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ABSTRACT 

This paper presents a novel approach based on optimizing the strip length of a Frequency Selective 

Surface (FSS) structure using a Real Genetic Algorithm (RAG) in conjunction with the Wave Concept 

Iterative Method (WCIP). Mean Squared Error (MSE) is used as an objective function to calculate the 

error between the desired resonant frequency and the estimated one obtained through WCIP for each 

individual within the population. The approach was validated on two strip FSS structures, FSS1 and FSS2, 

showing a remarkable accuracy with relative errors of 0.0033% and 0.0029%, respectively. The results 

were obtained using MATLAB. After optimizing the length strips of both FSSs and cascading them, a 

strategy for identifying the coupling modes between the resulting double-screen FSS structure is 

introduced. The extracted coupling modes indicate that increasing the separation distance between the two 

FSSs reduces the number of modes participating in the coupling between FSS1 and FSS2. Two inter-FSS 

distance tests were used to validate the inter-FSS coupling modes determination strategy, and a good 

agreement was recorded between all mode WCIP results and the limited coupling mode WCIP results.  

Keywords-FSS; real genetic algorithm; coupling modes; full-wave WCIP method 

I. INTRODUCTION  

Frequency Selective Surfaces (FSSs) are fundamental 
electromagnetic filters in microwaves. FSSs have been the 
subject of extensive studies in recent years because they find 
numerous applications in both the commercial and military 
sectors to supply multiple frequency band operations [1-3]. 
Strip length FSS optimization using RGA involves adjusting 
the geometric parameters to achieve specific electromagnetic 
performance, such as resonant frequency, bandwidth, or 
polarization behavior [4]. The Genetic Algorithm (GA) is a 
search heuristic of stochastic global optimization methods 
based on genetic recombination and the theory of natural 
evolution [5-6]. After optimizing the length strips of both FSSs 
and cascading them, a strategy for identifying the coupling 
modes between the double screen FSSs structure is introduced. 
A double-screen FSS is a structure composed of multiple layers 
of periodic elements designed to control electromagnetic wave 
propagation [7]. The coupling between two FSSs is an 
important topic in electromagnetic engineering, particularly in 
the design of filters. It involves the interaction of 

electromagnetic waves between two closely spaced or 
interacting FSS structures, leading to changes in transmission, 
reflection, and resonance properties [7].  

Determining the FSS strip length is considered an 
optimization problem in the first part of this study. The 
objective is to optimize the strip length of the FSS unit cell to 
achieve the desired frequency response using RGA in 
conjunction with the WCIP method. The comparison of the 
obtained to the desired results is extremely close, with a 
relative error of less than 1%. The second part is based on the 
study of the modes involved in the coupling between the two-
layer FSSs. This study demonstrates that the increased 
separation distance between FSSs decreased the number of 
intermodes involved in the coupling between FSS1 and FSS2. 

II. REAL GENETIC ALGORITHM (RGA) OVERVIEW 

This section supposes an RGA used to solve an 
optimization problem to determine the strip length in FSS, 
which usually refers to a GA that operates on continuous (real-
valued) variables rather than binary variables [8]. In the 
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original simple GA, each individual is typically represented by 
a binary string (a series of 0 and 1), which can limit its 
application to problems where binary encoding is not optimal 
[9]. In contrast, an RGA directly represents individuals as real-
valued vectors. This approach is particularly useful for 
optimization problems where variables naturally exist in a 
continuous space, with an objective function ���� where � is 
the optimized parameter. Figure 1 shows a flowchart of the 
RGA technique.  

 

 
Fig. 1.  Flowchart of RGA. 

