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Neurospectral computation for the resonant
characteristics of microstrip patch antenna
printed on uniaxially anisotropic substrates
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Modeling and design of rectangular microstrip patch printed on isotropic or anisotropic substrate are accomplished in this
paper. The use of spectral domain method in conjunction with artificial neural networks (ANNs) to compute the resonant
characteristics of rectangular microstrip patch printed on isotropic or anisotropic substrates. The moment method implemen-
ted in the spectral domain offers good accurateness, but its computational cost is high owing to the evaluation of the slowly
decaying integrals and the iterative nature of the solution process. The paper introduces the electromagnetic knowledge com-
bined with ANN in the analysis of rectangular microstrip antenna on uniaxially anisotropic substrate to reduce the complex-
ity of the spectral domain method and to minimize the CPU time necessary to obtain the numerical results. The numerical
comparison between neurospectral and conventional moment methods shows significant improvements in time convergence
and computational cost. Hence, the use of neurospectral approach presented here as a promising fast technique in the design of
microstrip antennas.
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I . I N T R O D U C T I O N

The increase in complexity of device modeling has led to rapid
growth in the computational modeling research arena. To
accommodate computational complexity, several computer-
aided design (CAD) modeling engines such as artificial
neural networks (ANNs) were used [1, 2]. ANNs, emulators
of biological neural networks, have emerged as intelligent
and powerful tools and have been widely used in signal pro-
cessing, pattern recognition, and several other applications
[3]. ANN is a massively parallel and distributed system trad-
itionally used to solve problems of nonlinear computing [4].

The microstrip antenna (MSA) is an excellent radiator for
many applications such as mobile antenna, aircraft and ship
antennas, remote sensing, missiles, and satellite communica-
tions [5]. It consists of radiating elements (patches) photo
etched on the dielectric substrate. Microstrip antennas are
low-profile conformal configurations. They are lightweight,
simple and inexpensive, most suited for aerospace and
mobile communication. Their low-power handling capability
posits these antennas better in low-power transmission and
receiving applications [6]. The flexibility of the MSA to

shape it in multiple ways, such as square, rectangular, circular,
elliptical, triangular shapes, etc., is an added property.

Some dielectric substances exhibit anisotropy due to their
natural crystal structures or as the result of their production
processes [7]. Isotropic materials may also show anisotropy
at high frequencies. In the design of microwave-integrated
circuit components and microstrip patch antennas, anisotrop-
ic materials have been progressively popular. Especially the
effects of uniaxial-type anisotropy have been investigated
[7–11] due to the availability of this kind of materials such
as Sapphire, Magnesium fluoride, and Epsilam-10. In these
works, the physical parameters of the antenna are replaced
with effective ones in order to line up the obtained theoretical
results with the measured data. Although, the moment
method provides better accuracy, but its computational cost
is high due to the evaluation of the slowly decaying integrals
and the iterative nature of the solution process. Even though
all the losses can be directly included in the analysis, produced
results may not provide satisfactory accuracy for all the cases
[12]. Because of these problems, Mishra and Patnaik have
introduced the use of neural networks in conjunction with
spectral domain approach (SDA) to calculate the complex res-
onant frequency [13] and the input impedance of rectangular
microstrip resonators [14], this approach is named the neuro-
spectral method. In [13], the computational complexity
involved in finding the complex root is reduced, whereas, in
[14], the neural network method evaluates the integrals
appearing in the matrix impedance. Later on Mishra and
Patnaik [15] demonstrated the force of the neurospectral
approach in patch antenna design using the reverse modeling
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to determine the patch dimensions for a given set of other
parameters.

