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Abstract  In this study, we present the analysis and modeling of Jerusalem cross frequency selective surfaces adopting 

vector fitting procedure that ensures high accuracy with arbitrary terminal conditions. The simulations of microstructure are 

performed with full wave simulation tool CST Microwave Studio on single - layer and multilayer substrates with 

permittivity ranges from 2.2 - 4.3 in the frequency range 1 GHz – 30 GHz and substrate thickness ranges from 0.5 mm – 2 

mm for different physical parameters. Then circuit models are extracted and developed using the vector fitting tool and 

implemented in a circuit simulator along with effect of polarization and angle of incidence. Then ADS SPICE generator is 

used for verifying circuit models developed using simulated results. The developed model is within 1% of average 

deviation against reference data. 
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1. Introduction 

A Frequency Selective Surface (FSS) is a periodic, planar 

assembly of generally metallic elements on a dielectric 

layer. It is built in conjunction with the EM waves in order 

to "tailor" an electromagnetic link in the free-space 

environment. Acting as a barrier for the waves propagating 

along the link, the FSS controls the flow of the EM energy. 

FSS has been an important topic because of their 

comprehensive applications, such as polarizers, filters, 

sub-reflectors, hybrid radomes, etc. [1, 2]. Nowadays hybrid 

-element based FSS structures are used to achieve 

significant bandwidth for airborne radome applications [3]. 

Several analytical or numerical electromagnetic methods 

(FEM, FDTD or MoM) have been used to analyze FSS. 

One of the simplest methods is the equivalent circuit model 

[3-12, 14]. The low computational effort required by the 

equivalent circuit method allows a faster design and 

analysis of FSS microstructures. Moreover, the approximate 

analysis, based on the parallel between real structure and a 

lumped - RLC - network counterpart is also useful for 

acquiring physical insights into the working principles of 

FSS [6]. 

Unlike traditional microwave filters, the frequency 

response of FSS are not only functions of frequency, but also  
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functions of incident angle and polarizations of EM waves. 

Consequently, it is necessary that an excellent FSS should 

provide stable performances for both various incidence 

angles and different polarizations within its operating 

frequencies. A new paradigm for designing modern 

multifunction structurally integrated array radars for low 

Radar Cross Section (RCS) platforms is the use of 

multilayer structures with integrated radomes and FSS’s. 

Thus, there is a growing demand for developing an accurate 

circuit model for FSS so that one can synthesize a desired 

frequency response by an optimization method in a 

reasonably short time using a circuit simulator [6].  

In this paper, an equivalent circuit model for the analysis 

of Jerusalem cross (JC) has been presented, as shown in 

Fig.1. Being stable over wide range of parameters, the 

choice of JC-element allows the designer to tune its EM 

characteristics over the desired frequency range [3]. The 

simulations of microstructure are performed with full wave 

simulation tool CST Microwave Studio [19] on single -layer 

and multilayer substrates with permittivity ranges from 2.2 - 

4.3 in the frequency range 1 GHz – 30 GHz and substrate 

thickness ranges from 0.5 mm – 2 mm for different physical 

parameters. The multilayer configuration of JC, as shown in 

Fig. 1(c), which consists of two FSS layers printed on both 

sides of a substrate are considered for study. The vector 

fitting (VF) technique [15-17] is used for determination of 

their poles and residues from simulated S-parameters [18]. 

Then the SPICE - compatible equivalent circuit model [13] 

of frequency-domain responses approximated by rational 

functions are developed. The transmission and reflection 
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properties of JC FSS are evaluated through a simple and 

accurate circuit approach. The developed model is within  

1% of average deviation against reference data. 

         

(a)                                (b) 

 

(c) 

Figure 1.  (a) Layout of JC (b) its equivalent circuit and (c) Multilayer 

configuration with side view of the FSS 

2. Vector Fitting Methodology 

An efficient broadband modeling of transmission lines 

must also take into account the frequency - dependent 

behaviour of dielectrics. These effects materialize as a 

frequency domain variation in the resistance, inductance and 

capacitance matrices used in the formulation of the model. In 

practice, the frequency dependent responses are obtained via 

calculation or measurements as discrete functions of 

frequency [17]. 

An attempt at formulating a general fitting methodology 

was introduced as VF method. Consider the rational function 

approximation [15] 
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The residues cn and poles an are either real quantities or 

come in complex conjugate pairs, while d and h are real. The 

problem at hand is to estimate all coefficients in equation - (1) 

so that a least squares approximation of f(s) is obtained over 

a given frequency interval.  