The process begins with a set of individuals called the 
initial population. RGA starts by constructing an initial 
population consisting of �  individuals generated randomly 
within the search space [10]. The evaluation step is generally 
used to calculate each individual's fitness based on an objective 
function. In this work, the WCIP method is applied to obtain 
raw fitness scores. Then, the selection operator is a mechanism 
used to choose individuals from a population for reproduction, 
guiding the evolution process toward better solutions. The goal 
is to ensure that individuals with higher fitness have a greater 
chance of being selected to pass on their genes to the next 
generation. The crossover operator plays a central role in 
exploring the search space and combining the characteristics of 
parent solutions to create offspring, using real-number 
operators [11]. The mutation operator introduces diversity by 
modifying individual genes (real-valued parameters) in a 
solution. This prevents premature convergence and allows the 
exploration of new areas in the solution space of the offspring 
by adding small perturbations to their real-valued genes [11]. 
Finally, the replacement population decides which individuals 
will constitute the next generation. The elitist model is the most 
common strategy in the context of genetic algorithms. The 
primary objective is to avoid the convergence difficulty often 

associated with the loss of high-quality solutions due to random 
variations in the genetic operations of crossover and mutation 
[10]. The elitist strategy ensures that the best solutions are 
preserved over generations, preventing a decrease in the overall 
fitness of the population [10]. The iterative process of genetic 
operations continues until an acceptable optimum solution is 
found. This process involves repeated application of selection, 
crossover, mutation, and replacement to evolve the population 
over multiple generations. 

III. THEORY OF DOUBLE SCREEN WCIP METHOD 

To analyze the FSS structures with the WCIP method, they 
are simplified to a unit cell of the array enclosed by periodic 
walls. In addition, the dual-band FSSs can be designed by 
cascading double-screen FSS structures [12-13]. Figure 2 
presents the two-level metallic strip FSS unit cell. 

 

 
Fig. 2.  Two-level metallic strip FSS unit cell. 

 
Fig. 3.  Double screen WCIP method concept. 

As shown in Figure 3, the diffracted waves ��⃗ 	
�
�

 at the ��
 

iteration are acquired from the incident waves �⃗	
�
�

 [14]: 

��⃗ 	
�
� � �⃗�	  �⃗	

�
�
     (1) 

where �⃗�	  is the diffraction operator at the interface  �	 
containing the FSS circuit. This is defined in the spatial domain 
where � � 1 or 2 means FSS1 or FSS2, respectively, and it is 
determined from the geometric structure shape of the FSS unit 
cell and the limit conditions of each domain at the interface. 
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The diffracted waves are decomposed into the modal basis 
of a periodic rectangular waveguide, consisting of TEM, TE, 
and TM modes, forming a complete set. Each resulting mode 
propagates independently, remaining uncoupled in the modal 
domain. Consequently, each mode is reflected with its specific 
reflection coefficient [15]. 

The incident waves �⃗	
�
���

 of the �� � 1��
 iteration can be 

calculated from [14]: 

�⃗	
�
��� � ��	 �	

�
� � �⃗�    (2) 

where ��	 �	
�
� determines the reflected waves of the 

��
 iteration, ��	 is the reflection operator obtained in the modal 

domain of the medium �, and �⃗� is a wave source incident. 

The Fast Modal Transform (FMT) pair ���/���!� 
switching between spatial and spectral domains is necessary at 
each iteration and is given in [14-17]: 

�"#$%& � �����'(%�	%&�   (3) 

�'(%�	%& � ���!���"#$%&�   (4) 

The iterative procedure of the full wave WCIP method is 
repeated until convergence of the input admittance )	*  is 
achieved. The full-wave WCIP method's convergence is 
assured due to the bounded reflection operator independent of 
the analyzed structure [15]. 

In the full-wave WCIP method, the distance separating two 
levels of metallic FSS structures is modeled by a transmission 
line of length + . Thus, a transition operator that relates the 
waves emitted from each side of the dielectric layer in the 
medium separating the two FSSs is introduced [18]: 

�⃗ � �,-  ��⃗      (5) 

The transition operator is given by [18]: 

. �,-/0 � 1���/ ��2/
�2�/ �22/ 3    (6) 

with : 

���/ � �22/ � �4/2 5 4�22 �sinh �:2;+�  (7) 

 ��2/ � �2�/ � 2<=<>?
∆?     (8) 

∆/� 24/4�2 coshC:2,;*+E � �4/2 � 4�22 �sinh �:2,;*+� 

      (9) 

where F stands for the �G;*  or ��;* modes, 4/  is the 

impedance of the HI�
  �G  mode or ��  mode, 4�2 is the 
characteristic impedance of the medium 2 separating the two 

interfaces �1 and �2, and :2,;* is the propagation constant of 

the HI�
 TE or TM mode in medium 2. 