The objective of this work is to present an integrated
approach based on ANNs and electromagnetic (EM) knowl-
edge [8]. We introduce the artificial neural networks in the
analysis of rectangular antenna to reduce the complexity of
the spectral approach and to minimize the CPU time neces-
sary to obtain the numerical results. Two points are especially
emphasized; we have demonstrated the force of neurospectral
approach in antenna modeling using ANN combined with
EM knowledge to develop a neural network model for the cal-
culation of resonant frequency and half-power bandwidth of
rectangular patch antenna printed on isotropic or uniaxially
anisotropic substrate; using reverse modeling, ANN is built
to find out the antenna dimensions for the given resonant fre-
quency, dielectric constant, and height of substrate. The ANN
models are simple, easy to apply, and very useful for antenna
engineers to predict both patch dimensions and resonant fre-
quency. To the best of our knowledge, this subject has not
been reported in the open literature; the only published
results on modeling or design of rectangular microstrip
patch resonators on isotropic substrate using neurospectral
approach [13–16].

I I . F O R M U L A T I O N O F T H E
P R O B L E M

The geometry under consideration is illustrated in Fig. 1. A
rectangular patch with dimensions (a, b) along the two axes
(x, y), respectively, is printed on a grounded dielectric slab
of thickness d, characterized by the free-space permeability
m0 and the permittivity 10, 1r (10 is the free-space permittivity
and the relative permittivity 1r can be complicated to account
for dielectric loss). To simplify the analysis, the antenna feed
will not be considered.

All fields and currents are time harmonic with the eivt time
dependence suppressed. The transverse fields inside the jth
layer ( j ¼ 1, 2) can be obtained via the inverse vector
Fourier transform as [17].

E(rs, z) = Ex(rs, z)
Ey(rs, z)

[ ]

= 1
4p2

∫+1

−1

∫+1

−1

F(ks, rs)·e(ks, z)dkxdky, (1)

H(rs, z) = Hy(rs, z)
−Hx(rs, z)

[ ]

= 1
4p2
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−1
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F(ks, rs)·h(ks, z)dkxdky, (2)

where F(ks, rs) is the kernel of the vector Fourier transform
[18, 19], and
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In equations (4) and (5), Ẽz(ks, z) and H̃z(ks, z) are the scalar
Fourier transforms of Ez(rs, z) and Hz(rs, z), respectively. A
and B are two-component unknown vectors and

gj(ks) = diag
v101rj

kz
,

kz

vm0

[ ]
, kz = 1rk2

0 − k2
s

( )
(5)

with k2
0 = v210m0 and kz is the propagation constant in the

uniaxial substrate. Writing equations (4) and (5) in the
planes z ¼ 0 and z ¼ d, and by eliminating the unknowns A
and B, we obtain the matrix form

e(ks, d−)
h(ks, d−)

[ ]
= T · e(ks, 0+)

h(ks, 0+)

[ ]
(6)

with

T = T
11

T
12

T
21

T
22

[ ]
= Icosu −ig−1sinu

−igsinu Icosu

[ ]
, (7)

which combines e and h on both sides of the jth layer as input
and output quantities. In equation (8), u = kzd. Now that we
have the matrix representation of the anisotropic substrate
characterized by the permittivity tensor, it easily to derive
the dyadic Green’s function of the problem in a manner
very similar to that shown in [9]

e(ks, d−) = e(ks, d+) = e(ks, d), (8)

h(ks, d−) = h(ks, d+) = j(ks). (9)

J̃(ks) is the vector Fourier transform of current J̃(rs) on the
patch; it accounts for the discontinuity of the tangential mag-
netic field at the interface z ¼ d. In the unbounded air regionFig. 1. Rectangular MSA structure.
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above the top patch of the structure (dkzk1 and 1r = 1),
the EM field given by equations (3) and (4) should vanish at
z � +1 according to Sommerfeld’s condition of radiation,
this yields

h(ks, d+) = g0(ks) · e(ks, d+), (10)

h(ks, 0−) = −g0(ks) · e(ks, 0−), (11)

where g0(ks) can be easily obtained from the expression of
gj(ks) given in equation (5) by allowing �1r = 1. The transverse
electric field must necessarily be zero at the plane z ¼ 0, so
that we have

e(ks, d−) = e(ks, d+) = e(ks, d) = 0. (12)

From equations (6)–(11), we obtain the following relationship:

e(ks, d) = G(ks) · j(ks), (13)

where G(ks) is the dyadic Green’s function in the Vector
Fourier transform domain, it is given by

G(ks) = T
22
1 (T12

1 )−1 + (g0 · T
12
2 − T

22
2 )−1

[

+(g0 · T
11 − T

21)−1
]−1

.

