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Abstract: Linear antenna arrays exhibit radiation patterns that are restricted to a half-space
and feature axial radiation, which can be a significant drawback for applications that
require omnidirectional coverage. To address this limitation, the synthesis method utilizing
the Taguchi approach, originally designed for linear arrays, can be effectively extended to
two-dimensional or planar antenna arrays. In the context of a linear array, the synthesis
process primarily involves determining the feeding law and/or the spatial distribution
of the elements along a single axis. Conversely, for a planar array, the synthesis becomes
more complex, as it requires the identification of the complex weighting of the feed and/or
the spatial distribution of sources across a two-dimensional plane. This adaptation to
planar arrays is facilitated by substituting the direction θ with the pair of directions (θ, ϕ),
allowing for a more comprehensive coverage of the angular domain. This article focuses
on exploring various configurations of planar arrays, aiming to enhance their performance.
The primary objective of these configurations is often to minimize the levels of secondary
lobes and/or array lobes while enabling a full sweep of the angular space. Secondary
lobes can significantly impede system performance, particularly in multibeam applications,
where they restrict the minimum distance for frequency channel reuse. This restriction
is critical, as it affects the overall efficiency and effectiveness of communication systems
that rely on precise beamforming and frequency allocation. By investigating alternative
planar array designs and their synthesis methods, this research seeks to provide solutions
that improve coverage, reduce interference from secondary lobes, and ultimately enhance
the functionality of antennas in diverse applications, including telecommunications, radar
systems, and wireless communication.

Keywords: Taguchi method; circular antenna array; IoT applications; radiation pattern

1. Introduction
The rapid advancement of the Internet of Things (IoT) has transformed how devices

interact, leading to a burgeoning ecosystem of connected technologies across various
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sectors, including smart homes, industrial automation, healthcare, and smart cities. This
proliferation of IoT applications demands robust and efficient communication systems
capable of supporting a vast array of devices while ensuring seamless connectivity and
reliable performance. Among the critical components influencing the efficiency of these
wireless communication systems are antenna arrays, which are instrumental in determining
coverage, radiation patterns, and signal integrity. The synthesis of radiation patterns for
linear planar antenna arrays is a crucial topic in antenna engineering. A linear planar
array consists of antennas arranged in a line, enabling the generation of directional and
controlled radiation patterns. These radiation patterns, which illustrate how energy is
distributed in different directions, are essential for evaluating an antenna’s effectiveness
in various applications. Several techniques, such as the least squares method, Taguchi
method, and genetic algorithms, are employed to optimize the amplitudes and phases of
the antenna signals to achieve the desired pattern. These arrays are particularly used in
wireless communication systems, radar, and localization systems, including in Multiple
Input Multiple Output (MIMO) systems to enhance transmission capacity [1].

However, this approach has certain drawbacks. Managing interference between
antennas can be complex, potentially degrading signal quality. Additionally, designing and
manufacturing complex antenna arrays require high costs and resources, which can limit
their implementation in some contexts. Furthermore, the performance of the arrays can be
affected by environmental factors, such as the presence of obstacles, necessitating constant
adjustments to maintain efficiency. Despite these challenges, by combining optimization
methods and advanced design techniques, it is possible to create effective antenna arrays
that meet the demands of modern applications.

Circular antenna arrays [2,3] are particularly attractive for IoT applications due to their
omnidirectional radiation patterns, which enable them to provide uniform coverage in all
directions. This characteristic is essential in environments where devices may be dispersed
or mobile, such as in smart city infrastructures or industrial settings However, the design
and optimization of circular antenna arrays present significant challenges. Traditional
approaches often result in performance limitations, such as high levels of secondary lobes,
which can lead to interference and degraded signal quality .

To address these challenges, innovative design methodologies are required. The Taguchi
method, originally developed for quality engineering and robust design, offers a systematic
approach to optimization by focusing on variance reduction and performance improvement.
This method emphasizes the identification of optimal design parameters through controlled
experimentation, allowing designers to explore the trade-offs between various factors that
influence antenna performance [4].

In this study, we propose a synthesis approach for circular antenna arrays based on
the Taguchi method, specifically tailored to enhance their functionality for IoT applica-
tions. By employing this method, we aim to systematically analyze and optimize critical
parameters, such as element spacing, feed distribution, and phase shifting, to improve the
overall radiation characteristics of the array. Our objectives include minimizing secondary
lobes and enhancing main lobe gain, thereby ensuring robust signal transmission and
reception [5–7].

The results of this research are expected to provide valuable insights into the design
of circular antenna arrays for IoT applications, offering practical solutions that can be
implemented in real-world scenarios. Additionally, this work contributes to the broader
field of antenna design by demonstrating the efficacy of the Taguchi method in achieving
high-performance configurations. Ultimately, the findings from this study aim to facilitate
the development of more reliable and efficient IoT communication systems, fostering the
continued growth of interconnected technologies across diverse domains.
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This paper is structured into several key sections to provide a comprehensive overview
of the topic. It starts with the introduction, which outlines the significance of optimiz-
ing radiation patterns in antenna design and introduces the Taguchi method as a robust
optimization technique. Following the introduction, the second section delves into the Syn-
thesis of the Radiation Pattern for a Circular Array Antenna Utilizing the Taguchi Method.
This section explains the methodology used to achieve desired radiation characteristics and
presents results demonstrating the effectiveness of the approach. The third section focuses
on the Synthesis of Radiation Patterns for a Concentric Ring Antenna Array Using the
Taguchi Method, detailing the unique challenges associated with concentric designs and
how the Taguchi method is adapted to address these challenges. The paper concludes with
a discussion of the findings in the Conclusions and Future Work section, summarizing the
key results and proposing potential avenues for further research, including the application
of advanced computational techniques and the integration of artificial intelligence for
enhanced optimization [8–10].

