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ABSTRACT 

Modeling and design of an equilateral triangular patch antenna on suspended and single substrate are 

accomplished in this paper. The spectral domain approach is important due to its accuracy, but has a high 

computational cost. On the other hand, the Artificial Neural Networks (ANNs) have recently become a fast 

and flexible vehicle for modeling and designing microwave antennas. This paper introduces 

electromagnetic knowledge combined with ANNs to compute the resonant frequency of the fundamental 

and higher order modes and to eliminate the difficulties of handling the singularity points encountered in 

the numerical evaluation of integrals. The resonant frequency results obtained from the neural model are 

in very good agreement with the experimental and theoretical results available in the literature. 

Keywords-triangular microstrip antenna; artificial neural networks; modeling and design; spectral domain 

analysis 

I. INTRODUCTION  

Triangular microstrip patch antennas printed on isotropic 
substrates have been extensively analyzed [1, 2]. Using the 
cavity model, the geometry is versatile to be compatible over a 
curved surface and also physically smaller compared to other 
common patch shapes. Several micro strip patch investigations 

reported in open literature include basic modal analysis and 
computer aided design [3]. The introduction of tenability 
through miniaturization and metamaterial utilization, the 
achievement of dual band or circular polarized features through 
the use of slots and shorting pins, and the creation of 
multilayered stacked geometry have been discussed [4]. 
Although, the moment method provides better accuracy [5, 6], 
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as a full-wave method, it is computational-intensive. Due to the 
presence of poles in the integral path, it is difficult to integrate 
the Green function numerically. The increase in the complexity 
of device modeling has led to rapid growth in the field of 
computational modeling research.  

Because of these problems, researchers use artificial 
intelligence techniques to find better solutions [7]. Authors in 
[8] introduced the use of neural networks in conjunction with 
the Spectral Domain approach (SDA). Fast neural models 
trained from measured and simulated microwave data can be 
used during microwave design to provide immediate answers 
to the task they learned [9, 10]. The neural modeling of 
nonlinear characteristics of the device circuit has become an 
important research area used to solve nonlinear computing 
problems [11, 12].  

This paper exhibits the use of neural network technology 
for the purpose of analysis. The ANN technique determines the 
resonant frequency of an equilateral triangular patch antenna in 
combination with the spectral domain formulation and the 
effect of suspended and single substrate on the resonant 
frequency of an equilateral triangular patch antenna. The 
current model is in very close agreement with the experimental 
and numerical results. Finally, the commercial software CST 
was utilized to validate the present neurospectral approach. To 
the best of our knowledge, this subject has not been reported in 
the open literature.  

II. THEORETICAL BACKGROUND 

The geometry under consideration, i.e. a triangular patch on 
a suspended and single substrate, is illustrated in Figure 1. The 
suspended substrate consists of two dielectric substrates. The 
first one is an air gap with constitutive parameters ε0 and µ0, 
while the second one is a dielectric material with permittivity εr 
and permeability µ0. To simplify the analysis, the antenna feed 
will not be considered. All fields and currents are time- 
harmonic with the eiwt time dependence suppressed. The cross- 
fields within the jth layer (j = 1, 2) can be obtained via the 
Fourier transform reverse vector as [7]: 

E(rs,z)=  ������,�	�
���,�	� =  


��� � � F ���

–�
��

–� �k�, r�	h�k�, z	dk�dk
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���,�	
–�����,�	�  =  
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where F �k�, r�	  is the kernel of the Fourier transform [7] 
vector, and we obtain the matrix form [9]: 
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with: 
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– i g⃐6 sin ϴ� I̅ cos ϴ⃐66 : (4) 

 

 
Fig. 1.  The triangular MSA structure. 

Equation (4) combines e and h on both sides of the jth layer 
as input and output quantities. It is then easy to derive the 
dyadic Green’s function of the problem in a manner very 
similar to that shown in [13-15]. G(ks) is the dyadic Green’s 
function in the Fourier transform vector domain given by: 

G��k�	 =  !T�..� T�.	– + *g+===.  T�..–  T�...-–  +
 *g+===. T�– T�.-–'  –      (5) 

To calculate the resonant frequency, the determinant must 
be equal to zero [13]. Although the full-wave analysis can give 
results for several resonant modes [13, 14], the results for the 
fundamental and for higher order modes are presented in this 
study. Note that the spectral domain approach is valued in the 
antenna design process, because this approach doesn't make 
assumptions about the structure's geometry or its 
electromagnetic behavior, allowing very accurate results to be 
generated. 