(14)

Using the technique known as the moment method, with
weighting modes chosen identical to the expansion modes,
equations (12) and (13) are reduced to a system of linear equa-
tions which can be written compactly in matrix form [18] as

Z · C = 0, (15)

where Z is the impedance matrix and the elements of the
vector C are the mode expansion coefficients to be sought
[18, 19]. Note that each element of the impedance matrix Z
is expressed in terms of a doubly infinite integral [18]. The
system of linear equations given in equation (16) has non-
trivial solutions when

det[Z(v)] = 0. (16)

Once the complex resonant frequency is determined, the
eigenvector corresponding to the minimal eigenvalue of the
impedance matrix gives the coefficients of the current on
the rectangular patch. The current density is thus obtained
in numerical form. This current density can be used for com-
puting the radiation electric field in the region z ≥ d of Fig. 1.
Using the stationary phase method [18], we can obtain the far-
field pattern function on the upper air half-space of Fig. 1 in
terms of the transverse electric field at the plane z ¼ d as
follows:

Eu′ (r′, u′,w′)
Ew′ (r′, u ′,w′)

[ ]
= ik0

e−ik0r′

2pr′
−1 0
0 cos u′

[ ]
· e(ks, d), (17)

where {r′, u′, w′} is a local set of spherical coordinates defined
with respect to the Cartesian system {x′′ ; x, y′ ; y, z′ ; z}

with an origin placed at the plane z ¼ d of Fig. 1.
Substituting equation (14) into (17) yields

Eu′ (r′, u ′,w′)
Ew′ (r′, u ′,w′)

[ ]
= ik0

e−ik0r′

2pr′
−1 0
0 cos u′

[ ]
· T

12

· G
22 − g0G

12
[ ]

·−1j(ks), (18)

G = T2.T1. (19)

In equations (17) and (18), the stationary values of kx and
ky are given by

kx = −k0 sin u′ cosw′, (20)

ky = −k0 sin u′ sinw′. (21)

Although the full-wave analysis can give results for several
resonant modes [18, 19], only results for the TM01 mode are
presented in this study.

If we want to take the substrate uniaxial anisotropy’s into
account, then the number of inputs increases since the relative
dielectric permittivity 1r will be replaced by the pair of relative
permittivities (1x, 1z); where 1x and 1z are the relative dielec-
tric permittivity along the x- and z-axes, respectively (Fig. 1).
With the increase of design parameter’s number, the network
size increases, resulting in an increase in the size of training set
required for proper generalization. Because of the different
natures of the additional parameters, data generation
becomes more complicated, a solution to this problem
seems necessary. For the case of uniaxially anisotropic sub-
strate, 1re given in [20] their resulting values are:

1re = 1z, (22)

de=d
���
1x

1z

√
. (23)

In the next section, a basic artificial neural network is
described briefly, and our application to the calculation of
the resonant frequency of an MSA is then explained.

I I I . A N N S

ANNs have been well applied to solve many real-world pro-
blems, especially the problems that can be carefully tracked
by expert systems. These systems can predict the relationship
between the input and output sets without prior knowledge of
the process model. The network can solve the problems
related with complex engineering systems, complicated EM
computation, etc. [21]. In the progression of developing an
ANN model, the architecture of the neural network and the
learning algorithm are the two most important factors.
ANNs have many structures and structural design [19, 20].
The class of the ANN and/or the architecture selected for a
particular model implementation depends on the problem
to be solved.
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Multilayer perceptrons (MLP) have been applied well to
solve some difficult and diverse problems by training them
in a supervised manner with a highly popular algorithm
known as the error back-propagation algorithm [22].