1.1. Phase Synthesis

The phase synthesis of this configuration can obviously be generalized to cylindrical
and even conical arrays by incorporating a linear array to form the elevation pattern. Such
configurations are interesting for producing beams naturally pointing at intermediate or low
elevations, thus avoiding losses due to pointing errors associated with more conventional
planar arrays. When operating at zero elevation, the elemental antennas typically have
their maximum radiation oriented along the radial axis.

Phase synthesis allows for the realization of directive lobes with a “moderately con-
trollable” level of secondary lobes. With this technique, we can control the received level in
the direction of both useful and interfering radiation.

For phase synthesis, the array factor is generally described by the following
Equation (1):

AF(θ, ϕ) = 2

N
2

∑
n=1

cos(βa(sin(θ) cos(ϕ − ϕn)− sin(θ0) cos(ϕ0 − ϕn)) + ϕn) (1)

The array factor is described by the following Equation (2):

AF(θ, ϕ) = 2
12

∑
n=1

cos(βa(sin(θ) cos(ϕ − ϕn)− sin(θ0) cos(ϕ0 − ϕn)) + ϕn) (2)

The objective function (fitness) is chosen based on the optimization goal:

f itness = AF(θ, ϕ)− AFd(θ, ϕ) (3)

where: AFd(θ, ϕ) = AF(θ0, ϕ0)

Subject to the constraints θ ∈ [θ0 − ∆θ, θ0 + ∆θ] and ϕ ∈ [ϕ0 − ∆ϕ, ϕ0 + ∆ϕ]

To apply the Taguchi method, the following steps must be followed:
The number of parameters is set to (k = 12). The number of levels is established

at (s = 3). The strength is defined as (t = 2). The experimental design chosen is OA
(27, 12, 3, 2). The reduced function is determined as (rr = 0.9). The convergence value is
set to 0.001.

Figure 1 shows the electronic scanning of the space with a secondary lobe level of
−8 dB for a circular antenna array of 24 elements.
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Figure 1. Electronic-scanning of the space with a secondary lobe level of −8 dB for a circular antenna
array of 24 elements.

1.2. Amplitude and Phase Synthesis

This type of synthesis allows for the realization of directive lobes with “strongly
controllable” levels of secondary lobes. This technique is effective for applications in
adaptive networks; however, it is computationally intensive. We will apply the excitation
weights (amplitude and phase) of the antenna array that have been previously optimized.
By controlling the sources in both amplitude and phase, the antenna array can produce a
radiation pattern with a desired shape, allowing the main lobe to be oriented in the desired
direction while minimizing the levels of the secondary lobes [11–13].

For this type of synthesis, the array factor is described by the following Equation (4):

AF(θ, ϕ) = 2

N
2

∑
n=1

αn cos(βa(sin(θ) cos(ϕ − ϕn)− sin(θ0) cos(ϕ0 − ϕn)) + ϕn) (4)

where αn represents the amplitude ∈ [0, 1] and ϕn represents the phase ∈ [−π, π].
The array factor for a network of 16 antennas is described by the following Equation (5):

AF(θ, ϕ) = 2
8

∑
n=1

αn cos(βa(sin(θ) cos(ϕ − ϕn)− sin(θ0) cos(ϕ0 − ϕn)) + ϕn) (5)

When applying both amplitude and phase synthesis (see Figure 2), we observe a
significant decrease in the levels of the secondary lobes in the radiation patterns from
−8 dB to −28 dB, with results closely matching the desired radiation [14–16].
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Figure 2. Electronic-scanning of the space with a secondary lobe level of −28 dB for a circular antenna
array of 16 elements.

1.3. Design and Validation of a Circular Antenna Array with CST Microwave Studio

An IoT antenna designed for the 2.45 GHz frequency is commonly used in a variety
of wireless communication systems, particularly for Internet of Things (IoT) applications.
The 2.45 GHz frequency band is one of the most widely used frequencies for wireless
communication due to its balance between range, data rate, and penetration capabilities. It
is used by several wireless communication standards, including Wi-Fi, Bluetooth, Zigbee,
and other IoT protocols [17–21].

The proposed antenna is shown in Figure 3. Our antenna is printed on a plexiglass
substrate with a relative permittivity of 2.5, a loss tangent of 0.02, and a thickness of 4 mm.
The antenna dimensions are L = 36 mm and W = 36 mm for 2.45 GHz.

Figure 3. Geometry of the proposed antenna.

The design of the circular antenna array is shown in Figure 4.
Table 1 presents the optimal excitation values for several well-known optimization

methods from the literature, such as PSO [22], GA [23], and FA [24], which are selected for
comparison with the Taguchi method. The best results are obtained using the excitations
optimized by the Taguchi method. The best results are defined as those that provide a
radiation pattern not only with reduced SLL but also with the best half-power beamwidth
(HPBW) of the main lobe, which is a crucial parameter for antenna array synthesis. The PSO
(Particle Swarm Optimization), GA (Genetic Algorithm), and FA (Firefly Algorithm) are
optimization techniques inspired by natural phenomena, each with its own advantages
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and limitations in antenna array synthesis. PSO, based on the behavior of particle swarms,
is effective for exploring large search spaces, though it can be sensitive to parameter choices
and may become trapped in local minima. The Genetic Algorithm, based on natural
evolution principles, is particularly suited for complex, combinatorial problems but often
requires a large number of evaluations to converge to an optimal solution. The Firefly
Algorithm, which mimics the behavior of fireflies based on light intensity, strikes a good
balance between exploration and exploitation, offering fast convergence and a strong ability
to avoid local minima. In contrast, the Taguchi method, while simpler and computationally
less expensive, stands out for its effectiveness in handling relatively simple and well-
defined problems. It quickly optimizes design parameters with a limited number of trials,
making it highly efficient for systems where relationships between variables are linear or
relatively simple. However, it is limited for more complex or high-dimensional problems,
where heuristic algorithms like PSO, GA, and FA outperform its exploration capabilities.

