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Abstract A novel tapered and slot loaded compact circular microstrip patch antenna
(TSCCMPA) with DGS for ultra-wideband (UWB) applications is proposed. For
designing of UWB TSCCMPA, a move toward optimizing the physical stricture, two
vigorous techniques, namely, artificial neural network (ANN) and adaptive neuro-
fuzzy inference system (ANFIS) are used. Commercially available Ansoft HFSS v.13
is utilized to extract the 144 datasets of TSCCMPAs having different sensitive param-
eters related to antenna dimensions and substrate materials. Apart from 144 simulated
datasets, 129 were used for training and remaining 15 were utilized for testing of
models. The average percentage errors (APE) for resonant frequencies of return loss
are calculated regarding performance of tested datasets of ANN and ANFIS model.
The APE in ANN and ANFIS model found in testing of resonant frequencies f; and
f2 are 0.8731%, 0.0699%, and 0.7698%, 0.0607 %, respectively. The very low APE
indicates that the models can be successfully applied for optimization of physical
parameter of UWB TSCCMPA for computer-aided design (CAD) applications. The
trained models can be used effectively for antenna parameter estimation, instead of
running HFSS repetitively or other optimization techniques, which consume more
time. Successful implementation of TSCCMPA shows broader impedance bandwidth
of 2.6-53.5 GHz as 180% at 26.00 GHz of center frequency. The average gain of
proposed antenna is found as 4.14 dBi. Due to very wideband the anticipated antenna
can be effectively used in many applications.
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1 Introduction

Need of miniaturization and bandwidth enhancement of microstrip patch antenna
(MPA) is today’s challenge of researcher’s due to portability and uniqueness features
of MPA which covers maximum bands of communication applications. In this stare,
many researchers used substrate material with high dielectric constant in traditional
MPA, and have achieved miniaturization but the bandwidth and efficiency decreased
[1-3]. Most of them have tried to overcome this problem by applying slit/slot loading
in MPAs [4-9], sorting pins [10-12], sorting walls [13], and slot loaded patch [14—
16] in traditional MPA and somehow succeeded to reduce the size but not even more
for bandwidth enhancement. For bandwidth enhancement, the DGS MPA has been
recently investigated [17-20] and the bandwidth enhancement up to 90% has been
achieved.

To achieve compactness and bandwidth enhancement in the designing of tradi-
tional MPA, the analysis techniques such as cavity model [21] and transmission
line model [22] were implemented. But the complicated shapes of MPA can’t be
analyzed with these traditional techniques. Hence, some other powerful techniques
such as method of moment [23] and finite difference time domain method [24] are
used. But again these techniques involve rigorous mathematical formulation with
extensive numerical procedure, hence more time-consuming. In many of previous
efforts, some of them tried to intend UWB MPA by these parametric analyses, and
they have altered the parameters accordingly and achieved UWB characteristics [25—
29]. Nowadays, most powerful software such as IE3D, HFSS, and CST Studio are
widely used for analysis of any type of antenna and other microwave structure with
trial-and-error basis [5, 10, 17-20]. Hence, again more time-consuming and has no
guaranteed to attain an enviable goal even after numerous trial.

Recently, ANN, ANFIS, support vector machine (SVM)), etc. techniques have been
used efficiently for analysis of any types of MPA without any rigorous calculation
and time consumption. Because once a model of ANN, ANFIS, and/or SVM has
been designed for a MPA then it can be used many times at no time cost. Most of the
researchers [30-37] have successfully used the ANN, ANFIS, and SVM to analyze
the various parameters of MPAs and design the model.

In this paper, a novel tapered and slot loaded compact circular MPA with dimen-
sion of 20 x 20 mm?, significantly smaller than the antenna reported in above discus-
sion, is proposed for UWB application like C, X, Ku, Ka, etc. The proposed work is
followed by parametric analysis with the help of ANN and ANFIS model. The basic
design procedure of ANN and ANFIS model for proposed MPA is shown in Fig. 1.
ANN and ANFIS model is designed to compute the accurate resonant frequencies
of proposed UWB TSCCMPA.

To design the ANN and ANFIS model, 144 datasets were collected with the help
of commercially available Ansoft HFSS v.13. Apart from 144 simulated datasets,
129 were used for training the models and remaining 15 were utilized for testing the
accuracy of models.
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Fig. 1 Basic design procedure of ANN and ANFIS model of proposed UWB TSCCMPA
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The proposed work is divided mainly into three parts (i) antenna structure and
collection of input output datasets by using HFSS v.13, (ii) design of ANN and
ANFIS model for computing resonant frequencies using simulated datasets, and (iii)
results and discussion.

