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Abstract: The design process of antenna structures that meet up-to-date requirements takes a long
time and brings a high computational load. In this paper, an approach based on Soft Computing
(SC) techniques was used to shorten the design time and to achieve an antenna structure that yields
performance characteristics as close as possible to the desired values. In order to obtain a microstrip
patch antenna with the targeted characteristics and the best accuracy in a faster way, a Support
Vector Machine (SVM)-based regression model was employed. A triple-band microstrip antenna with
desired resonance frequencies and gain values was designed by using the Support Vector Regression
(SVR) model by introducing multiple slots and arc-truncation to the patch antenna. Simulation
results of the High-Frequency Structural Simulator (HFSS) and measurements of implementation
of the designed antenna are given. Performance characteristics of the obtained antenna are also
compared with those given in the literature, which have triple-band properties. In addition, the
antenna was redesigned using the optimization tool in HFSS for comparison. The accuracy of the
results and required time for design were compared for both the SVR model approach and the HFSS
optimization tool.

Keywords: microstrip patch antenna; slot antenna; soft computing; support vector machines; support
vector regression; triple-band antenna

1. Introduction

Soft computing (SC) refers to a group of methods that achieve tractable, robust, and
low-cost solutions for problems that involve imprecise and uncertain conditions. Soft
computing techniques are mainly inspired by intelligence in nature, such as the functioning
principles of the biological brain, the reasoning mechanism of the human mind, or the
natural selection principles of evolutionary processes. The term “Soft Computing” was
proposed by Lotfi A. Zadeh [1,2].

The results obtained in SC techniques are not mathematically exact; approximate
optimum results are obtained, whereas, in Hard Computing (HC), certain and precise
results are attained. However, this increases computational time and load. In addition, HC
requires the ideal model of the system or analytical expressions describing the behavior
of the system and is not suitable for complex real-world problems where ideal model is
not available. SC is the aggregation of various computational techniques. Some of the SC
techniques and their applications include fuzzy logic [1,2], evolutionary algorithms [3–18],
artificial neural networks (ANN) [19–27], and support vector machines (SVM) [19,20,28].

SVMs have been introduced by Vapnik [19,28]. Briefly, SVMs set up a hyperplane
that separates two different sample sets from each other with a maximum margin in
classification [20]. SVMs have usually been used for classification, but they are also used in
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regression problems and are named Support Vector Regressors (SVR). SVRs have proven
their capabilities in various studies of electromagnetics and microwaves due to their
generalization properties [29–36]. They are used to design single-band antennas [32–36].

Electromagnetic simulation programs are used for antenna analysis and
synthesis [37–39]. As the number of design parameters increases, the processing load
and the time spent in the analyses performed by these programs also increase. Anten-
nas need to be optimized with the changes in geometric structure to obtain the desired
response. This also increases the design time. Even if the designer’s knowledge and experi-
ence are sufficient, repetitively running programs with/without optimization or trial and
error method negatively affects the design time. Furthermore, successful results are not
guaranteed after repetitive trials.

Nowadays, there are many studies on the analysis and synthesis of microstrip antennas.
Microstrip antennas have gained great interest since they were first introduced due to their
features such as easy fabrication, low cost, compatibility with integrated circuits, and low
weight. Moreover, by adding slots on the microstrip antenna patch and/or ground, antenna
performance can be improved easily and efficiently. However, a general analytical formula
for slots with various numbers and different types are not given in the literature so far.
Additionally, the complexity of the design and time spent are increased with the number
of slots.

In this paper, in order to overcome these drawbacks, a soft computing-based method
is utilized in the design of a microstrip patch antenna that operates in triple-band. The
resonance frequency and gain that yield the desired performance are obtained by utilizing
an SVR model. Multiple slots and arc truncation [40,41] are implemented to patch the
antenna to obtain an antenna that operates in triple-band with desired gains. The desired
resonance frequencies of the triple-band are selected in 2.4 and 5 GHz bands of Wireless
Local Area Network (WLAN) and the n80 (4.4–4.9 GHz) band [42] of 5G. There are two
main novelties of the work presented, the first one is the novel structure of a triple-band
antenna, and the second novelty is the implementation of a triple-band antenna designed
using SVR for the first time. As far as the authors know, this work presents the first
implementation of a triple-band antenna designed via SVR.