In the next section, a basic ANN is described briefly, and 
our application to the calculation of the resonant frequency of 
an MSA is then explained. The neural model computes the 
resonant frequency of the equilateral triangular patch antenna, 
given that this frequency is an important parameter to be 
determined accurately [16-18]. In fact, microstrip antennas 
have narrow bandwidths [19] and can only operate effectively 
in the vicinity of the resonant frequency. The theory presented 
in this section has considered that the equilateral triangular 
patch is printed on an isotropic dielectric substrate material. In 
the conception of Monolithic Microwave Integrated Circuits 
(MMIC) and printed antennas, anisotropic substrates have been 
more and more popular. Bearing in mind that many practical 
substrate materials used in microstrip antennas exhibit a 
significant amount of anisotropy (intrinsic anisotropy) that can 
affect the performance of printed antennas, so accurate 
characterization and design must account for this effect [20, 
21]. The anisotropy can also be artificially caused by the 
substrate fabricating process (manufacturing process) [22]. A 
significant focus in research on microstrip antennas printed on 
anisotropic substrates is particularly given on uniaxial 
anisotropic substrates due to their various benefits, along with 
their capability of emulating the electromagnetic features of 
metamaterials [23]. The uniaxial anisotropic material is 
distinguished by a perpendicular dielectric constant (ε⊥) and a 
parallel dielectric constant (εǁ) [22-24]. This means that there 
are two distinct propagation constants, one for TM waves and 
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another for TE waves. Note that the proposed method can be 
easily extended to the case of anisotropic substrates by 
replacing the matrix representation given in (4) with that shown 
in (9) [25]. 

III. ANN MODELING 

Several areas of microwave engineering use neural network 
approaches for optimization. There have been several recent 
publications on the use of ANN techniques in microstrip 
architectures. The learning algorithm and the ANN design are 
the two most crucial components in the creation of an ANN 
model. There are numerous structural designs and structures for 
ANNs [8-10]. The main advantage of using ANNs in 
microwave modeling and design is that, using measured or 
simulated data from microwave devices, ANNs can be trained 
to learn relevant microwave relationships, which are, 
otherwise, computationally expensive or for which efficient 
analytical formulas are not available. Multilayer Perceptrons 
(MLPs) have been applied successfully in solving some 
difficult and diverse problems by training them in a supervised 
manner with a highly popular algorithm known as the error 
back-propagation algorithm [9]. An MLP has an input layer, 
one or more hidden layers, and an output layer. Neurons in the 
input layer act only as buffers to distribute the xi input to 
neurons in the hidden layer. Each neuron in the hidden layer 
adds its xi input signals after weighing them with the strengths 
of the respective wji connections from the input layer and 
calculates their yj output as a function f of the sum: 

yj = f � ∑ wji xi	    (6) 

where f may be a hyperbolic tangent, sigmoid, or simple 
threshold function. The output of the neurons in the output 
layer is also calculated. The train and test data of the ANN 
synthesis and analysis were obtained from calculations of a 
spectral model and a computer program using the above 
mentioned equations. 

The resonant frequency of the antenna is determined in the 
current work as a function of the material's dielectric constant, 
air separation, and patch side length. As such, this example is 
ideal for demonstrating the capabilities and attributes of ANNs. 

IV. NUMERICAL RESULTS AND DISCUSSION 

Tables I and II show the comparison of the resonant 
frequency of the triangular patch antenna with the theoretical 
and experimental results taken from the literature. Additionally, 
we contrasted our computed values with the simulated 
outcomes [CST], which are displayed in Table III. 

TABLE I.  COMPARISON OF THE CALCULATED 
RESONANT FREQUENCIES WITH THE MEASURED DATA 

FOR AN EQUILATERAL TRIANGULAR PATCH ON A 
MONOLAYER SUBSTRATE. a = 10 cm, εr = 2.32, h2 = 1.59 mm. 

Mode 

Resonance frequency GHz 
Error 

(%) 
Spectral Domain 

Approach (SDA) 

Our 

results 

Measured results 

[26] 

TM10 1.18 1.2848 1.280 0.37 
TM11 2.22 2.2253 2.242 0.74 
TM20 2.52 2.5695 2.550 0.76 
TM21 3.38 3.3991 3.400 0.03 
TM30 3.87 3.8543 3.824 0.79 

TABLE II.  RESULT COMPARISON OF THE RESONANT 
FREQUENCIES WITH THE MEASURED DATA OF 

EQUILATERAL TRIANGULAR MICROSTRIP PATCHES 

a 

mm 

h2 

mm 
εr 

Resonant frequencies f 01  GHz 

Measured 

[27] 
Calculated 

Our 

results 

42 0.8265 2.4 2.955 2.981 2.963 
22 0.8265 2.4 5.587 5.513 5.551 
42 1.63 4.4 2.208 2.190 2.211 

