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Abstract — In this study, a neuro-fuzzy (NF) analysis
method is suggested for the estimation of the operat-
ing frequency of triangular ring patch antennas (TRPAs)
that operate at ultra high band applications. Although
the analysis of regular-shaped patch antennas (PAs) such
as rectangular, triangle, and circle is easy, analysis of
irregularly shaped patch antennas is difficult and time
consuming. Here, this great effort and time has been
eliminated by using an artificial intelligence technique
such as NF. To create a data set for NF, 100 TRPAs
with different physical and electrical properties (L, [, h,
and €,) are simulated by using an electromagnetic sim-
ulator program. The currency and accuracy of the pro-
posed approach is then confirmed on the measurement
results of a prototype TRPA fabricated in this study.
The results of NF model are compared with the sim-
ulation/measurement results and previously the method
published in the literature.

Index Terms - analysis, neuro-fuzzy, operating fre-
quency, patch antenna, triangular ring patch antenna.

L. INTRODUCTION

Patch antennas (PAs) have significant advantages
such as low size, lightness, robustness, ease of produc-
tion, low production cost, and physical compatibility
with the surfaces. Because of these advantages, PAs
are widely used in portable/non-portable wireless com-
munication applications that require miniaturized geom-
etry [1]. The substrates with a high dielectric constant
can be used to reduce the antenna size for miniatur-
ized mobile communication devices, but this leads to a
decrease in parameters such as performance efficiency
and bandwidth [1]. The miniaturized PAs can be con-
structed by utilizing some modifications such as shorting
pins, slits or slots on the traditional rectangular, trian-
gular, and circular geometry structures [1]. Triangular
ring patch antennas (TRPAs) are constructed by triangu-
lar slot-loading in the center of the equilateral triangu-
lar patch [2, 3]]. Triangular patch antennas (TPAs) with
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the same dimensions, the operating frequency is reduced
due to slot-loading into the triangular patch. For the same
operating frequency, the size of TRPA reduces compared
to the TPA [2}3]].

Antenna analysis process covers the calculation
of antenna performance parameters such as operating
frequency, bandwidth, and gain. Several analytical
and numerical methods having some disadvantages are
generally used for analysis process [4]. The numerical
methods give good results by using mixed mathemati-
cal operations. The numerical methods such as finite
difference time domain method, finite element method,
and method of moment (MoM) require much more time
in solving Maxwell’s equations including integral and/or
differential computations. So, it becomes time consum-
ing since it repeats the same mathematical procedure
even if a minor change in geometry is carried out. More-
over, the analytical methods such as the cavity model
and the transmission line model are accurate but they
are based on physical assumptions. Analytical meth-
ods give a physical view of antenna radiation properties.
The main difficulty of analytical models is their limited
input impedance for accuracy at the resonant frequency
and for non-thin substrates. According to the instan-
taneous phase of the signal applied to the antenna, the
minimum and maximum continuously changing electric
field can be mentioned. The electric field does not stop
abruptly, as in the space around the patch, and stretches
the outer frame of the patch somewhat. These area exten-
sions are known as fringe areas and cause the patch to
spread. These methods are more suitable for conven-
tional MAs because of their regular shapes. In addi-
tion, these approaches require a new solution for every
small change in the patch geometry [4]]. For this reason,
artificial intelligence techniques are widely preferred as
more accurate and faster alternative methods in order to
overcome these difficulties of traditional techniques in
the analysis process of PAs [2H18]]. The precise mathe-
matical formulations in complex methods involve a large
number of numerical operations that result in round-
ing errors and may require experimental adjustments to
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theoretical results. Obtaining results from these meth-
ods takes a long time and these methods are not very
suitable for computer aided design. Features such as
learning ability, easy applicability to different problems,
generalization feature, less information requirement, fast
processing, and easy implementation have made artifi-
cial intelligence popular in recent years. Artificial intel-
ligence models such as Artificial Neural Network (ANN)
[19], Fuzzy Logic (FL) [20], Support Vector Machine
(SVM) [20], and Neuro-Fuzzy (NF) [22] eliminate the
complex mathematical procedures and time consuming
for processes of antenna design. These models have been
used extensively for the analysis of various PAs in the lit-
erature [SH17]. In [SH17]], analysis studies were carried
out to determine some performance parameters of PAs
having various shapes with artificial intelligence tech-
niques such as ANN, SVM, and NF.

In this study, an NF-based artificial intelligence
model is proposed for the analysis of TRPAs in terms
of operating frequency (fr). For this purpose, the simula-
tion of 100 TRPAs was carried out by a 3D full-wave
simulator based on MoM [23] and the dataset for the
NF model was created. The number of 75 and 25 TRPA
datasets are used to training and testing the NF model’s
accuracy, respectively. In addition, the NF model is veri-
fied by the measurement data of the TRPA fabricated for
this study.