Figure 4. Design and simulation of a circular antenna array with 10 elements.

The Figure 5 illustrates the reflection coefficient and 3D radiation pattern for our test
antenna at the operating frequency of 2.45 GHz. The reflection coefficient highlights the
antenna’s matching performance, while the 3D radiation pattern provides a detailed view
of its directivity and radiation characteristics.

Figure 5. Reflection coefficient of the proposed antenna and 3D radiation pattern at 2.45 GHz.

The Figure 6a–e show the polar radiation patterns of the circular array. It has been
demonstrated that the Taguchi excitations provide the maximum reduction in the side-lobe
level (SLL), which is lower than that obtained by the various algorithms: PSO, GA, FA,
and even with uniform excitation.
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Table 1. Results of optimal excitation values from different algorithms for a circular antenna array
(M = 10 and d = 0.5λ).

Number of Elements Uniform PSO [22] GA [23] FA [24] Taguchi

1 1.0000 1.0000 0.9545 0.7081 0.1369

2 1.0000 0.7529 0.4283 0.2682 0.3710

3 1.0000 0.7519 0.3392 0.3713 0.3796

4 1.0000 1.0000 0.9074 0.4100 1.0000

5 1.0000 0.5062 0.8086 0.8800 0.6311

6 1.0000 1.0000 0.4533 0.9665 0.1369

7 1.0000 0.7501 0.5634 0.4165 0.3710

8 1.0000 0.7524 0.6015 0.5813 0.3796

9 1.0000 1.0000 0.7045 0.7494 1.0000

10 1.0000 0.5067 0.5948 0.5403 0.6311

 

(a) Uniform Excitation

 

(b) Excitation with PSO

 

(c) Excitation with GA

 

(d) Excitation with FA

 

(e) Excitation with Taguchi

Figure 6. Polar radiation patterns for a circular antenna array with 10-elements at 2.45 GHz.

Figure 7 presents 3D radiation patterns for the different optimization methods, while
the front views are depicted in Figure 7a–d. The optimized array factor obtained was
compared to those obtained using other well-known numerical optimization techniques.
The Taguchi method demonstrates superior performance compared to the other methods.
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(a) PSO excitation

 

 

(b) PSO excitation

 

 

(c) GA excitation

 

 

(d) GA excitation

Figure 7. Simulated results for 3D circular antenna array radiation pattern synthesis with 10-elements
using PSO and GA algorithms at 2.45 GHz.

Figure 8a shows the 3D radiation pattern diagram with uniform excitation for 16 an-
tennas. Figure 8b presents the 3D radiation pattern diagram with excitation using the
Taguchi method for the same number of antennas.

Figure 9a illustrates the 3D radiation pattern of a circular array consisting of 24 anten-
nas, with uniform excitation applied to all elements. In this configuration, the radiation
pattern exhibits a symmetric distribution. Figure 9b presents the 3D radiation pattern of
the same circular array of 24 antennas, but with excitation optimized using the Taguchi
method. The result demonstrates the improved pattern characteristics achieved through
the application of this optimization technique.
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(a)

 

 

(b)

Figure 8. Circular antenna array with 16-elements at 2.45 GHz. (a) Uniform excitation (16 antennas).
(b) Taguchi excitation (16 antennas) .

 

 

(a)

 

 

(b)

Figure 9. Circular antenna array with 24-elements at 2.45 GHz. (a) Uniform excitation (24-antennas).
(b) Taguchi excitation (24-antennas).

2. Synthesis of Radiation Patterns of a Concentric Ring Antenna Array
Using the Taguchi Method

A comparison between linear arrays and planar arrays (concentric rings) shows
that linear antenna arrays exhibit radiation limited to the half-space and axial radiation.
This presents a significant drawback for applications requiring omnidirectional coverage.
The synthesis approach using the Taguchi method, developed for linear arrays, can be
extended to two-dimensional or planar arrays. For a linear array, the synthesis reduces
to finding the feeding law and/or spatial distribution along an axis, while for a planar
array, the synthesis involves searching for the complex weighting of the feed and/or the
spatial distribution of sources within a plane. Planar antenna arrays (in this case, concen-
tric rings) offer the advantage of 3D scanning of the main lobe, which is essential for a
wide variety of applications such as wireless communications, aerial navigation, radar,
and radio astronomy.

In a concentric ring antenna array, the elements are distributed across several circular
concentric rings. These rings vary in radius and the number of elements. Figure 10
represents the general configuration of this array with M concentric circular rings, where
the mth ring (for m = 1, 2, . . . , M) has a radius of rm and contains Nm elements. Assuming
that all elements (in all rings) are isotropic sources, the radiation pattern of this array can
be expressed in terms of the array factor only [25].
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Figure 10. Circular antenna array in concentric rings with isotropic elements.