2 Antenna Structure and Simulation

Figure 2 exhibits the geometry of compact (W =20 mm, L =20 mm) UWB microstrip
feed TSCCMPA. The MPA consists of a circular patch of radius r tapered with angle

Fig. 2 Geometry of B L
proposed UWB TSCCMPA —
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Table 1 Physical and electrical parametric sets of 144 simulated UWB TSCCMPAs

Number of Physical and electrical parameters

simulation sets | (i) |7 (mm) | wg (mm) | ¢ (degree) | h(mm) | &

36 4.5 1.5 1.3 10,15,20 |0.8,1.6 |2.2,2.33,44
1.8 1.6

36 5.0 1.8 2.0 15,20,25 |0.8,2.5 |2.33,4.4,6.15
2.0 2.0

36 5.5 2.1 1.9 10, 15, 25 1.6,32 |22,44,6.15
2.4 2.2

36 6.0 2.4 22 20,25,30 |3.2,2.5 |2.33,44,6.15
2.7 2.5

¢ with two symmetrical slot of wg x [ at feed side, engraved into a dielectric substrate
(20 mm x 20 mm) of thickness £, loss tangent of tan 3, and relative permittivity of
&. An open-ended microstrip line (50-2) feed of width wy x [ is placed on opposite
side of the ground plane. The ground is defected, i.e., reduced rectangular size of 6
mm x 20 mm is taken at the opposite of feed as shown in Fig. 2. In proposed MPA,
we have applied three techniques to achieve UWB antenna, i.e., two symmetrical
slots on circular patch, tapering the patch and a partial ground plane.

In order to conclude the values of f| and f, of UWB for ANN and ANFIS model,
the simulation is performed by HFSS v.13. The 144 TSCCMPAs having various sets
of sensitive parameters of antenna proportions and substrate material are listed in
Table 1. These sets of UWB TSCCMPA operate in band width of 2.3-53.5 t0 3.4-54.6
GHz corresponding in C-, X-, Ku-, and Ka-bands. The 129 randomly selected input—
output datasets of UWB TSCCMPA were used for training the ANN and ANFIS for
designing the model, and rest 15 were utilized to test the accuracy of model.

3 Design of ANN and ANFIS Models

3.1 Design Procedure of ANN Model

ANN is one of the most intelligent, fast, and flexible tools to model nonlinear relation,
simulation, and optimization of antenna [38]. The ANN, CAD models are very much
popular nowadays, due to accuracy in results, learning ability and adaptability, very
less information obligation, fast real-time retort, and easy execution attribute. For
better model of a particular problem, many of basic parameters of ANN are settled on
trial-and-error basis. Once an accurate model is ready then it can be used number of
times without any time cost. The basic parameters of ANN are: network architecture,
hidden layers, neurons in hidden layer, learning algorithm, activation functions, etc.
Two special classes of ANN architecture, Multi-layer Perceptrons (MLPs) [39] and
Radial-basis Function Networks (RBFNs) [40] have been widely used to analyze
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this type of problem. In this paper, MLP network architecture is used. MLP has three
types of layers: input layer, output layer, and one or more hidden layers. Results of
MLPs for a meticulous problem depend on using suitable learning algorithm. After
several trials for proposed work, the Levenberg—Marquardt (LM) algorithm is found
suitable. The accurate ANN synthesis model needed a suitable number of neurons in
hidden layers. For proper configuration of hidden layers of proposed model, many
trials were carried out by changing the epoch, neurons, and activation functions
in layers. High precision is achieved using MLP with two hidden layer networks.
Finally, the ANN model has total four layers (two hidden layers, one input layer, and
one output layer). Finally, the appropriate network configuration was found 6 x 28 x
12 x 2, which means that number of neurons are 6, 28, 12, and 2 in input layer, first,
second hidden layers, and output layer, respectively. The activation function which
is found suitable in both input and output layers was linear and tangent sigmoid
activation function is found suitable for hidden layers. Initial weights of ANN model
are set up arbitrarily. The weights adoption used mean square error (MSE) between
target and output of ANN. The training epoch was found 543 for accurate model.
Finally, the ANN model for proposed UWB TSCCMPA is shown in Fig. 3.

The accurateness of ANN-based analysis model depends on datasets used during
training. Collections of more sets of data give more accurate result. The training
and test datasets were generated from HFSS v.13 shown in previous section. Now
the collected datasets were arranged in six-row input matrix (r, ls, ws, ¢, h, and &)
and two-row target matrix (f; and f;). Before training, the datasets were scaled in
[—1, +1] to each row of input as well as output matrix for easier learning process.
Training process curtails the training error between ANN output and target output.
The training error is checked by mean square error (MSE) performance graph. In

_>ﬁ

ANN
Input < Output

— /2

Input Hidden Output
Layer Layers Layer

Fig. 3 ANN model of proposed UWB TSCCMPA



6 R. K. Maurya et al.

Table 2 The comparative results of HFSS (simulation), ANN, and ANFIS of proposed UWB
TSCCMPA

Test Input dimensions (mm) Results (GHz)
patches |, [y 1y le |h e, |HESS ANN ANFIS
f1 f2 f1 /2 f1 f2