TABLE III.  COMPARISON OF THE CALCULATED 
RESONANCE FREQUENCIES WITH THE RESULTS 

SIMULATED BY CST FOR AN EQUILATERAL 
TRIANGULAR PATCH ON A SUSPENDED SUBSTRATE 

OPERATING IN DIFFERENT MODES AND FOR DIFFERENT 
VALUES OF THE AIR SEPARATION. a = 10 cm , εr = 2.32,  

h2 = 1.59 mm 

Air 

separation h1 

mm 
Mode 

Resonance frequency GHz 

Our results CST 

0.254 

TM10 2.4008 2.385 
TM11 4.1583 4.215 
TM20 4.8016 4.720 
TM21 6.3519 6.395 
TM30 7.2023 7.065 

0.635 

TM10 2.2655 2.255 
TM11 3.9239 3.985 
TM20 4.5310 4.435 
TM21 5.9939 6.055 
TM30 6.7964 6.620 

 

Tables I and II show clearly that our results, calculated 
using the neural models proposed in this paper, are better than 
those calculated in the literature. The very good agreement 
between the measured values and our calculated resonant 
frequency values supports the validity of the neural model. An 
excellent match between our predicted resonant frequencies 
and the simulated values can also be seen in Table III. 

We shall examine the structure of an equilateral triangular 
antenna with an air gap as our second structure. For various 
substrate materials, the resonance frequency as a function of 
the air separation h1 is displayed in Figure 2. 

 

 
Fig. 2.  Resonance frequency of equilateral triangular patch on suspended 
substrate as a function of air separation. The antenna operates in TM10 mode. a 
= 1.33 cm, h2 = 0.5 mm, duroid: εr = 2.32, plexiglas: εr = 2.6, mylar : εr = 3. 

Resonant frequency is shown to increase quickly with 
increasing air separation up to a maximum operating frequency 
for a well-defined air separation (h1fmax). Keep in mind that 
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with low values of h1, the impact of the air gap is more 
noticeable. The resonant frequency will gradually drop as the 
air gap width increases when the air separation exceeds h1fmax. 

Extreme care should be taken when designing an equilateral 
triangular antenna with a thin air gap, since a small uncertainty 
in the adjustment of h1 can result in a significant shift in 
frequency. Figure 3 shows the resonant frequency of the 
triangular antenna as a function of the length of the patch side. 
The initial patch of side a = 6 cm is incremented each time 
from 1 cm to a final length of 12 cm. In addition to the TM10 

fundamental mode, we have also indicated in this figure the 
results of TM11 and TM20 modes. It is clear from the Figure 3 
that increasing the length of the patch side decreases the 
resonant frequency for the three modes considered. 

In Figure 4, we observe that when the permittivity increases 
the resonance frequency is decreased. 

 

 
Fig. 3.  Resonance frequency of the monolayer equilateral triangular 
antenna operating in several resonant modes depending on the length of the 
patch side. εr = 2.32, h = 1.59 mm. 

 
Fig. 4.  The effect of the permittivity on the resonance frequency of a 
triangular monocouch patch. the antenna operates in TM10 mode. a = 6 cm, h2 

= 1.59 mm. 

V. CONCLUSION 

Using an adjustable air gap layer inserted between the 
ground plane and the substrate, the proposed equilateral 
triangular patch antenna can achieve tunable resonant 
frequency characteristic. The proposed antenna was analyzed 
using the rigorous spectral domain approach. The shortcoming 
of this approach is the very long calculation time, which makes 
it incompatible with CAD. In order to solve this problem, we 
introduced artificial neural networks in conjunction with the 
spectral method into the analysis of the equilateral triangular 
patch antenna on suspended and single substrate. Numerical 
results were obtained for the fundamental and for higher order 

modes. Our results were compared with and theoretical values 
available in the literature, and were found to be in very good 
agreement. 

Computations showed that the effect of the air separation 
on the resonant frequency of the equilateral triangular patch 
antenna is significant, especially for thin air gap layer. 
Moreover, particular attention should be taken when designing 
a thin air gap equilateral triangular patch antenna as a small 
uncertainty in the air gap setting can cause significant 
frequency degradation. The strengths of the proposed method 
are: it is a faster technique compared to the spectral domain 
approach, it has accuracy similar to that of full-wave methods, 
it is cost effective, and has the possibility of easily extending to 
the analysis of equilateral triangular patch printed on 
anisotropic substrate material. 
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