IV. APPLICATION OF RGA IN THE OPTIMIZATION 

OF STRIP LENGTH IN FSS 

Two FSSs were chosen to illustrate the proposed approach's 
efficacy in determining the strip length to obtain the desired 
resonance frequencies �J� � 7  GHz and �J2 � 10.5 GHz for 
FSS1 and FSS2, respectively. The geometrical dimensions of 

the FSS unit cell shown in Figure 4 have the following values: O � P � 20  mm, Q � 1  mm, thickness of substrate ℎ � 1 
mm, electrical permittivity εJ � 4.4, and U is the strip length to 
optimize. 

The FSS structures are excited with x-polarized normal 
incident plane waves. Each FSS unit cell interface of Figure 4 
is described by 100 V 100  pixels, and the WCIP iterative 
process stops after 350 iterations. 

 

 

Fig. 4.  Horizontal metallic strip FSS unit cell. 

The object function is defined as an MSE error function 
between the desired transmission coefficient �2�  and the 

estimated transmission coefficient �,2� for each population of 
each generation as given by [19]: 

��G � �
W ∑ ��2� �	�W	Y� 5 �,2��	��2   (10) 

where � is the number of data points, �2� �	� is the actual value 

for the ��
 
data point, and �,2��	� is the estimated value for the 

��
 data point. 

The optimization parameters and the population size are 
chosen for the FSS case to be �(%J � 1  and �(#( � 20 , 

respectively. The convergence criterion is defined as ��G Z
10![  and 100  generations. The search range of the 
optimization parameter is: 5 mm Z  U Z 16 mm. 

The optimization process for FSS1 and FSS2 terminated 
after 32 and 21 generations, respectively, with an objective 
function value MSE of 1.025 V 10![  and 2.49 V 10!^ . The 
optimized strip lengths of FSS1 and FSS2 are U� � 14.033 mm 
and U2 � 8.063 mm, respectively. Figures 5 and 6 illustrate the 
results. The results indicate that the resonance frequency 
achieved after optimizing the strip length aligns with the 
desired cases of FSS1 and FSS2, presenting a good agreement 
with relative errors of 0.0033% and 0.0029%, respectively. The 
relative error is given by : 

abcOd�ebGffgf � h',?i!'?i jklmnkjh
‖'?i jklmnkj‖   (11) 

with: 

‖�2� $pq	Jp$‖ � r∑ .��2� $pq	Jp$�s02"sY�   (12) 

h�2� $pq	Jp$ 5 �,2�h � r∑ t��2� $pq	Jp$�s 5 C�,2�Esu2"sY�  

      (13) 

where �  stands for the total number of frequencies, and 

�2� $pq	Jp$  and  �,2� are the desired and estimated values of 
transmission coefficients, respectively. 
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Fig. 5.  Comparison between desired and optimized �2�of FSS1. 

 

Fig. 6.  Comparison between desired and optimized �2� of FSS2. 

V. INTER-FSS COUPLING MODES TYPE 

DETERMINATION STRATEGY  

After optimizing the length strips of both FSSs and 
cascading them, the full-wave WCIP method is employed to 
examine the modes involved in the coupling between FSS1 and 
FSS2, and the results are presented in Table II. The separation 
distance + is presented in terms of the wavelength v calculated 
by v � c/f , where x is the constant of light given as x � 3 V
10y  m/s and � is the resonant frequency of the FSS1 with 
�J� � 7 x10[ Hz. 

To begin the inter-FSS coupling mode determination 
process, the full-wave WCIP method, which includes all 

modes, is initially used as the reference, with 100 �G;,* modes 

and 100 ��;,* modes. Next, the WCIP method is applied with 

the TE and TM modes deleted, retaining only the fundamental 
TEMx and TEMy modes. The results from this approach are 
then compared to those obtained using the full-wave WCIP 
method with all modes included. If the relative error between 
the two results is less than 1%, it confirms that the coupling 
between FSS1 and FSS2 is insured by only the fundamental 
modes for a given separation distance +. A relative error in the 

optimization procedure of less than 1% provides an �,2� shape 
extremely close to the full-wave WCIP �2� reference shape, as 
shown in Figures 4 and 5, with errors of 0.033% and 0.0029%, 
respectively, in the resonant frequency. The Specific Set of 