In order to verify the performance of the proposed antenna design method, simulation
and implementation results are presented. Additionally, the achieved performance is
compared with those of several antenna designs in the literature. The obtained results
demonstrate the superiority of the proposed approach.

The contents of this paper are as follows: After this brief introduction, Section 2
presents a brief overview of Support Vector Regression. Section 3 describes the proposed
design method for the triple-band antenna. Simulation and implementation results, as well
as a comparison with existing designs in the technical literature, are presented in Section 4.
Additionally, a comparison with the design carried out with the HFSS optimization tool is
provided in Section 5. Section 6 briefly concludes the paper.

2. Theory of Support Vector Regression

A training data set S can be given by

S = {xi, yi}N
i=1xi ∈ X ⊆ Rn, y ∈ R (1)

where N is the number of elements in S and n is the dimension of the input. S can be
represented by the regression model [20]:

yi = 〈w, Φ(xi)〉+ b i = 1, 2, . . . .N (2)

where Φ(xi) is the image of the input data in feature space, b is regressor bias, and w is a
weighting vector. The aim of the optimization is to find the optimal regressor within ε tube
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by minimizing the training error and optimizing the geometric margin. The primal form of
the optimization problem can be formulated as [20,43,44]:

min
(w,b)

1
2
‖ w ‖2 + C

N

∑
i=1

(ξi + ξ∗i ) (3)

subject to
yi − 〈w, Φ(xi)〉 − b ≤ ε + ξi〈
w, Φ(xi) + b− yi ≤ ε + ξ∗i

〉
ξi, ξ∗i ≥ 0; i = 1, 2, . . . , N

(4)

where ε is the upper limit for the acceptable error, the slack variables ξi and ξ∗i define
the deviation from the ε tube [43,44]. The constraints of the optimization problem are
constructed by an ε insensitive loss function [44,45]. The primal function and its constraints
are used to define a Lagrange function. Lagrangian can be derived by combining the primal
function and related constraints by presenting non-negative Lagrange multipliers β, β *, η,
and η * [43,44]:

L = 1
2‖ w ‖2 +C

N
∑

i=1

(
ξi + ξ∗i

)
−

N
∑

i=1
βi(ε + ξi − yi + 〈w, Φ(xi)〉+ b)−

N
∑

i=1
β∗i
(
ε + ξ∗i + yi − 〈w, Φ(xi)〉 − b

)
−

N
∑

i=1

(
ηiξi + η∗i ξ∗i

) (5)

Here, C is a parameter that controls the trade-off between the complexity of the
obtained model and the number of non-separable points. For optimality, the partial
derivatives of the Lagrangian with respect to primal variables have to vanish because of
the saddle point property of the Lagrangian with respect to the primal variables and dual
variables at the solution [44]:

∂L
∂w

= 0 → w−
N

∑
i=1

βi〈w, Φ(xi)〉 = 0 (6)

∂L
∂b

= 0 →
N

∑
i=1

(βi − β∗i ) = 0 (7)

∂L
∂ξi

= 0 → C− βi − ηi = 0, i = 1, 2, . . . N (8)

∂L
∂ξ∗i

= 0 → C− β∗i − η∗i = 0, i = 1, 2, . . . N (9)

The dual form can be defined by using optimality conditions (6–9) in (5):

D =
1
2

N

∑
i=1

N

∑
j=1

(βi − β∗i )(β j − β∗j )Kij + ε
N

∑
i=1

(βi + β∗i )− yi

N

∑
i=1

(βi − β∗i ) (10)

subject to
0 ≤ βi ≤ C
0 ≤ β∗i ≤ C

N
∑

i=1
(βi − β∗i ) = 0

i = 1, 2, . . . N (11)

where Kij is the kernel function and can be given by Kij = ΦT(xi)Φ(xi). The dual form
has a convex objective function with linear constraints; therefore, a global solution to the
problem is guaranteed. The optimal solution to the dual problem can be achieved by
employing a quadratic programming solver, and the Lagrange multipliers are obtained.
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The training data with non-zero Lagrange multipliers constitute the “support vec-
tors” [43,45,46]. The regression problem of (2) can be solved by estimation via the support
vectors and the corresponding Lagrange multipliers:

ŷ(x) =
N

∑
i=1

λiK(x, xi) + b, λi = βi − β∗i (12)

Mostly used kernel functions are linear, polynomial, and radial basis kernel (RBF)
functions. RBF function can be given as:

K
(
Xi, Xj

)
= exp

(
−γ ‖ Xi − Xj ‖ 2

)
(13)

where γ is the Gaussian parameter and X is the training vector.
Wavelet functions can also be used as kernel functions [47–50] in SVR, as well as the

functions mentioned above. Wavelet analysis has the advantage that it processes signals in
both time and frequency domains. The prediction is achieved more accurately via wavelet
kernel than other types of kernel functions [35]. The orthonormality of wavelet functions
results in an increase in the generalization capability of SVR [47]. A wavelet function is
defined as [47]

ha,b(x) =
1√
a

h
(

x− b
a

)
(14)

where a is the scaling factor and b is the shifting parameter. Wavelet kernel is derived
as [47]

K
(

X, X’
)
= ∏N

i=1 h
(

xi − bi
a

)
h
(

x′i − b′i
a

)
(15)

where X and X’ are N-dimensional vectors, h(x) is a wavelet function and a, bi, b′i , xi, x′i ∈ R
and X, X’ ∈ RN . Wavelet kernel independent of shifting is given as [47]:

K
(

X, X’
)
= ∏N

i=1 h
(

xi − x′i
a

)
(16)

The Morlet wavelet function is defined as [47,48]:

h(x) = cos(1 .75x) exp
(
−x2

2

)
(17)

The Morlet wavelet kernel function is given as [47,48]:

K
(

X, X’
)
= ∏N

i=1 cos

(
1.75

(
xi − x′i

)
a

)
· exp

(
−
‖ xi − x′i ‖

2a2

)
(18)

The Mexican-hat wavelet kernel function is written as [47,48]:

KK
(

X, X’
)
= ∏N

i=1 cos

(
1−

(
xi − x′i

)2

a

)
· exp

(
−
‖ xi − x′i ‖2

2a2

)
(19)

In this study, wavelet kernel functions are preferred in the SVR approach due to
their advantages, and specifically Mexican-hat wavelet kernel function is used since it has
achieved the best results in the simulations. Other details related to the SVR design of the
antenna are presented in the following sections.

3. Design of Triple-Band Antenna

Firstly, a rectangular microstrip patch antenna operating in 2.4 GHz of WLAN was
designed by using formulations given in the literature [51].
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The patch width (W) is computed by (20) for a rectangular microstrip patch antenna
whose resonance frequency and relative permittivity of the substrate are fr and εr, respec-
tively [51]:

W =
c

2 fr

√
2

εr + 1
(20)

where c denotes the velocity of light in free space. The length of the antenna patch (L) can
be calculated by [51]:

L =

[
c

2 fr
√

εre f f

]
− 2∆L (21)

Here, ∆L is the extension of the length due to the effect of fringing fields and is given
as [51]:

∆L = 0.412h

(
εre f f + 0.3

)(
W
h + 0.264

)
(

εre f f − 0.258
)(

W
h + 0.8

) (22)

Effective permittivity εre f f is given by [51]:

εre f f =

[
εr + 1

2

]
+

[
εr − 1

2

][
1 +

12h
W

]−1/2
(23)

The desired resonance frequency of the rectangular microstrip patch antenna is selected
as 2.4 GHz, WLAN base frequency. The antenna substrate is selected as Rogers RT/duroid
5870 with relative permittivity of 2.33, thickness of 0.787 mm, and loss tangent of 0.0012.
By using (20–23), antenna patch dimensions L and W are computed as 38.6 mm and
47.5 mm, respectively. Then, parametric analysis in a High-Frequency Structural Simulator
(HFSS) [37] is carried out to find the best reflection coefficient and input impedance and
tune the resonance frequency to be close to 2.4 GHz for obtaining the feed location of the
microstrip patch antenna without slots.