Vector fitting solves the equation-(1) sequentially as a 

linear problem in two stages, both times with known poles 

[15, 16]. The first stage was carried out with complex poles 

distributed over the frequency range of interest. In addition, 

an unknown frequency dependent scaling parameter was 

introduced which permitted the scaled function to be 

accurately fitted with the prescribed poles. From the fitted 

function a new set of poles were obtained and then used in 

the second stage in the fitting of the unscaled function. This 

method ensures that the poles of the generated closed-form 

responses are stable or all poles have non-positive real parts. 

In this section, circuit representation for complex pairs is 

presented for the generation of SPICE [13] compatible 

equivalent circuit of JC FSS from three-dimensional models. 

In the rational approximation of a transfer function f(s), as 

shown in equation-(1), the nth residue and pole have been 

extracted by using a fitting procedure mentioned in [14-16]. 

It has been assumed that the constant term d and the 

s-proportional one can be synthesized with a resistance and a 

capacitance whose values are 1/d and h. It is convenient to 

distinguish the case of real poles from that of complex pairs. 

The detailed methodology and expressions can be obtained 

from [13]. 

2.1. Real Poles 

The admittance of a series RL circuit represented in Fig. 

2(a) to synthesize a function f(s) with a real pole is given by:  
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Its pole and residue are 
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Given a pair of a pole and residue extracted by a VF 

procedure, the corresponding couple of R and L parameters 

are 
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2.2. Complex Pole Pair 

Assume the pairs of complex and conjugate residues and 

poles be c1, c2, a1 and a2 respectively. The corresponding 

transfer function f(s) is [13]: 
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Figure 2.  (a) Equivalent RL circuit for real pole synthesis; (b) Equivalent series RLC circuit; and (c) Equivalent parallel RLC circuit for complex pole pair 

synthesis [14] 

2.2.1. Series RLC Circuit  

The improved transfer function f(s) of a series RLC circuit, 

to develop its equivalent circuit for complex pole pair 

synthesis [13], as shown in Fig.2(b), is written in terms of its 

residues and poles as 
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Therefore, Rs , Ls , Cs and fadd (s) parameters from the 

equivalent circuit can be evaluated as 
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2.2.2. Parallel RLC Circuit  

The improved transfer function f(s) of a parallel RLC 

circuit, to develop its equivalent circuit for complex pole pair 
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synthesis [13], as shown in Fig.2(c), is written in terms of its 

residues and poles as 
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in which the values of the lumped elements of the parallel  

RLC circuit in Fig.2(c) are 
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Figure 3.  Equivalent П circuit 

The following synthesis approach has been used in this 

research work to achieve the SPICE-compatible equivalent 

circuit of JC FSS microstructure [18]: 

 

Step 1)  Scattering parameter extraction by means of a full 

- wave electromagnetic simulation of FSS 

microstructure. In this work CST Microwave 

Studio is used; 

Step 2)  ABCD parameters evaluation; 

Step 3)  Building of the П equivalent circuit as shown in 

Fig.3; 

Step 4)  Residues and poles extraction of admittances 

AY , BY  and Y ; 

Step 5)  SPICE-compatible equivalent circuit synthesis 

[13]. 

 

The VF technique has been adopted to extract poles and 

residues of admittances AY , BY  and Y , which have 

been synthesized in the equivalent circuit, as shown in Fig. 4, 

of FSS microstructure and simulated in a ADS SPICE [20] 

environment enabling both time and frequency analyses 

according to this approach [21-22].  

 

 

Figure 4.  Proposed equivalent circuit for JC FSS using VF 
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3. Parametric Study of JC FSS 

The full-wave approach is necessary to establish the 

relationship between the physical parameters of the 

miniaturized unit cell and the lumped elements of the circuit 

model. So, JC FSS structure is studied and investigated on 

single-layer and multilayer substrates for different physical 

parameters using CST Microwave Studio [19].  

 

     

(a)                                                                 (b) 

     

(c)                                                                     (d) 

      

(e)                                                                    (f) 

Figure 5.  Plane-wave reflection and transmission response at normal incidence for JC FSS 
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The effects of oblique incidence and TE / TM polarization 

are also studied. TM - incidence occurs when the E-field is 

polarized parallel to the plane of incidence, i.e. θ = 0°, and 

TE - incidence when the E-field is perpendicular to the plane 

of incidence, i.e. Φ= 0°. The geometrical parameters of the 

designed JC FSS are: w = 3.5 mm, g = 0.5 mm, d = 1 mm, p = 

7 mm and L = 10 mm on FR4 substrate with permittivity r
= 4.4, loss tangent tan δ = 0.025 and substrate thickness h = 1 

mm. 