For a concentric ring array with M rings and Nm elements in the mth corresponding
ring, the array factor is given by the following Equation (6):

AF(θ, ϕ) =
M

∑
m=1

Nm

∑
n=1

wmnejkrm(sin(θ) cos(ϕ − ϕmn)− sin(θ0) cos(ϕ0 − ϕmn)) (6)

Considering the symmetry of the sources with respect to the center of the circle, we
can express the array factor in the following form (7):

AF(θ, ϕ) = 2
M

∑
m=1

Nm
2

∑
n=1

wmn cos(krm(sin(θ) cos(ϕ − ϕmn)− sin(θ0) cos(ϕ0 − ϕmn))) (7)

where:

• k: wave number.
• λ: wavelength.
• rm = Nmdm

2π : radius of the mth ring.
• dm: spacing between the arc element of the mth ring.
• ϕmn = 2π n−1

Nm
: angular position of the nth element of the mth ring.

• wmn: excitation current of the nth element of the mth ring.
• ϕ and θ: azimuth and zenith angles, respectively.
• ϕ0: value of ϕ where the main beam should be directed.
• θ0: value of θ where the main beam should be directed.

From Equation (7), we can observe that there are three parameters controlling the
array factor (AF): amplitude, phase, and positions of the elements.

2.1. Amplitude Synthesis

Amplitude synthesis has a dual advantage: first, it creates symmetric directive lobes
with low levels of side lobes, positively influencing signal quality; second, it creates nulls
in predetermined areas to avoid undesirable signals (interference). In this type of synthesis,
a concentric ring antenna array is used, as shown in Figure 10, which consists of M rings
and N equally spaced elements. The spacing of the elements can be 0.5λ, 0.7λ, λ, . . .. The
excitations of the array elements are symmetric with respect to the center of the circular
geometry. Therefore, the excitation weights of the antenna array will be optimized within a
range of [0, 1] (see Equation (6)).
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If the number of antennas is even, the circular geometry is symmetric about the center
of the circle, meaning there exists an integer N

2 < i ≤ N such that ϕi = ϕn + π; for all
1 ≤ n ≤ N

2 . Taking into account the symmetry of the sources with respect to the center of
the circle, we can express the array factor in the form of Equation (7) [22].

In the following examples 1, 2, 3, 4, and 5, Taguchi optimization is applied for 12, 18,
24, 30, and 36 elements; (N1 = 2, N2 = 4, and N3 = 6), (N1 = 4, N2 = 6, and N3 = 8),
(N1 = 6, N2 = 8, and N3 = 10), (N1 = 8, N2 = 10, and N3 = 12), and (N1 = 6, N2 = 8,
N3 = 10, and N4 = 12).

2.1.1. Concentric Ring Antenna Array with 12 Elements (N1 = 2, N2 = 4, and N3 = 6)

The array factor is described by the following Equation (8):

AF(θ, ϕ) = 2
3

∑
m=1

6

∑
n=1

wmn cos(krm(sin(θ) cos(ϕ − ϕmn)− sin(θ0) cos(ϕ0 − ϕmn))) (8)

To minimize the levels of side lobes, the fitness function is chosen based on the
optimization objective:

f itness = (max{20 log|AF(θ)|}) (9)

Subject to the constraint θ ∈ [0◦, 45◦].
In order to apply the Taguchi method, the following steps should be followed: First, de-

termine the number of parameters (k = 6), the number of levels (s = 3), and the strength
(t = 2). Then, establish the orthogonal experiment design OA (27, 6, 3, 2), followed by the
reduced function (rr = 0.6). Lastly, set the convergence value to 0.01.

After determining the input parameters, the objective function (fitness) for each exper-
iment can be calculated.

The performance evaluation results of the CCAA method are presented in Table 2.
Table 3 shows the response table for the first iteration, while Table 4 displays the opti-
mized excitations of the network (N1 = 2, N2 = 4, and N3 = 6) obtained using the
Taguchi method.

Table 2. Experimental results of the performance evaluation of the CCAA method

Experiments
Elements

Fitness R(S/N)dB
w1 w2 w3 w4 w5 w6

1 0.25 0.25 0.25 0.25 0.25 0.25 −10.087 −20.076

2 0.5 0.25 0.5 0.5 0.5 0.75 −10.055 −20.047

3 0.75 0.25 0.75 0.75 0.75 0.5 −15.006 −23.525

4 0.25 0.5 0.25 0.5 0.5 0.5 −7.616 −17.635

5 0.5 0.5 0.5 0.75 0.75 0.25 −12.581 −21.994

6 0.75 0.5 0.75 0.25 0.25 0.75 −9.948 −19.955

7 0.25 0.75 0.25 0.75 0.75 0.75 −6.737 −16.569

8 0.5 0.75 0.5 0.25 0.25 0.5 −7.785 −17.825

9 0.75 0.75 0.75 0.5 0.5 0.25 −12.268 −21.775

10 0.25 0.25 0.5 0.25 0.5 0.5 −9.706 −19.757

Amplitude synthesis consists of minimizing the secondary lobes as much as possible,
using our optimization technique. In Figure 11a, the results obtained show that we have
successfully minimized the side-lobe level (SLL) to −11.04 dB, where the gain is around
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9.14 dB compared to the side-lobe level of the uniform concentric ring antenna array
(SLL = −1.9 dB).

Table 3. Response table for the first iteration.

Elements

1 2 3 4 5 6

Level 1 −19.79 −20.02 −17.31 −18.45 −19.77 −21.13

Level 2 −19.65 −20.04 −19.73 −19.95 −19.71 −19.60

Level 3 −19.29 −18.66 −21.68 −20.32 −19.24 −17.98

The optimization objective is achieved after 59 iterations, as indicated in Figure 11b.
The excitation weights of this optimized antenna array using the Taguchi method are
mentioned in Table 4.