A parametric analysis method is used to simulate multiple variations for a design
model [37]. A parametric analysis begins with the description of a series of variable values
(variations) with chosen step sizes within a range. HFSS carries out an analysis of the
design for each variation. Then, the results can be compared to see how each variation
affects the performance of the design. Parametric analysis is frequently employed before
the optimization process since it provides a reasonable range of variable values [37].

As a result of this process, the feed location of the antenna is computed as xf = 7.0 mm
and yf = 0 mm. The same location is preserved for the microstrip patch antenna with triple
slots and arc truncation.

After that, multiple slots were added to the conventional microstrip antenna that had
the same patch dimensions and substrate to obtain multiband property. Then, the arc-
truncation technique [40,41,52,53] was applied to the four edges of the antenna to improve
gain performance. It is shown that there is an inverse relationship between the length of
truncation and the Q factor of a truncated microstrip patch antenna [52,53]. Low radiation
Q factor causes high antenna efficiency [52] value, which means high gain. In this study, it
has also been observed that the reflection coefficient value decreases by introducing arc
truncations to the antenna. This leads to an increase in the realized gain. The effect of the
arc-truncation on the gain performance is ~1 dB increase. Center points for the two large
slots are selected such that the slots are far away from the feed point and not so near to the
edge of the antenna patch. The center point for the small slot is located at the upper half of
the antenna patch. Thus, it is ensured that slots would not coincide with each other, feed
point, and edges of the antenna. The initial positions of the slots were selected randomly.
Then, parametric analysis via HFSS was carried out with a few steps to determine the
positions of the slots, which provide frequency values close to the desired frequency bands.
The geometric centers of the slots are equal to x1 = 0 mm, y1 = −19.35 mm; x2 = −7.32 mm,
y2 = 0 mm; and x3 = 0 mm, y3 = 19.35 mm, respectively.
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A general schematic representation of the microstrip patch antenna with triple slots
and arc-truncation (MPATSAT) is shown in Figure 1a. L is the antenna length, W is the
antenna width, sL1 and sL2 are the slot lengths, sW1 and sW2 are the slot widths, and r
is the radius of the arc-truncation in Figure 1a. The sketch of MPATSAT in HFSS is also
illustrated in Figure 1b.
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The inputs of the SVR model are triple-band resonance frequencies fr1, fr2, and fr3 and
desired minimum gains at these frequencies g1, g2, and g3. The outputs of the SVR model
are slot length and width values (sL1, sL2, sW1, and sW2) and the radius of arc-truncation (r)
of the MPATSAT. The parametric analysis tool of HFSS was used to create proper training
and testing patterns. Parametric analysis is used in HFSS to obtain resonance frequencies
and gain values with respect to the slot dimensions and radii of arc-truncations. The
sampling procedure for training and testing patterns is given in Table 1. Different values
selected in an extensive range are used for constructing training and testing patterns to
be able to obtain desired performance characteristics from the antenna. In soft computing
methods, the selected dataset must cover all parts of the range that is required to be learned.
The range of the slot dimensions and radii of the arc-truncations are selected to ensure
that slots and truncation would not coincide with each other, feed point, and edges of the
antenna. The step size between the selected samples of the ranges determines the number
of samples. Step sizes are selected randomly; however, too-small values are avoided not
to increase the computational load of the computer. The number of samples (variants) is
limited by the computational power of the computer.
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Table 1. Sampling procedure for training and testing.