As shown in Fig. 2, the MLP consists of an input layer, one
or more hidden layers, and an output layer. Neurons in the
layer of entry only act as buffers for distributing the input
signals xi to neurons in the hidden layer. Each neuron in the
hidden layer sums its input signals xi after weighting them
with the strengths of the respective connections wji from the
layer of entry and computes its output yj as a function f of
the sum, namely

yj = f
∑

wjixi

( )
, (24)

where f can be a simple threshold function or a sigmoid or
hyperbolic tangent function [23]. The output of neurons in
the output layer is computed likewise.

Training of a network is accomplished through adjustment
of the weights to give the desired response via the learning
algorithms. An appropriate structure may still fail to provide
a better model unless a suitable learning algorithm trains
the structure. A learning algorithm provides the change Dwji

(k) in the weight of a connection between neurons i and j at
time k. The weights are then updated according to the formula

wji(k + 1) = wji(k) + Dwji(k + 1). (25)

In this work, both MLP networks were used in ANN
models. MLP models were trained with almost all network
learning algorithms. Hyperbolic tangent sigmoid and linear
transfer functions were used in MLP training. The train and
test data of the synthesis and analysis ANN were obtained
from calculated with a spectral model and a computer
program using the formula given in Section 2. The data are
in a matrix form consisting inputs and target values and
arranged according to the definitions of the problems. Using
[19, 20], two are generated for learning and testing the
neural model. The different network input and output para-
meters are shown in Fig. 3 and 4. Some stratagems are
adopted to reduce time of training and ameliorate the ANN

models correctness, such as preprocessing of inputs and
output, randomizing the spreading of the learning data [24],
and normalized between 0.1 and 0.9 in MATLAB software
before applying training. For an applied input pattern, the
arbitrary numbers between 0 and 1 are assigned to initialize
the weights and biases [25]. The output of the model is then
calculated for that input pattern.

The CPU time taken by the spectral domain to give the
both resonant frequency and half-power bandwidth for each
input set is more than half-minute; it depends on three
initial values used in Muller’s algorithm for not seeking of
the characteristic equation. All numerical results presented
in this paper we acquired on an Intel dual-core Pentium IV
computer with a 2.6 GHz processor and a total RAM
memory of 2 GB.

In the present paper, dimensions of the microstrip patch
antenna are obtained as a function of input variables, which
are height of the effective dielectric material (de), effective
dielectric constants of the substrate (1re), and the resonant fre-
quency ( fr), using ANN techniques (Fig. 3). Similarly, in the
analysis ANN, the resonant frequency of the antenna is
obtained as a function of patch dimensions (a, b), height of

Fig. 2. General form of multilayered perceptrons.

Fig. 3. Synthesis neural model for predicting the patch dimension of
rectangular MSA with effective parameters.

Fig. 4. Analysis neural model for calculating the resonant frequency and
half-power bandwidth of rectangular MSA with effective parameters.
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the effective dielectric substrate (de), and effective dielectric
constants of the material (1re) (Fig. 4). By the designer point
of view, it is important to give to the calculation of the
antenna physical and geometrical parameters the same
importance as its resonant characteristics. Because there is
no explicit model that gives the dimension of the patch direct-
ly and accurately and because of the high nonlinearity of the
relationship between the resonant frequency and the patch
size, the reverse modeling is needed [19]. Therefore, this
example is very suitable for illustrating features and compe-
tences of synthesis ANN.

A) Forward side of the problem: the synthesis
ANN
The input quantities to the ANN black-box in synthesis Fig. 3
can be ordered as:

† de, height of the effective dielectric substrate;
† 1re, effective dielectric substrate;
† fr, resonant frequency of the antenna.

The following quantities can be obtained from the output
of the black-box as functions of the input variables:

† a, width of a rectangular patch;
† b, length of a rectangular patch.

B) Reverse side of the problem: the analysis
ANN
In the analysis side of the problem, terminology similar to that
in the synthesis tool is used, but the resonant frequency and
half-power bandwidth of the antenna are obtained from the
output for a chosen effective substrate and their thickness,
patch dimensions at the input side as shown in Fig. 4.

To find a proper ANN-based synthesis and analysis models
for rectangular MSA printed on isotropic or uniaxially aniso-
tropic substrate, many experiments were carried out in this
study. After many trials, it was found that the target of high
accuracy was summarized in Table 1.