II. TRPA STRUCTURE AND SIMULATION
PROCESS

The TRPA structure is obtained by slotting with “/”
dimensional triangle in the middle of the “L” dimen-
sional triangle as shown in The formed patch
is placed on a substrate having dielectric constant &, and
h as thickness. The x and y represent the feeding point
of the TRPA. The triangular slotting in the center of the
TPA causes a reduction in the operating frequency com-
pared to a TPA of the same size. Also, TRPA is smaller
than TPA at the same operating frequency, and these
results are shown in[Table 11
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Fig. 1. Geometry of the TRPA.
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Table 1: Comparative results of simulated TPA and
TRPA
Antenna Pztch D;mensmn Iimm) e, | f, [GHZ]
TPA 52 0 1.6 233 | 2432
TRPA 52 | 17.2 1.6 233 2.226
TPA 52 0 1.6 233 | 2432
TRPA |[43.3]25.8 1.6 2.33 | 2432

Table 2: Comparative results of simulated TPA and
TRPA

Number of |Patch Dimensions (mm) Dielectric
Simulations | L 1 h Constant (g,)
20 2% 34411367281;0232 233,44
20 34 5.16, 10.322,512.48, 20.64,
S B Y v
20 69 1 7.2‘132’5581,‘634.4,
w e AP

Simulations of 100 TRPAs were made according to
the parameters (L, [, h, and €&,) and the operating fre-
quency (f;) given in Commonly used materials
such as FR4 and Rogers RT/duroid 5870 were chosen as
substrates in the simulations. The TRPA structures are
modeled/simulated according to the topology in|[Figure 2]
by the software HyperLynx® 3D EM [24] based MoM
[23]. The software uses the MoM to analyze potentially
any patch shape in the spectral domain. The only lim-
itation on the potential of this method is the length of
analytical and numerical computation required for anal-
ysis. The complex potential integral equation is solved
by the software in the space domain using the MoM. A
wave source of 1 Volt with coaxial feed is utilized for the
TRPAs in the simulations. The TRPA models are meshed

Physical and electrical
parameters of ETRPA

A

‘ L I h & )
vy ¥y
HyperLynx® 3D EM

v

I

Fig. 2. Geometry of the TRPA.



with maximum frequency of 4 GHz and lines per wave-
length ratio of 40. The TRPAs are simulated between the
frequency of 0 GHz and 4 GHz. The feed point of TRPAs
is determined (S;; <-10 dB) by using the HyperLynx®
3D EM’s built-in optimization module.

II1. PROCESS OF NF MODEL
The steps of NF model construction to determine the
operating frequency of TRPAs are shown in [Figure 3|
The number of 75 antenna data are used to train the NF
model and it is aimed to minimize the average percentage
error (APE) between targets/outputs.

A. NF modeling and training

The NF is an important method that helps in accu-
rate computation, estimation, prediction, and classifica-
tion [22]]. It is an integrated form of the ANN and fuzzy
inference system (FIS) to merge the learning character-
istic of the ANN with the expert knowledge of the FIS
[22]. Seventy-five of the 100 TRPA datasets were used
for training the NF model. In prediction of operating
frequency, an NF based on Sugeno type FIS is designed
as presented in [Figure 4] and its set-parameters are given
in The algorithm of the NF model is coded in
the platform of MATLAB®. Before the input data is
presented to the NF model, it is normalized by dividing
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Fig. 3. The working principle of the NF model.
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Fig. 4. The proposed NF model.

Table 3: The used NF parameters for analysis TRPA

Parameters Set Type/Value
Input MF type Gaussian
Output MF type Linear
Number of inputs 4
Number of outputs 1
Number of fuzzy rules 19
Number of MFs 19
Seed value 349097429
Epochs 150
Number of nonlinear parameters | 4 x 19 x 2 =152
Number of linear parameters 5x19=95
Number of nodes 197
Number of training data pairs 75

by 1000. Membership functions (MFs) of the NF model
are Gaussian functions which are used for the input and
linear function which is used for the output. The NF net-
work is trained by hybrid-learning algorithm [22]] associ-
ating the backpropagation algorithm and the least-square
method. Considering the comparative results given in
the results obtained from the simulations are
compatible with the proposed NF model, and the APE
for analysis in the training process was obtained as
0.259%.

B. Testing results of analysis for TRPA

In the last section, NF model is constructed and
trained with proper parameters. The accuracy of the
NF model is now tested through 25 TRPA datasets not
included in the training phase. The parameters of 25
simulated antennas with respective operating frequency
values and the computed operating frequency values are
given in Also, NF results are compared with
the results of proposed method in the literature [2]]. It
is seen from the results; model successfully obtains the
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Table 4: The comparative test results for operating frequencies of TRPAs