Variables Intervals and Number of Samples

slot Width 1 (sW1) 0.5 mm ≤ sW1 ≤ 10 mm
slot Width 2 (sW2) 0.5 mm ≤ sW2 ≤ 10 mm
slot Length 1 (sL1) 10 mm ≤ sL1 ≤ 30 mm
slot Length 2 (sL2) 0.5 mm ≤ sL2 ≤ 15 mm

radius of arc-truncation (r) 0.5 mm ≤ r ≤ 5 mm
number of training samples 1100
number of testing samples 149
total number of samples 1249

After parametric analysis, the whole HFFS’ parametric analysis data are imported
to MATLAB. Some of the elements of the data set are reserved as test samples, and the
remaining ones are used to train the SVR model in MATLAB. Desired kernel function
is selected and created in MATLAB via the required parameters (a for the Mexican-hat
wavelet kernel). The dual form of the regression problem with linear constraints is written
in MATLAB with related parameters (kernel function, C, ε). The dual form has a convex
objective function with linear constraints; therefore, a global solution to the problem is
guaranteed. The optimal solution of the dual problem can be achieved via employing a
quadratic programming solver, and the Lagrange multipliers are obtained. “quadprog”
function of MATLAB is used as a quadratic programming solver in this study. β and λ are
obtained via a quadratic programming solver, and w values are updated. Bias (b) values are
updated with respect to the difference between the output of the training pattern values
and weight values. The regression problem of (2) is solved by obtaining λ, b and using the
kernel function. In this way, a trained SVR model is obtained. This model can be used to
compute the testing error, which gives the accuracy of the model. SVR model parameters
related to the Mexican-hat wavelet kernel function are given in Table 2.

Table 2. SVR model parameters.

SVR Parameters Selected Kernel Function Type and Parameter Values

Kernel function Mexican-hat wavelet (19)
C 2 × 1012

ε 5 × 10−4

a 2.97

HFSS simulation of training and testing patterns with a total of 1249 samples took
2 h and 36 min using a computer that has 3.2 GHz CPU and 16 GB RAM. In total,
1100 training samples were used to train the SVR model, applying related parameters
given in Table 2 via MATLAB [54]. The SVR parameters that yielded the best performance
were selected. Training time was 2.8 s. Mean accuracy was acquired as 98.35% via testing
with the remaining 149 test samples.

The trained SVR model was used to obtain geometric values of the MPATSAT (sL1, sL2,
sW1, sW2, and r) for the desired resonant frequencies and desired minimum gains. Desired
input resonance frequencies are chosen as fr1 = 2.4 GHz, fr2 = 4.7 GHz and fr3 = 5.3 GHz
bands for WLAN and 5G (n80) and expected minimum gain is g = 5 dB. Geometric val-
ues of MPATSAT were computed as sW1 = 1.3 mm, sW2 = 0.65 mm, sL1 = 29.3 mm,
sL2 = 14.70 mm, and r = 4.9 mm using the trained SVR model.

The design procedure is explained within a flow chart in Figure 2.
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Figure 2. Flow chart of the design procedure.

4. Simulation and Implementation

HFSS simulation is carried out by using (sL1, sL2, sW1, and sW2) and (r) parameter
values of the MPATSAT obtained by the trained SVR model in Section 3. |S11| plot of
MPATSAT is illustrated in Figure 3. The obtained resonance frequencies are 2.45 GHz,
4.73 GHz, and 5.21 GHz. At these frequencies, the 10 dB bandwidths are obtained as
20 MHz, 40 MHz, and 50 MHz, respectively.
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Three-dimensional realized gain diagrams of MPATSAT for 2.45 GHz, 4.73 GHz, and
5.21 GHz are shown in Figure 4a–c, respectively. The maximum realized antenna gains are
obtained as 6.1 dB, 4.6 dB, and 7.21 dB.
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|Z11| parameter plot of MPATSAT is given in Figure 5. Input impedances were tuned
to ~50 Ω for resonance frequencies. Input impedances are 47.45 Ω, 44.80 Ω, and 47.02 for
2.45 GHz, 4.73 GHz, and 5.21 GHz, respectively.
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The co-polarization (co-pol.) and cross-polarization (cross-pol.) are very important
from the application point of view to analyze the performance of antennas. In Figure 6a–c,
co-pol. and cross-pol. radiation diagrams of MPATSAT are shown in the y–z plane and x–z
plane for 2.45 GHz, 4.73 GHz, and 5.21 GHz, respectively.
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Current distributions at the surface of MPATSAT for 2.45 GHz, 4.73 GHz, and 5.21 GHz
are shown in Figure 7a–c, respectively. Current flows that cause the radiations in resonance
frequencies can clearly be seen in Figure 7.
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Radiation efficiency is obtained as 96% for 2.45 GHz, 75% for 4.73 GHz, and 98% for
5.21 GHz. Satisfactory radiation efficiency values are acquired at the resonance frequencies.