Fig. 5 shows the parametric study of JC FSS at normal, in 

terms of varying cell size, cross size and substrate thickness. 

Fig.5(a) and 5(b) show magnitude and phase of reflection 

and transmission characteristics respectively for different 

cell sizes. It can be observed that by decreasing cell size there 

is shift in resonance peak towards lower frequency for 

transmission characteristics.  

Fig.(5c) and (5d) show magnitude and phase of reflection 

and transmission characteristics respectively for different 

cross sizes. By increasing cross size there is shift in 

resonance towards lower frequency.  

It can be observed that by increasing cross size there is 

shift in resonance towards lower frequency. Similarly, 

Fig.(5e) and (5f) show magnitude and phase of reflection and 

transmission characteristics respectively for different 

substrate thicknesses. By increasing substrate thickness, 

there is shift in resonance towards lower frequency.  

Fig. 6 shows the effect of oblique incidence and TE/TM 

polarization on magnitude and phase of reflection and 

transmission characteristics of JC FSS. The effect of 

substrate is also investigated through comparing the 

frequency responses of three different substrates namely - 1) 

FR4 with r = 4.4 and tan = 0.025; 2) Roger RT5880 with 

r = 2.2 and tan = 0.008 and 3) Epoxy with r = 3.6 and 

tan = 0.012, in the frequency range 1 GHz – 30 GHz and 

substrate thickness ranges from 0.5 mm – 2 mm, as shown in 

Fig.7. The results indicate that one can take advantage of low 

permittivity substrates to change or improve the frequency 

response of the designed filter. Fig.7(a) shows the effect of 

different substrates on reflection characteristics of multilayer 

JC FSS. Fig.7(b) and 7(c) show the effect of oblique 

incidence and TE/TM polarization on magnitude of reflection 

characteristics of multilayer JC FSS. 

 

     

(a)                                                                 (b) 

     

(c)                                                                   (d) 

Figure 6.  Plane-wave reflection and transmission response at oblique incidence for JC FSS 
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(a)                                                            (b) 

 

(c) 

Figure 7.  Plane-wave reflection and transmission response for multilayer JC FSS 

 

     

(a)                                                                    (b) 

Figure 8.  JC FSS - (a) Magnitude and (b) Phase 
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Table 1.  Extracted Poles and Synthesized component values of JC FSS 

  

 

4. Model Verification and Results 

In this section, the results of reflection and transmission 

characteristics of JC FSS obtained from the developed circuit 

model using VF tool, circuit model available from literature 

and CST simulations are compared against each other.  

The reflection and transmission characteristics of JC FSS 

have been fitted by using 12 poles [14, 17]. The fitting 

procedure has provided two real poles and five complex 

pairs, which can be synthesized in ADS SPICE generator 

using repeated units shown in Fig.4. Table 1 shows extracted 

poles and synthesized component values of JC FSS. Fig. 8 

shows the plots of the magnitude and phase of reflection and 

transmission characteristics, those obtained by simulation, 

equivalent circuit from Fig.1(b) and equivalent circuit using 

VF technique. 

The proposed synthesis allows a satisfactory 

approximation of all the considered FSS being the 

percentage errors on magnitude and phase of the order of 1%. 

While the equivalent circuits available in literature have the 

percentage errors on magnitude and phase of the order of 2%. 

All the equivalent circuits are designed and simulated using 

ADS SPICE generator.  

5. Conclusions  

The present work reports detailed investigation and study 

of JC FSS with resonant unit cells. The simulations are 

performed with CST Microwave Studio on single-layer and 

multilayer substrates for different physical parameters with 

permittivity ranges from 2.2 - 4.3 in the frequency range 1 

GHz – 30 GHz and substrate thickness ranges from 0.5 mm – 

2 mm. The VF tool is employed to extract equivalent circuits 

from S-parameters of JC FSS microstructure to use in circuit 

simulators to avoid time consuming 3D simulations. Then 

ADS SPICE generator is used for verifying circuit models 

developed using simulated results. All the models are within 

1% of average deviation against reference data. The 

programming has been done in MATLAB. The method is 

useful for developing low-profile antenna applications based 

on FSS microstructures.  
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