Table 4. Optimized excitations of the network (N1 = 2, N2 = 4, and N3 = 6).

Elements

1 2 3 4 5 6

Optimized Excitations Optimized 0.7582 0.6303 0.9210 0.9818 0.6175 0.2294

(a) 12 elements, SLL = −11.04 dB.
(b) Fitness function for 12 elements.

Figure 11. Simulation results of a concentric ring array (N1 = 2, N2 = 4, and N3 = 6).

2.1.2. Concentric Ring Antenna Array with 18 Elements (N1 = 4, N2 = 6, and N3 = 8)

The array factor is described by the following Equation (10):

AF(θ, ϕ) = 2
3

∑
m=1

9

∑
n=1

wmn cos(krm(sin(θ) cos(ϕ − ϕmn)− sin(θ0) cos(ϕ0 − ϕmn))) (10)

To apply the Taguchi method effectively, the following steps should be followed:
Begin by determining the number of parameters, denoted as (k = 9), which represents the
factors that will be varied in the experiment. Next, define the number of levels, (s = 3),
which refers to the different values or settings each parameter can take. The next step is to
determine the strength of the orthogonal array, set to (t = 2), which indicates the level of
interaction considered between the factors. Afterward, select the appropriate orthogonal
experimental design, OA (27, 9, 3, 2), which helps in arranging the experiments efficiently
by ensuring that all main effects and some interactions are properly tested. Then, specify
the reduced function value (rr = 0.6), which optimizes the array by reducing unnecessary
complexity and focusing on the most relevant interactions. Finally, set the convergence
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value to 0.01, ensuring that the optimization process stops once the desired accuracy is
reached, avoiding any further unnecessary iterations.

The optimization objective is achieved after 60 iterations, as indicated in Figure 12b.
The excitation weights of this optimized antenna array using the Taguchi method are
mentioned in Table 5.

Table 5. Optimized excitations of the array (N1 = 4, N2 = 6, and N3 = 8).

N1 N2 N3

Elements 1 2 3 4 5 6 7 8 9

Weights 0.5417 0.4623 0.4931 1.0000 0.8540 0.5184 0.8743 0.5000 0.1893

(a) 18 elements, SLL = 18.5 dB. (b) Fitness function for 18 elements.

Figure 12. Simulation results of a concentric ring array (N1 = 4, N2 = 6, and N3 = 8).

2.1.3. Concentric Ring Antenna Array with 24 Elements (N1 = 6, N2 = 8, and N3 = 10)

The array factor is described by the following Equation (11):

AF(θ, ϕ) = 2
3

∑
m=1

12

∑
n=1

wmn cos(krm(sin(θ) cos(ϕ − ϕmn)− sin(θ0) cos(ϕ0 − ϕmn))) (11)

To effectively apply the Taguchi method for optimization, it is essential to follow these
steps: First, determine the number of parameters, which is set to (k = 12), along with
the number of levels, which is (s = 3). Next, define the strength of the orthogonal array,
here chosen as (t = 2). Afterward, select the appropriate orthogonal experimental design,
in this case, OA (27, 12, 3, 2), which dictates the arrangement of experiments. The following
step is to specify the reduced function value (rr = 0.6), which is crucial for reducing the
dimensionality of the design space. Finally, set the convergence threshold value to 0.01,
ensuring that the optimization process stops once the desired level of precision is achieved.

The Figure 13a shows that we have successfully minimized the side-lobe level (SLL)
down to −21.2004 dB, where the gain is approximately 16.7 dB compared to the side-lobe
level of the uniform concentric ring antenna array (SLL = −4.5 dB).

The optimization objective is achieved after 25 iterations, as indicated in Figure 13b.
The excitation weights for this optimized antenna array using the Taguchi method are
presented in Table 6.
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(a) 24−elements, SLL = −21.2004 dB. (b) Fitness function for 24−elements.

Figure 13. Simulation results of a concentric ring array (N1 = 6, N2 = 8, and N3 = 10).

Table 6. Optimized excitations of the array (N1 = 6, N2 = 8, and N3 = 10).

Elements 1 2 3 4 5 6 7 8 9

Weights 0.0494 0.3509 0.3525 0.3927 0.6435 0.0812 0.3565 0.0847 0.7458

Elements 10 11 12

Weights 0.6473 0.6415 0.5892

2.1.4. Concentric Ring Antenna Array with 30 Elements (N1 = 8, N2 = 10, and N3 = 12)

The array factor is described by the following Equation (12):

AF(θ, ϕ) = 2
3

∑
m=1

15

∑
n=1

wmn cos(krm(sin(θ) cos(ϕ − ϕmn)− sin(θ0) cos(ϕ0 − ϕmn))) (12)

To apply the Taguchi method, determine the number of parameters (k = 15), define
the number of levels (s = 3), set the strength (t = 2), select the OA experimental design
(27, 15, 3, 2), calculate the reduced function (rr = 0.6), and set the convergence value (0.01).
Figure 14a shows that we have successfully minimized the side-lobe level (SLL) down to
−25.1911 dB, where the gain is approximately 14.57 dB compared to the side-lobe level of
the uniform concentric ring antenna array (SLL = −10.62 dB).

The optimization objective is achieved after 16 iterations, as indicated in Figure 14b.
The excitation weights for this optimized antenna array using the Taguchi method are
presented in Table 7.

(a) 30 elements, SLL = −25.1911 dB. (b) Fitness function for 30 elements.