MPATSAT given in Figure 1a,b was implemented by using Rogers RT/duroid 5870
with relative permittivity of 2.33 and substrate thickness of 0.787 mm and antenna geometric
values given above. The top and bottom views of the implemented MPATSAT are presented
in Figure 8a,b, respectively. The soldering in Figure 8 is implemented by hand in a classical
way. After connections are tested via a Multimeter, no connection problem was detected
between the outer conductor-antenna ground and inner conductor-antenna patch. |S11|
plot of the implemented MPATSAT is obtained by a network analyzer.
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Figure 8. Implemented MPATSAT: (a) Top view; (b) Bottom view.

A comparison of |S11| plots of the simulation and measurement results is given in
Figure 9. It can be observed that the simulation and measurement results coincide with
each other approximately. The difference between simulation and measurement is due to
measurement and implementation errors. The measured maximum antenna gains at the
measured resonance frequencies are 3.1 dB, 3.8 dB, and 7.1 dB, respectively.
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Figure 9. Comparison of |S11| plots of the simulation and the measurement.

Table 3 shows the comparison of the antenna designed by the proposed method with
several triple-band antennas given in the literature [55–62]. In terms of antenna gains,
MPATSAT gives relatively better results. It should be noted that these antennas given in
the literature were not designed with soft computation techniques.
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Table 3. Comparison of performance characteristics of MPATSAT with several antennas given in the
literature.

MPATSAT [55] [56] [57] [58] [59] [60] [61] [62]

number of bands triple triple triple triple triple triple triple triple triple

antenna dimensions
L ×W (mm) 47.5 × 38.6 27 (radius) 34 × 18 20 × 21 29 × 10 60 × 60 40 × 50 60 × 60 44 × 45

substrate RT Duroid
5870

RT Duroid
5870 FR-4 FR-4 FR-4 FR-4 FR-4 denim FR-4

substrate thickness
(mm) 0.787 1.5 1.6 1.57 1.6 1.56 0.8 1 1.6

resonance (operating)
frequencies (GHz)

2.5
4.8
5.3

1.8
2.4
5.4

2.5
3.5
5.5

1.29
2.44
3.26

2.4
3.5
5.5

2.6
4.2
4.6

1.65
1.93
2.2

2.45
3.25
5.8

2.39
3.55
4.13

bandwidths (MHz)
20
40
50

-
300
300

1000

210
300

1390

80
420
600

580
120
100

70
60

280

76
156
328

196
110
220

gains at resonance
frequencies (dB)

3.1
3.8
7.1

5.5
7.8
7.9

0.28
1.42
4.76

1.29
2.44
3.26

~1.75
~2

~2.3

4.4
3.9
3.8

1.08
1.82
2.93

0.025
−1.871
3.703

4.05
2.52
2.15

5. Antenna Design via HFSS Optimization Tool

In order to compare the results attained by the SVR method, the HFSS optimization
tool was also used in this paper. The required time during the optimization and accuracy
of the simulation results from the desired values are selected as the main comparison
parameters. HFSS optimization tool includes various types of optimization methods such
as gradient- and search-based algorithms.

In this study, Genetic Algorithm (GA) [3–8] and Pattern Search (PS) [63–65] methods
were used as optimizer in the HFSS optimization setup. Goal parameters are selected as
the magnitude of S11 in dB values at fr1 = 2.4 GHz, fr2 = 4.7 GHz, and fr3 = 5.3 GHz. Goal
values are chosen to be less than or equal to −10 dB at these resonance frequencies. HFSS
optimizer options are given in Table 4 for GA and PS. The same sampling strategy with the
SVR model was used in the HFSS optimizer that is given in Table 1.

Table 4. HFSS optimizer options for Genetic Algorithm and Pattern Search.