Modes (SSM) is to be determined from the different mode 
layers surrounding the fundamental mode and satisfying the 
condition of less than 1% relative error. The approach starts 
with the first layer of modes consisting of the first eight 

�G;,* and ��;,* modes surrounding the fundamental mode, 

where H  and I  range from -2 to 2. The obtained first layer 
SSM-WCIP results are compared with the reference case where 
all the modes are considered. If the relative error is less than 
1%, the SSM mode with the lowest value from the transition 
operator elements  ��2/  and �2� /  is deleted. This first layer 
process is repeated while the relative error remains below 1%. 
When the relative error exceeds 1%, the first layer 
SSM process is stopped, and the second layer SSM process is 
started with the first and second layers as the initial SSM 
modes. The flowchart of the SSM process is shown in Figure 7.  

 

 

Fig. 7.  Organization chart of the SSM process. 

The final results concern the modes involved in the inter-
FSS coupling as a function of the separation distance + , as 
shown in Table II. 

The first layer (1
stU) modes consist of 8 TE modes and 8 

TM, and the second layer (2
ndU) modes consist of 16 TE modes 

and 16 TM, as given in Table I. 

TABLE I.  MODES COMPONENT IN THE 1q�  U AND 2*$  U 

1q�U  
�G��, ����,�G��, ����   ,�G��, ���� , �G!��, ��!�� ,  �G��, 

�����G!�!� ,��!�!�,�G!�� , ��!�� , �G�!� ,���!� .  

2*$U  

 �G�2, ���2 ,�G!2� ,��!2�, �G�!2 , ���!2 , �G2� , ��2� , �G�!2 

, ���!2 , �G�2 , ���2 , �G!�2 , ��!�2 ,�G!�!2 , ��!2!� ,�G2!� , 

��2!� ,�G2� , ��2� ,�G2!� , ��2!� ,�G!2�, ��!2� ,�G2!2 , 

��2!2 ,�G!2!2 , ��!2!2 ,�G22 , ��22 ,�G!22, ��!22  

 
Filling the layers begins by padding the first layer and then 

the second one, following the modes' order presented in Table 
I. Table II indicates that increasing the separation distance 
between the two FSSs reduces the number of modes 
participating in the coupling between the FSS1 and FSS2, as 
shown in Figure 8. 
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TABLE II.  THE MODES INVOLVED IN THE COUPLING AS A 
FUNCTION OF THE SEPARATION DISTANCE D 

{ �|� Modes involved in the coupling 

0.055 V v 
TE00 +TM00 +1q�  U +2*$  U  with deleted modes:  �G2!2 , ��2!2 

,�G!2!2 , ��2!2 ,�G22 , ��22, and ��!22 . 

0.06 V v 
TE00 +TM00 +1q�  U +2*$  U with  deleted modes: �G2!2 , ��2!2 

,�G!2!2 , ��2!2 ,�G22 , ��22 �G!22,��!22, and ��!2� 

0.065 V v 

TE00 +TM00 +1q�  U +2*$  U with  deleted modes:  �G2!2 , ��2!2 

,�G!2!2 , ��2!2 ,�G22 , ��22 �G!22,��!22 ,�G!2�, ��!2�, and 

��2!�. 

0.07 V v 

TE00 +TM00 +1q�  U +2*$  U with deleted modes :  �G2!2 , ��2!2 

,�G!2!2 , ��2!2 ,�G22 , ��22 �G!22,��!22 ,�G!2�, ��!2� 

,�G2!� .��2!� and ��2�. 

0.075 V v 

TE00 +TM00 +1q�  U +2*$  U with deleted modes : �G2!2 , ��2!2 

,�G!2!2 , ��2!2 ,�G22 , ��22 �G!22,��!22 ,�G!2�, ��!2� 

,�G2!� .��2!�,�G2� ,��2�, and  ��2!�. 

0.08 V v 
TE00 +TM00 +1q�  U + �G�2, ���2 ,�G!2� ,��!2�, �G�!2 , ���!2 

and �G2� from the 2*$  U. 