1 4511513 |15 |0.8 |44 4582 |46.552 |4.540 |46.577 |4.555 |46.578
2 45 (1.8 1.6 |10 [0.8 |2.33 |4.625 |46.992 |4.657 |46.967 |4.651 |46.971
3 45|18 1.6 (20 [1.6 |22 |5071 |47.417 |5.112 |47.389 |5.109 |47.392
4 50 (1.8 2.0 |15 0.8 |2.33 |4.937 |46.148 |4.965 |46.179 |4.961 |46.175
5 5.0 1(2.0[20 |15 0.8 |44 |4.900 |46.660 |4.677 |46.598 |4.674 |46.591
6 50 (1.8 ]2.0 |20 |25 |2.33 |6.884 |48.588 | 6.851 |48.551 |6.855 |48.557
7 5.0(2.0[2.0 |20 0.8 |6.15|6.422 |48.225 |6.449 |48.258 |6.446 |48.252
8 5.0 (2.020 |25 |25 |6.15|5.871 |47.844 |5.845 |47.877 |5.850 |47.869
9 5512119 |10 1.6 |44 |6.461 |48.692 |6.497 |48.728 |6.490 |48.722
10 55(21 (19|25 32|22 |5818 |47.567 |5.839 |47.592 |5.836 |47.588
11 551(24 (22|15 | 1.6 |6.15 |3.229 |45.094 |3.253 |45.125 |3.251 |45.119
12 5512422 |15 |32 |22 |3.466 |45.347 |3.497 45312 |3.492 |45323
13 6.0 (2.4 (22|20 |25 |44 |4.893 |47.495 |4.862 (47471 |4.873 |47.473
14 6.0 (2.7 25|30 |25 |44 |6.056 |48.884 |6.089 |48.850 |6.081 |48.857
15 6.0 [2.7 25|25 3.2 |6.15|5.990 |47.503 |5.961 |47.539 |5.967 |47.533
Average Percentage Error (APE) 0.8731 | 0.0699 | 0.7698 | 0.0607

the training, when MSE is found near to zero, then training process stopped and the
model is ready. The trained model is then validated by test inputs of 15 remaining
input datasets, which is already extracted by HFSS v.13. Then APE of test output of
model is calculated and shown in Table 2. The formula for the calculation of APE
[30] is

> | (femss — fannyanes)/furss| "

number of antenna

APE = 100 (1)

3.2 Design Procedure of ANFIS Model

ANFIS is a universal estimator [41], it combines the benefits of ANN and fuzzy
inference system (FIS) in a single sculpt. FIS is an estimating tool, which is based
on fuzzy set theory, fuzzy if then rules, and fuzzy reckoning. The neuro-adaptive
learning methods for the membership function (MF) parameters of fuzzy system are
similar to those used in neural network training. Hence, ANFIS is FIS execution in
the scaffold of an adaptive fuzzy neural network, which is a very influential approach
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Fig. 4 ANFIS model of proposed UWB TSCCMPA

for analyzing nonlinear and complex association of input and output sets of data. The
ANFIS architecture of proposed MPA is shown in Fig.4, which consists of five steps:
inputs, membership functions of input, fuzzy rules, membership functions of output,
and outputs.

For the best model for a particular problem, many of basic parameters of ANFIS
are settled on trial-and-error basis. Once an accurate model is ready, then it can be
used number of times without any time cost. After many trials in training of 129 input—
output datasets (same datasets used in training of ANN), the following parameter of
ANFIS model is found suitable for proposed MPA. These suitable ANFIS parameters
are ANFIS model type-Sugeno, input/output MF type- Gaussian/linear, number of
MFs-38, number of fuzzy rules-38, and training epochs-122. Again as in ANN, after
designing the model remaining 15 input sets of data were used for testing of the
model. Then APE of tested output of 15 datasets of ANFIS model is calculated and
shown in Table 2.

4 Result and Discussion

The return loss characteristics, radiation pattern, and antenna gain of proposed UWB
TSCCMPA are shown in Figs. 5, 6, and 7, respectively. In Fig. 5, it can be seen as
a UWB performance of 51 GHz (2.6-53.5 GHz) impedance BW below 10 dB of
return loss. Figure 6a and b shows the radiation pattern at resonant frequencies f
and f, for the proposed UWB TSCCMPA. The radiation patterns are almost stable
across the entire operating frequency band. Variation of gain (dBi) w.r.t. frequency
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10 51 GHz (2.6-53.5)

Return Loss (dB)
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Frequency (GHz)

Fig. 5 Simulated return loss of proposed UWB TSCCMPA
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Fig. 6 Simulated radiation pattern for center frequency (f; = 27 GHz) of proposed UWB
TSCCMPA

of the proposed antenna is shown in Fig. 7. The average gain of proposed antenna is
found as 4.14 dBi.

The optimized ANN and ANFIS model has been fruitfully introduced for the
analysis of UWB TSCCMPA. The HFSS simulation results and ANN, ANFIS tested
results are shown in Table 2. These results are in very good agreement, which agreed
the validity of ANN and ANFIS model. The results shown in Table 2 are enough
to verify the proposed ANN and ANFIS model. The better results may be obtained
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by wishing other training and test datasets from the ones used in this paper, or by
collecting more dataset values for training and testing.
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