Parameter GA PS

number of parents (current gen.) 30 -
number of mates 30 -

number of children 30 -
crossover type simulated binary -
mutation type polynomial -

number of survivors 10 -
number of individuals (next gen.) 30 -

selection type roulette -
selection pressure 10 -

maximum number of iterations 1000 1000
mutation probability 0.01 -
crossover probability 0.98 -

cost function norm type L1 L1
weights 1 1

It can be observed that at the 715th iteration, the GA optimizer of HFSS obtained the
optimal results. At the end of the optimization process via GA HFSS optimization tool,
slot and arc truncation values are obtained as sW1 and sW2 = 1.8 mm, sL1 = 25.5 mm,
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sL2 = 12.75 mm and r = 1.36 mm via HFSS optimization with GA optimizer. Resonance
frequencies with these antenna geometric parameters are obtained as 2.37 GHz, 4.52 GHz,
and 5.17 GHz by HFSS simulation. The maximum realized antenna gains are 5.9 dB, 3.5 dB,
and 6.6 dB, respectively, for these resonance frequencies.

PS HFSS optimizer obtained the optimal results at the 625th iteration. Slot and arc
truncation values are obtained as sW1 and sW2 = 3.23 mm, sL1 = 21.34 mm, sL2 = 10.67 mm,
and r = 1.0 mm via HFSS optimization with PS optimizer. Resonance frequencies are
obtained as 2.33 GHz, 4.54 GHz, and 5.38 GHz by HFSS simulation. The maximum realized
antenna gains are 5.6 dB, 2.8 dB, and 6.5 dB, respectively, for the resonance frequencies.

Simulation results obtained by the SVR model approach given in Sections 3 and 4 were
compared with the results obtained with HFSS optimizations; the comparison is provided
in Table 5. Computation time for the SVR model is the required time for obtaining training
and testing patterns via HFSS parametric simulation given in Section 3, and computation
time for HFSS optimization is the total optimization time required by the HFSS optimization
tool, as presented in Table 5. Computed resonance frequencies for the SVR model are given
in Figure 3 of Section 4. Computed maximum realized gains at the resonance frequencies
are given in Figure 4 of Section 4.

Table 5. Comparison of results of SVR model and HFSS optimization tool.

SVR Model
Approach

HFSS Optimization
Tool (GA)

HFSS Optimization
Tool (PS)

computation time 2 h and
36 min

9 h and
46 min

7 h and
32 min

TAEf (GHz) (24) 0.17 0.34 0.31

desired resonance
frequencies (GHz)

2.4
4.7
5.3

2.4
4.7
5.3

2.4
4.7
5.3

computed resonance frequencies
(GHz)

2.45
4.73
5.21

2.37
4.52
5.17

2.33
4.54
5.38

computed maximum realized gains
at the resonance
frequencies (dB)

6.1
4.6

7.21

5.9
3.5
6.6

5.6
2.8
6.5

In Table 5, TAE denotes the total absolute error, and it is used to evaluate the accuracy
of the methods used in this paper. TAE for resonance frequencies can be calculated by:

TAE f =
∣∣ fr1d − fr1c

∣∣+ ∣∣ fr2d − fr2c

∣∣+ ∣∣ fr3d − fr3c

∣∣ (24)

where fr1d , fr2d , and fr3d are the desired resonance frequencies; and fr1c , fr2c , and fr3c are
the computed resonance frequencies.

6. Conclusions

In this paper, one of the soft computing methods, Support Vector Regression (SVR),
was used to design a triple-band antenna with the desired resonance frequency and gain.
The SVR model was utilized to obtain the optimal values for the geometric parameters
of an antenna that provides the desired antenna variables. A microstrip patch antenna
with triple slots and arc-truncation (MPATSAT) was simulated using these values via
High-Frequency Structural Simulator (HFSS), and simulation and measurement results
were compared. The performance characteristics of MPATSAT were compared with those
obtained for several antennas given in the literature. Then, the antenna was redesigned by
using the optimization tools in HFSS with the same desired antenna parameter values. The
SVR approach and HFSS optimization method were compared with respect to accuracy
and required computation time. These comparison results justify the superiority of the
proposed design approach.
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