0.085 V v 
TE00 +TM00 +1q�  U + �G�2, ���2 ,�G!2� ,��!2�, �G�!2 , ���!2 

and �G2� from the 2*$  U. 

0.09 V v TE00 +TM00 +1q�  U + �G�2, ���2 and �G!2� from the 2*$  U   

0.095 V v TE00 +TM00 +1q�  U + �G�2 from the 2*$  U   

0.1 V v TE00 +TM00 +1q�  U with deleted mode: ���!�  

0.15 V v 
TE00 +TM00 +1q�  U with deleted modes: �G�!�, ���!�, �G!�� 

,��!�� ,�G!�!�, ��!�!� , �G��, ���� , ��!�� 

0.2 V v 
TE00 +TM00 +1q�  U with  deleted modes :�G�!�,  ���!�, �G!�� 

,��!�� ,�G!�!� ,��!�!� ,�G�� ,����, and ��!�� . 

0.35 V v 
TE00 +TM00 +1q�  U with  deleted modes :�G�!�,  ���!�, �G!�� 

,��!�� ,�G!�!� ,��!�!� ,�G�� ,����   and ��!��. 

0.4 V v 
TE00 +TM00 +1q�  U with  deleted modes : �G�!�,  ���!�, �G!�� 

,��!�� ,�G!�!� ,��!�!� ,�G�� ,����  and ��!��. 

0.45 V v TE00 

0.5 V v TE00 

0.6 V v TE00 

0.65 ∗V v TE00 

0.7 V v TE00 

 

 
Fig. 8.  Variation of the number of the modes involved in the coupling 

versus the FSSs' separation distance +. 

Two Test Points TP(D, TE, TM) were chosen, as shown in 
Figure 8. TP1 corresponds to the distance of 0.3749  cm 
between the two FSSs. According to Figure 8, the number of 
modes participating in the coupling between the two FSSs is 12 
TE modes and 11 TM modes. SSM-WCIP is applied to the two 
screen FSSs of Figure 2 and the results are shown in Figure 9. 
A good agreement between the obtained results of SSM-WCIP 
and all WCIP mode results was recorded with a relative error 
of 0.9515%, which is less than 1% as apriori fixed.  

The number of modes participating in the coupling between 
the two FSSs are only: 

�G�� � ���� � 1q�U � �G�2,  ���2 , �G!2� ,  ��!2� , 

 �G�!2, ���!2, and �G2�  from the 2*$U  

 

 
Fig. 9.  Comparison between the frequency response of full-wave WCIP 

method and SSM-WCIP. 

The later �~2  coordinates are an inter-FSS  distance of 
2.914 cm and only one coupling mode is the �G�� mode. The 
application of the WCIP method with only �G�� mode leads to 
a transmission coefficient as shown in Figure 10. A good 
agreement between the obtained results is recorded with a 
relative error of 0.2658%, which is less than the maximum 
allowed error of 1%.  

 

 
Fig. 10.  Comparison between the frequency response of full0wave WCIP 

method and SSM-WCIP. 

VI. CONCLUSION 

This study proposes two novel approaches. The former 
deals with the optimization of the strip FSS length using RGA 
in conjunction with the WCIP method to achieve the desired 
resonance frequency. Two strip FSS lengths are optimized 
using RGA-WCIP and a good agreement between the desired 
and the optimized resonant frequencies is recorded within a 
relative error of less than 1%. The latter concerns the 
identification of the inter-coupling modes between the double 
screen FSS structure by introducing the SSM-WCIP strategy 
and the full wave WCIP method after optimizing the FSS strips 
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lengths using the RGA-WCIP approach. A list of the modes 
involved in the coupling between the double-screen FSS is 
determined for each inter-FSS separation distance. As the inter-
FSS separation distance increases, the number of the involved 
coupling modes decreases, as can be concluded when the 
identified list of the involved coupling modes is observed. Two 
test points were chosen to validate the novel SSM-WCIP 
proposed strategy, and a good agreement in the allowed error 
of 1% was observed between the SSM-WCIP results and the 
full-wave WCIP results. The identified inter-FSS coupling 
mode list can serve as a reference when the inter-double-screen 
FSS coupling modes need to be known for a specific inter-FSS 
separation distance. 
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