Table 1. Parameters of analysis and synthesis models.

Algorithm details Neurospectral approach

Analysis
model

Synthesis
model

Activation function Sigmoid Sigmoid
Training function

(back-propagation)
Trainrp Trainrp

Number of data 380 380
Number of neurons (input layer) 4 3
Number of neurons (hidden layers) 12–8 10–8
Number of neurons (output layer) 2 2
Epochs (number of iterations) 30 000 20 000
TPE (training performance error) 1024 1024

Time required 139 min 117 min
LR (learning rate) 0.6 0. 5
MC (momentum constant) 0.7 0.7

Table 2. Analysis of computed, measured, and ANN-predicted resonant frequencies.

Substrate material Input parameters (cm) Resonant frequencies (GHz)

a b d Measured [26] Theory Our results

[27] [30] ANN

Isotropic (1x = 1z = 2.33) 5.7 3.8 0.3175 2.31 2.32 2.46 2.32
2.95 1.95 0.3175 4.24 4.18 4.34 4.28
1.95 1.3 0.3175 5.84 5.86 6.01 6.00
1.4 0.9 0.3175 7.70 7.73 7.79 7.69

Anisotropic (1x, 1z) = (13.0, 10.2) a b d Measured [28] Theory Our results
[28] [29] ANN

3 2 0.127 2.26 2.26 2.23 2.24
1.5 0.95 0.127 4.49 4.52 4.47 4.53
3 1.9 0.254 2.24 2.26 2.24 2.22

Table 3. Comparison of the calculated bandwidth with measured and cal-
culated data, for a rectangular microstrip patch antenna, 1r ¼ 2.33.

Input parameters (cm) Bandwidth (%)

Measured Calculated

a b d [27] [28] [29] Our results

5.7 3.8 0.3175 3.12 4.98 3.5 3.17
4.55 3.05 0.3175 4.08 6.14 4.0 4.12
1.7 1.1 0.1524 6.60 8.21 4.8 6.67

Table 4. Reverse modeling (synthesis) for the prediction of antenna
dimensions.

Input parameters Target (cm) ANN (cm)

fr (GHz) d (cm) 1r a b a b

3.92 0.079 2.22 4 2.5 3.989 2.512
4.30 0.127 10.5 1.5 1.1 1.508 1.091
4.73 0.9525 2.33 1.7 1.1 1.698 1.114
7.87 0.1524 2.33 1.7 1.1 1.701 1.098
2.31 0.3175 2.33 5.7 3.8 5.710 3.786
4.24 0.3175 2.33 2.95 1.95 2.951 1.948
5.84 0.3175 2.33 1.95 1.3 1.948 1.304
7.70 0.3175 2.33 1.4 0.9 1.397 0.903
2.264 0.127 10.2 3 2 3.005 1.998
4.495 0.127 10.2 1.5 0.95 1.496 0.953
2.242 0.254 10.2 3 1.9 3.008 1.907
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I V . N U M E R I C A L R E S U L T S A N D
D I S C U S S I O N

In order to determine the most applicable suggestion given in
the literature, we compared our computed values of the reson-
ant frequencies of rectangular patch antennas with the theor-
etical and experimental results reported by other scientists
[26–29], which are all given in Table 2.

From Table 3 it is observed that the bandwidths of a rect-
angular MSA computed by the present approach are closer to
the experimental [27] and theoretical [28, 29] values.

It can be clearly seen from Tables 2 and 3 that our results
calculated using the neural models proposed in this paper are
better than those calculated by other scientists. The very good
agreement between the measured values and our computed
resonant frequency and half-power bandwidth values sup-
ports the validity of the neural model.

Table 4 gives the antenna dimension predicted by the ANN
model. As it is shown, the results are in good agreement. The
results of the synthesis ANN model and comparison with the
targets are given in Table 4. The very good agreement between
the values obtained with the model-neuronal synthesis and
target values supports the validity of the neural model. The
CPU time taken to calculate the patch dimensions (ground-
plane apertures) using synthesis model is less than 0.079 s.