Figure 14. Simulation results of a concentric ring array (N1 = 8, N2 = 10, and N3 = 12).
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Table 7. Optimized excitations of the array (N1 = 8, N2 = 10, and N3 = 12).

Elements 1 2 3 4 5 6 7 8 9

Weights 0.5242 0.3954 0.0986 0.3032 0.1452 0.7845 0.9548 0.4444 0.0443

Elements 10 11 12 13 14 15

Weights 0.1995 0.7903 1.0000 0.9712 0.9810 0.2068

2.1.5. Concentric Ring Antenna Array with 36 Elements (N1 = 6, N2 = 8, N3 = 10,
and N4 = 12)

The array factor is described by the following Equation (13):

AF(θ, ϕ) = 2
4

∑
m=1

18

∑
n=1

wmn cos(krm(sin(θ) cos(ϕ − ϕmn)− sin(θ0) cos(ϕ0 − ϕmn))) (13)

Figure 15a shows that we have successfully minimized the side-lobe level (SLL) down
to −27.5831 dB, where the gain is approximately 17.2831 dB compared to the side-lobe
level of the uniform concentric ring antenna array (SLL = −10.3 dB).

(a) 36 elements, SLL = −27.5831 dB. (b) Fitness function for 36 elements.

Figure 15. Simulation results of a concentric ring array (N1 = 6, N2 = 8, N3 = 10, and N4 = 12).

The optimization objective is achieved after 19 iterations, as indicated in Figure 15b.
The excitation weights for this optimized antenna array using the Taguchi method are
presented in Table 8.

Table 8. Optimized excitations of the array (N1 = 6, N2 = 8, N3 = 10, and N4 = 12).

Elements 1 2 3 4 5 6 7 8 9

Weights 0.2161 0.5458 0.0633 0.3158 0.7458 0.9851 0.1374 0.1892 0.9548

Elements 10 11 12 13 14 15 16 17 18

Weights 0.4461 0.3158 0.5911 0.5512 0.3254 0.5700 0.6049 0.5443 0.4227

Figure 16 shows the reduction of the side-lobe level (SLL) for concentric ring arrays
with 12, 18, 24, 30, and 36 elements:

• SLL = −11.1418 dB for 12 elements (N1 = 2, N2 = 4, and N3 = 6).
• SLL = −17.6870 dB for 18 elements (N1 = 4, N2 = 6, and N3 = 8).
• SLL = −21.2004 dB for 24 elements (N1 = 6, N2 = 8, and N3 = 10).
• SLL = −25.1911 dB for 30 elements (N1 = 8, N2 = 10, and N3 = 12).
• SLL = −27.5831 dB for 36 elements (N1 = 6, N2 = 8, N3 = 10, and N4 = 12).
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Figure 17 presents the optimal amplitude values obtained using the Taguchi method
with rr = 0.6 for 12, 18, 24, 30, and 36 elements.

Table 9 summarizes the simulation results for various concentric ring array config-
urations, demonstrating the impact of element count on antenna performance. As the
number of elements in the array increases, achieved by adding more rings, significant
performance improvements are observed. These enhancements are reflected in two main
factors: a reduction in the side-lobe level (SLL) and improved directivity. Specifically, as
the number of rings and elements increases, the side-lobe level decreases, indicating better
suppression of unwanted radiation. For example, with a 36-element array (using four
rings), the side-lobe level reaches SLL = −27.5831 dB, showing a substantial reduction
compared to arrays with fewer elements. Additionally, the half-power beamwidth (HPBW)
improves with more elements, resulting in enhanced directivity and a more focused main
lobe. For the 36-element configuration, the HPBW is reduced to 8.3◦, indicating a tighter
and more concentrated radiation pattern. In conclusion, the results clearly demonstrate
that increasing the number of elements, through the addition of concentric rings, leads
to a noticeable improvement in antenna performance, particularly in reducing side-lobe
radiation and enhancing the main lobe focus.

Figure 16. Reduction of the side-lobe level for concentric ring arrays.

Figure 17. Optimal excitation values found using the Taguchi method.



Telecom 2025, 6, 7 17 of 25

Table 9. Comparison of synthesis results.

Synthesis Method by Taguchi HPBW (deg.) Reduction of
Side-Lobe Level (dB)

(N1 = 2, N2 = 4, N3 = 6) 14.5 −11.1418

(N1 = 4, N2 = 6, N3 = 8) 12.4 −17.6870

(N1 = 6, N2 = 8, N3 = 10) 11 −21.2004

(N1 = 8, N2 = 10, N3 = 12) 9 −25.1911

(N1 = 6, N2 = 8, N3 = 10, N4 = 12) 8.3 −27.5831

2.2. Design and Validation of Concentric Ring Antenna Arrays Using CST Microwave Studio
2.2.1. 18-Element Antenna Array (N1 = 4, N2 = 6, and N3 = 8)

The Table 10 presents optimal excitation values for several well-known optimization
methods in the literature, such as Evolutionary Programming (EP) [26] and Firefly Algo-
rithm (FA) [24], which are selected for comparison with the Taguchi method (see Figure 18).
The best results are obtained using excitations optimized by the Taguchi method. The best
results are defined as those that offer a radiation pattern with not only a reduced Side-Lobe
Level (SLL) but also the best Half-Power Beamwidth (HPBW) of the main lobe, which is a
crucial parameter for antenna array synthesis. For this validation, an 18-element concentric
ring antenna array is considered. Figure 18a shows the structure of the concentric ring
array with element counts of N1 = 4, N2 = 6, and N3 = 8 for the first, second, and third
rings, respectively.

