 dBi.

Case 5 (bottom side, 180°): Beam at 200°, gain of 7 dBi.

Case 6 (lower-left side, 225°): Beam at 230°, gain of 7 dBi.

Case 7 (left side, 270°): Beam at 275°, gain of 9 dBi.

Case 8 (upper-left side, 315°): Beam at 325°, gain of 9 dBi.

Although some measured main beam directions deviate slightly from the ideal
design angles, the overall beam-switching trend remains consistent with CST
simulation results, as shown in Table 4. These minor discrepancies are likely caused
by environmental factors during measurement and the integration of the
microcontroller circuit within the antenna structure. Additionally, the measured
antenna gain varies slightly across cases, which may be attributed to these same
influences, particularly the reduction in back lobe radiation introduced by the
microcontroller. Despite these variations, the fabricated antenna demonstrates
stable frequency performance and reliable beam-switching capability across all
eight configurations. Importantly, the measurement results exhibit the same trend
as both the CST simulation and machine learning predictions, as illustrated in Table
5.

Next, the transmitter position was randomized using a microcontroller-based
control system. The control program was designed to randomly select an angle
representing the transmitter’s position, in order to test whether the antenna could
correctly switch its beam direction in response. The beam-switching logic was
defined based on angular sectors, as follows:

Case 1: If the transmitter position falls within 0°-22.5° or 337.5°-360°, the
antenna switches its beam to 0°, as shown in Figure 8(a).
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Case 2: For angles between 22.5°—67.5°, the beam is directed to 45°, as shown
in Figure 8(b).

Case 3: For 67.5°-112.5°, the beam switches to 90°, as shown in Figure 8(c).

Case 4: For 112.5°-157.5°, the beam is directed to 135°, as shown in Figure 8(d).
Case 5: For 157.5°-202.5°, the beam switches to 180°, as shown in Figure 8(e).
Case 6: For 202.5°-247.5°, the beam is directed to 225°, as shown in Figure 8(f).
Case 7: For 247.5°-297.5°, the beam switches to 270°, as shown in Figure 8(g).
Case 8: For 297.5°-337.5°, the beam is directed to 315°, as shown in Figure 8(h).

Table 4. Comparison of simulated and measured radiation patterns

Case Simulation results Measurement results
1 30 ° 330
Phi= 2
60 ! 300
90 = 0
2 Phid 180 p
) _
90 " \ = .
‘1
v 240
150 210
18
3 30 2 330
Phi= =180 '
60 2 300
90 N ; v/ i) .
120\ (&, |
50 1
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Table 4. Comparison of simulated and measured radiation patterns (Count.)

Case Simulation results Measurement results
4 30 330
Phi= =180 ]
i 300
90 —H 90 e —
1 240
1 210
180
5 30 2 330
Phi= 30 Phl: 180
8
90 0
120 20
150 10
180
6 0 30
4
R
120 240
150 210
7 30 < 330
4
0 300
6
S0 { - = Q
[ |
120 240
150 210
180
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Table 4. Comparison of simulated and measured radiation patterns (Count.)

Case

Simulation results

Measurement results

8

Phi=

i=180

S0

Table 5. Simulated, predicted, and measured performance of the antenna

CST Random Forest Measurement
Main Return loss Main Return Main Return
beam (dB) beam loss (dB) beam loss (dB)
direction direction direction
(degrees) (degrees) (degrees)
0 13.524858 0 12.82 0 10.564
45 13.970500 45 14.17 50 10.139
90 10.056579 90 12.08 65 10.045
135 14.256303 135 13.04 100 10.321
180 13.030897 180 13.72 200 10.212
225 9.4939332 225 13.35 230 10.111
270 11.955513 270 12.59 275 10.352
315 13.423955 315 12.83 325 10.242

Upon testing all eight cases, the results confirmed that the beam direction was
correctly selected based on the randomized input. Measurements of the radiation
pattern further validated that the antenna successfully switched its main beam in
accordance with the output from the microcontroller.

5. Conclusions

This paper presents the design, simulation, fabrication, and experimental
validation of a 2.6 GHz single-element circular microstrip antenna with
microcontroller-based 8-way beam-switching capability. The antenna was initially
modeled in CST Microwave Studio based on calculated parameters. Eight beam-
switching cases were defined to steer the main beam in the directions of 0°, 45°,
90°, 135°, 180°, 225°, 270°, and 315°, achieved by selectively shorting or opening
circuit paths around the patch. Simulation results confirmed the antenna's ability to
operate at 2.6 GHz, with the main beam steered correctly in all cases.
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1¢ . 18 ( -
18: 11 = utput 0 angle 18:08:02.297 -> output 45 angle
187 11 -> angle 10 ] ( g LN« : 4 )
18: 4 11 - 1831 2.9 -
(a) (b)
( - >
( _ vl nerl . o ancilie
( = ng Of 5 T = ngle 7
| - 5 = —>
(c) (d)
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1 :14 g = 18:09:17.358 ->
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Figure 8. Beam-switching response of the antenna for randomized transmitter
positions in (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4, (e) Case 5, (f) Case 6,
(g) Case 7, and (h) Case 8, controlled by the microcontroller system.

To address the complex design parameter space involved in circular microstrip
antennas, machine learning (ML) techniques were employed to predict key
performance metrics, specifically return loss and beam direction. A dataset was
generated using CST simulations, varying parameters such as the number of
shorted holes, spacing, and position. Four regression-based ML models were
trained: Gradient Regression, Lasso Regression, Linear Regression, and Random
Forest. The Random Forest model achieved the highest accuracy at 99.39%,
demonstrating excellent predictive capability for return loss and beam direction.

The antenna was fabricated on a double-sided 1.6 mm thick copper-clad
substrate, with components such as capacitors, PIN diodes, an SMA connector, and
a microcontroller interface integrated on the backside. A custom control program
was developed for the microcontroller to automate beam-switching based on the
angular position of the transmitter, mimicking real-world adaptive beam-steering
behavior.

Comparative analysis among CST simulations, Random Forest ML predictions,
and measurement results confirms that the antenna consistently operates near 2.6
GHz, with beam directions exhibiting the same switching trend across all cases.
Although minor discrepancies were observed in the measured main beam angles—
attributable to environmental conditions and hardware integration—the antenna's
performance remains robust. The return loss in all configurations exceeds 10 dB,
validating the design’s impedance matching.
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Therefore, the proposed antenna demonstrates energy-efficient and reliable 8-
way beam switching, supported by both simulation and data-driven ML prediction.
The integration of a microcontroller system enables real-time directional control,
making this antenna a promising candidate for 5G and next-generation wireless
communication systems.
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