In Table 5, we compare our results obtained via the pro-
posed neurospectral model with those obtained using the con-
ventional spectral domain method approach (SDA). As well,
to the resonant frequency and half-power bandwidth, we
have also shown the CPU time in this table. It is clear that
our resonant frequencies and bandwidths coincide with
those obtained by the conventional moment method. Note
that, the time required for obtaining the resonant frequency
and half-power bandwidth using the neurospectral model is
much less in comparison with the spectral domain method.

In Fig. 5, the results are presented for the resonant fre-
quency and bandwidth of circular microstrip patch printed
on an anisotropic dielectric substrate polytetrafluoroethylene
(PTFE). In this figure, the results obtained for the resonant
frequency and bandwidth of patch on anisotropic PTFE
(1x = 2.88, 1z = 2.43) are compared with the results that
would be obtained if the anisotropy of PTFE were neglected
(1x = 1z = 2.43). The patch has dimension (a ¼ 1.9 cm,
b ¼ 2.29 cm).

The differences between the results obtained considering
anisotropy and neglecting anisotropy reach 1.61% in the
case of resonant frequencies and 24.89% in the case of

half-power bandwidths. Thus, it can be concluded that the
effect of uniaxial anisotropy on the resonant frequency and
bandwidth of a rectangular microstrip patch antenna cannot
be ignored and must be taken into account in the design stage.

In Figs 6(a) and 6(b), the authors plots the radiation pat-
terns of rectangular patch printed on isotropic (1x = 1z =
2.32) and uniaxially anisotropic (1x = 2.32, 1z = 4.64) sub-
strates in both the E-plane and the H-plane. Note that the

Table 5. Comparisons of our results obtained via the proposed neurospectral model with those obtained using the conventional SDA.

Input parameters Conventional method (SDA) Neurospectral method

a (cm) b (cm) d (cm) 1r Resonant
frequency
(GHz)

Bandwidth
(%)

CPU Time
(seconds)

Resonant
frequency
(GHz)

Bandwidth
(%)

CPU Time
(s)

2.0 2.5 0.079 2.22 3.943 1.217 34.35 3.926 1.331 0.078
1.063 1.183 0.079 2.50 7.704 2.615 34.57 7.671 2.776 0.080
1.53 1.63 0.30 2.50 5.202 8.002 35.29 5.181 8.016 0.079
0.79 1.255 0.40 2.55 6.427 13.407 33.63 6.278 12.842 0.081
1.0 1.52 0.476 2.55 5.300 13.232 32.51 5.207 12.775 0.078
0.91 1.0 0.127 10.2 4.573 1.158 33.34 4.613 1.137 0.079
1.72 1.86 0.157 2.33 5.001 3.608 34.75 4.983 3.809 0.079

Fig. 5. Resonant frequency (a); half-power bandwidth (b) of rectangular
microstrip patch printed on anisotropic PTFE substrate, the patch has a
dimension of a ¼ 1.9 cm, and b ¼ 2.29 cm.
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directivity of the antenna with (1x = 1z = 2.32) is higher than
the one with (1x = 2.32, 1z = 4.64). The results show that the
directivity patterns of MSA increase as the effective permittiv-
ity of the substrate decreases.

V . C O N C L U S I O N

In this paper, a general technique is advised for modeling and
design of rectangular MSA printed on uniaxially anisotropic
substrates, using the SDA in conjunction with ANNs. In the
design stage, synthesis is defined as the forward side and
then analysis as the reverse side of the problem. During the
synthesis of the antenna, it is desirable for the design engineers
to know different performance parameters of an antenna sim-
ultaneously, instead of identifying individual parameters,
alternatively. Hence, the present approach has been consid-
ered more generalized and efficient. The SDA combined
with the ANN technique is more than a few hundred times
more rapidly than the direct solution. This significant time
gain makes the designing and training times negligible.
Therefore, the neurospectral approach presented in this
paper is an advantageous approach that can be included
into a CAD implement, for the analysis, design, and

optimization of practical protected Monolithic microwave
integrated circuit (MMIC) devices.
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