Table 10. Results of the optimal excitation values using different algorithms for a concentric ring
antenna array (N1 = 4, N2 = 6, and N3 = 8).

Excitations with Different Algorithms

CCAA Number of Elements Uniform EP [26] FA [24] Taguchi

N1

1 1.0000 0.3416 0.7025 0.5417

2 1.0000 0.0496 0.1410 0.4623

3 1.0000 0.3242 0.6770 0.5417

4 1.0000 0.0283 0.1215 0.4623

N2

5 1.0000 0.5321 0.9999 0.4931

6 1.0000 0.2114 0.4349 1.0000

7 1.0000 0.1923 0.4084 0.8540

8 1.0000 0.4901 0.9999 0.4931

9 1.0000 0.1876 0.4076 1.0000

10 1.0000 0.1994 0.4305 0.8540

N3

11 1.0000 0.1204 0.2352 0.5184

12 1.0000 0.2555 0.4789 0.8743

13 1.0000 0.3527 0.7366 0.5000

14 1.0000 0.2450 0.4831 0.1893

15 1.0000 0.1229 0.2542 0.5184

16 1.0000 0.2294 0.4790 0.8743

17 1.0000 0.3449 0.7172 0.5000

18 1.0000 0.2400 0.4730 0.1893
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Figure 18b illustrates the case of uniform excitations, where all elements are excited
with equal amplitude and phase.

Figure 18c presents the excitations optimized using Evolutionary Programming (EP).
Figure 18d depicts the excitations optimized with the Firefly Algorithm (FA).
Figure 18e shows the excitations optimized using the Taguchi method.

 

(a)

 

 

(b)

 

 

(c)

 

 

(d)

 

 

(e)

Figure 18. Synthesis of 3D radiation patterns for an 18-element array (N1 = 4, N2 = 6, and N3 = 8)
at 2.45 GHz. (a) Structure of the concentric ring array (N1 = 4, N2 = 6, and N3 = 8). (b) Uniform ex-
citations. (c) Excitations with Evolutionary Programming (EP). (d) Excitations with Firefly Algorithm
(FA). (e) Excitations with Taguchi method.

2.2.2. 24-Element Antenna Array (N1 = 6, N2 = 8, and N3 = 10)

Figure 19a presents a 24-element concentric ring antenna array. By applying the
Taguchi optimization method, we obtain optimal excitation values, as indicated in Table 6.
Figure 19 shows the synthesis of the 3D radiation patterns. A comparison with uniform
excitations (see Figure 19b) applied to our array demonstrates that the best results are
achieved using excitations optimized by the Taguchi method (see Figure 19c). The best
results are defined as those that provide the most efficient radiation pattern with reduced
side-lobe level (SLL).
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(c)

Figure 19. Synthesis of 3D radiation patterns for a 24-element array (N1 = 6, N2 = 8, and N3 = 10) at
2.45 GHz. (a) Structure of the concentric ring array (N1 = 6, N2 = 8, and N3 = 10). (b) Uniform
excitations. (c) Excitations with Taguchi method.

2.2.3. 30-Element Antenna Array (N1 = 8, N2 = 10, and N3 = 12)

A 30-element concentric ring antenna array (see Figure 20a) is used for validation.
Table 11 presents the optimal excitation values for several well-known optimization meth-
ods from the literature, such as Evolutionary Programming (EP) [26] and Firefly Algorithm
(FA) [24], which are selected for comparison with the Taguchi method. Figure 20c–e show
the 3D radiation patterns for these optimization methods.

Table 11. Optimal excitation values with different algorithms for a concentric ring antenna array
(N1 = 8, N2 = 10, and N3 = 12).

Excitations with Different Algorithms

CCAA Number of Elements Uniform EP [26] FA [24] Taguchi

N1

1 1.0000 0.2242 0.9354 0.5242

2 1.0000 0.2886 0.7716 0.3954

3 1.0000 0.1891 0.3013 0.0986

4 1.0000 0.3336 0.7299 0.3032

5 1.0000 0.5458 0.8924 0.5242

6 1.0000 0.3895 0.7641 0.3954

7 1.0000 0.1000 0.3044 0.0986

8 1.0000 0.2866 0.7999 0.3032

N2

9 1.0000 0.1595 0.5444 0.1452

10 1.0000 0.1378 0.5686 0.7845

11 1.0000 0.1036 0.2124 0.9548

12 1.0000 0.1000 0.1958 0.4444

13 1.0000 0.4048 0.5901 0.0443

14 1.0000 0.2686 0.5647 0.1452

15 1.0000 0.3090 0.6322 0.7845

16 1.0000 0.1000 0.1498 0.9548

17 1.0000 0.1000 0.1660 0.4444

18 1.0000 0.1696 0.6379 0.0443
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Table 11. Cont.

Excitations with Different Algorithms

CCAA Number of Elements Uniform EP [26] FA [24] Taguchi

N3

19 1.0000 0.2419 0.5044 0.1995

20 1.0000 0.1183 0.4125 0.7903

21 1.0000 0.1144 0.2457 1.0000

22 1.0000 0.4708 0.9673 0.9712

23 1.0000 0.1685 0.2516 0.9810

24 1.0000 0.2090 0.3827 0.2068

25 1.0000 0.2566 0.4854 0.1995

26 1.0000 0.2200 0.3444 0.7903

27 1.0000 0.1000 0.3209 1.0000

28 1.0000 0.4229 0.9734 0.9712

29 1.0000 0.1273 0.3290 0.9810

30 1.0000 0.1020 0.3651 0.2068

The best results are obtained using excitations optimized by the Taguchi method. The
best results are defined as those that offer the most efficient radiation pattern, not only with
reduced side-lobe level (SLL) but also with the best half-power beamwidth (HPBW) of the
main lobe, which is a very important parameter for antenna array synthesis.