4 Inputs Operating Frequencies [GHz] Ei;f)in(t;ngi
L[mm] | I[mm] | h[mm] &r fr_sim. fr [2] fr NE [2] NF
1 26 6.88 1.6 2.33 | 4.614 4.599 4.638 0.325 | 0.520
2 26 10.32 1.6 44 |3.261 3.254 3.255 0.227 | 0.184
3 26 13.76 2.5 2.33 | 4.365 4.338 4.327 0.625 | 0.871
4 26 3.44 2.5 44 | 3401 3.441 3.431 1.179 | 0.882
5 26 17.2 25 44 |3.198 3.195 3.218 0.102 | 0.625
6 34 5.16 1.6 2.33 | 3.576 3.585 3.609 0.253 | 0.923
7 34 10.32 1.6 44 | 2.538 2.543 2.515 0.188 | 0.906
8 34 25.8 1.6 44 2.13 2.114 2.145 0.773 | 0.704
9 34 15.48 2.5 2.33 | 3.278 3.279 3.297 0.031 | 0.580
10 34 10.32 2.5 44 | 2.544 2.575 2.54 1.223 | 0.157
11 34 20.64 25 44 | 2.309 2.342 2.317 1.446 | 0.346
12 52 25.8 1.6 2.33 | 2.03 1.964 1.994 3.245 | 1.773
13 52 34.4 1.6 2.33 | 1.856 1.821 1.827 1.874 | 1.563
14 52 8.6 2.5 2.33 | 2.368 2.378 2.361 0.430 | 0.296
15 52 25.8 2.5 44 | 1536 1.524 1.545 0.784 | 0.586
16 69 25.8 1.6 2.33 | 1.616 1.614 1.62 0.114 | 0.248
17 69 51.6 1.6 233 | 1.28 1.277 1.285 0.209 | 0.391
18 69 34.4 1.6 4.4 1.11 1.139 1.114 2.589 | 0.360
19 69 34.4 2.5 2.33 | 1.536 1.552 1.53 1.035 | 0.391
20 69 25.8 2.5 4.4 1.21 1.189 1.207 1.734 | 0.248
21 86 60.2 1.6 2.33 | 1.03 0.981 1.03 4.709 | 0.000
22 86 43 1.6 4.4 0.87 0.878 0.878 0.936 | 0.920
23 86 51.6 2.5 233 | 115 1.136 1.119 1.208 | 2.696
24 86 34.4 2.5 4.4 0.95 0.957 0.945 0.789 | 0.526
25 86 60.2 2.5 44 0.79 0.803 0.775 1.685 | 1.899
Average percentage error (APE) | 1.109 | 0.744

—x— Simulation
—o— Analysis model

Operating frequency (fr) [GHz]

10 20 30 40 50 60 70
Antenna number

Fig. 5. Comparative results for the simulation/NF analy-
sis model in the training process.

operating frequency with APE of 0.744%. The harmony
of simulation and NF model results is seen in [Fig
The results obtained with NF are better than the method
proposed in the literature [2]]. Because NF shows a better
approach to nonlinear problems than SVM [2].

IV. FABRICATION OF TRPA
The TRPA fabricated in this study is used for the
accuracy of the NF analysis model. TRPA printed
on FR4 PCB substrate is shown in and the
electrical/physical properties of FR4 PCB (g,=2.22,

—x— Simulation
—o— Analysis model

Operating frequency (fr) [GHz]

5 10 15 20 25
Antenna number

Fig. 6. Comparative results of the simulation and NF
analysis model in the testing process.



Fig. 7. The photograph of prototyped TRPA.

Table 5: The comparative operating frequencies

Inputs Operating Frequency [GHz]

L[mm] l[mm] h[mm] Er fvim. fmea. [2] fNF
52 8.6 1.6 (2.22|2.438| 2.468(2.391| 2.425

tangent loss = 0.02) are given in FR4 sub-

strate is made of fiberglass. This substrate layer pro-
vides a solid foundation for PCBs, though the thickness
can vary according to the uses of a given board. The
Keysight Technologies N5224A PNA network analyzer
is used to measure the prototyped TRPA. The measured
S11 parameter is shown in [Figure §]in comparison with
the simulated one. The results of measured and the anal-
ysis model are listed in to evaluate the testing
process in detail.

From the result of NF model is much
close to the simulated/measured results. Therefore, the
NF model can be successfully used to obtain the
operating frequency (f,) of the TRPA without han-
dling complex mathematical functions and transforma-
tions. Moreover, the proposed NF model can be modified
and developed to solve similar nonlinear electromagnetic
problems.

—— Measurement
Simulation

=10 4

Return loss (dB)

=20

2,0 22 24 26 28 30

Frequencies (GHz)

Fig. 8. The simulated and measured S11 parameters of
TRPA.
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V. CONCLUSION

In this study, the NF model is implemented for
analysis of the TRPAs. For this, the NF model using
Sugeno-type FIS is designed to compute the operating
frequency of TRPAs. The number of 100 TRPAs hav-
ing four antenna parameters is simulated to obtain the
operating frequency. The NF model is trained and tested
respectively with 75 and 25 datasets of the 100 TRPAs.
The APE is computed as 0.259% for 75 training data and
as 0.744% for 15 test data of TRPAs. According to the
obtained results, the operating frequency of TRPAs is suc-
cessfully computed using the proposed NF model. Also,
the operating frequency values predicted in this work are
compared with different calculated results reported in
the literature. The NF technique may be preferred as a
faster and accurate alternative method according to the
traditional techniques in the analysis processes of PAs.
On average, the simulation time is five minutes to find the
operating frequency of a TRPA. However, this time is in
the order of milliseconds by using the proposed method.
It was concluded that the NF method may successfully be
used to define any parameter of TRPA for analysis.
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