Figure 20c shows the synthesized 3D radiation patterns for a 30-element array with
dimensions N1 = 8, N2 = 10, and N3 = 12, operating at a frequency of 2.45 GHz, optimized
using Evolutionary Programming (EP).

Figure 20d shows the excitation optimized using the Firefly Algorithm (FA), which adjusts
the amplitude and phase of each antenna element to achieve the optimal radiation pattern.

Figure 20e presents the 3D radiation patterns for the same array configuration, but with
excitation optimized using the Taguchi method. This optimization technique aims to minimize
pattern distortion by iterating through a set of carefully designed parameter combinations.

 

(a)

 

 

(b)

Figure 20. Cont.
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Figure 20. Synthesis of 3D radiation patterns for a 30-element array (N1 = 8, N2 = 10, and N3 = 12)
at 2.45 GHz. (N1 = 8, N2 = 10, and N3 = 12), (a) Structure of the concentric ring array and
(b) Uniform excitations. (c) Excitations with Evolutionary Programming (EP). (d) Excitations with the
Firefly Algorithm (FA). (e) Excitations with Taguchi.

2.2.4. Antenna Array with 36-Elements (N1 = 6, N2 = 8, N3 = 10, and N4 = 12)

The structure of the concentric ring antenna array with 36-elements is presented in
Figure 21a. Similarly, by applying the optimized values mentioned in Table 8 to excite the
array, we obtain an analysis of the different radiation patterns: Figure 21b shows uniform
excitations, while Figure 21c demonstrates excitations optimized using the Taguchi method,
which provides better performance for our array.

To address the concern regarding the radiation efficiency of the circular concentric
ring antenna array, we have conducted a detailed analysis of this efficiency by calculating
the total radiated power relative to the input power, taking into account losses due to
materials, the feed network, and impedance matching. We also performed simulations
using electromagnetic tools such as CST to evaluate the impact of the concentric ring
structure on radiation efficiency. Additionally, we applied the Taguchi method to optimize
the design parameters of the antenna array, including the ring spacing and feed mechanism
optimization. This approach allowed us to reduce the number of trials needed to achieve
optimal efficiency while minimizing losses, thereby improving the overall efficiency of the
array for IoT applications.
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Figure 21. Synthesis of 3D radiation patterns for a 36-element array (N1 = 6, N2 = 8, N3 = 10,
and N4 = 12) at 2.45 GHz. (a) Structure of the concentric ring array (N1 = 6, N2 = 8, N3 = 10,
and N4 = 12). (b) Uniform excitations. (c) Excitations with Taguchi optimization.

3. Conclusions and Future Work
In this paper, we present the synthesis of circular planar antenna arrays using the

Taguchi method, a robust optimization approach for complex systems. The method focuses
on aligning the actual radiation pattern of the antenna array with a user-specified desired
pattern, improving the overall performance of the antenna system. The Taguchi method
was applied to synthesize both circular arrays and concentric ring arrays consisting of
three and four rings, where each ring has a varying number of elements, and the radius of
the rings is adjusted based on the inter-element distance and the total number of sources.
This flexibility enables the design of antennas tailored to specific operational requirements.
One of the method’s key advantages is its computational efficiency, with calculations
typically taking only a few seconds, enabling real-time adjustments and making it ideal
for iterative design processes. Using this technique, we optimized radiation patterns by
calculating the weights for different antenna configurations. The Taguchi method was also
used to synthesize directive lobes, focusing on key objectives such as reducing side lobes,
improving the main lobe gain, and precisely directing the lobes by controlling radiation
pattern levels in each direction with appropriate weighting coefficients for amplitude
and/or phase. The technique was rigorously tested across various antenna array types,
exploring multiple scenarios to synthesize directive lobes that cover the angular range from
−90◦ to 90◦, essential for applications requiring precise directionality and signal integrity.
Simulations using CST Microwave Studio were conducted to validate the effectiveness of
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the Taguchi method, and the results confirmed that the synthesized designs met or exceeded
the expected operational standards, demonstrating the method’s reliability and practical
effectiveness. Future work will focus on incorporating neural network models and artificial
intelligence (AI) techniques to enhance the synthesis process, automate optimization,
and refine designs in real-time applications. By combining the Taguchi method with
AI, we aim to develop adaptive antenna configurations that can dynamically adjust to
environmental conditions and operational demands, improving the performance and
versatility of antenna systems for next-generation communication networks.
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Abbreviations
The following abbreviations are used in this manuscript:

IoT Internet of Things
RF Radio Frequency
SNR Signal-to-Noise Ratio
3D Three-Dimensional
MHz Megahertz
AF Array Factor
N Number of antenna elements
λ Wavelength
β Propagation constant, defined as 2π

λ

In Excitation current, defined as αnejϕn

αn Amplitude of the excitation weights, within [0, 1]
ϕn Phase of the excitation weights
d Distance between elements, set at λ

2
a Radius of the circular array, calculated as d

2 sin( π
N )

SLL Side-Lobe Level
OA Orthogonal Array
fitness Fitness function aimed at minimizing maximum side lobes
rr Reduced function in the optimization process
Iterations Number of optimization cycles
k Number of parameters to optimize
s Number of levels for each parameter
HPBW Half-Power Beam Width
k Wave vector
θ0 Target angle
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t Strength of the experimental design
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