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Abstract- High order bandpass frequency selective surfaces (FSSs) 

(N ≥ 1) can achieve high performance with a flat in-band frequency 

response and fast roll-off. One particular practical issue of 

designing bandpass FSSs using resonant surfaces is that the 

thickness of the substrate would be around a quarter of 

wavelength. On the other hand, the size of a non-resonant FSS 

array element is usually large. A new miniaturized FSS capable of 

exhibiting a second order bandpass response is proposed in this 

paper. Two miniaturized resonant surfaces coupled by a non-

resonant inductive layer are used to build the proposed FSSs. An 

FSS operating at around 3.8 GHz is designed to verify the method. 

The element size is smaller than 0.076λ×0.076λ for the proposed 

structure. This is significantly smaller than the element size of 

second-order FSSs designed using conventional approaches. The 

overall thickness is less than λ/24, where  is the free space 

wavelength at the resonant frequency. The method could be 

particularly useful for the design of FSSs at lower frequencies with 

longer wavelengths.  

 

  Index Terms— Array element, bandpass filter, frequency 

selective surfaces (FSS), miniaturization, periodic structures,  

radome.  
 

I. INTRODUCTION  

 FSSs with bandpass performances have gained more and 

more attention recently. Many design methods and structures 

have been adopted to obtain bandpass responses. In order to 

achieve a bandpass response with an almost flat top and a fast 

roll off, two or more metallic layers can be cascaded to realize 

the filter. Although theoretically similar to a classical 

microwave filter, a spatial filter is more complicated. A 

classical filter has a pair of terminals (input and output). The 

response is recorded at the output when a signal is fed to the 

input terminal. A spatial filter has a wave arriving at variable 

incident angles as well as polarizations. This fact has major 

impact on the transmission responses. Also FSSs have finite 

dimensions. The desired frequency selective response can only 

be observed when the finite surface includes a sufficient 

number of constituting elements and is illuminated by a planar 

phase front. For some applications, such as low-frequency 

antenna radomes, FSSs with array elements of relatively small 

electrical dimensions are highly desirable because they are less 

sensitive to the angle of incidence and can operate for non-

planar phase fronts.  

 A spatial bandpass filter can be built by cascading two or 

more surfaces isolated by dielectric slabs. The thickness of the 
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dielectric slabs is usually around a quarter of wavelength to 

obtain flat frequency response and fast roll-off [1]. As a result, 

the structure will be bulky, and sensitive to the wave incident 

angle, especial for low frequency applications. Using non-

resonant traditional patch and mesh to design a low-profile 

second order bandpass FSS was given in [2] and a miniaturized 

dual-band FSS in [3]. However, using non-resonant layers 

could affect the miniaturization of the array elements. A second 

order bandpass FSS with narrowband responses by using 

inductively coupled miniaturized element is reported in [4]. 

In this paper, two resonant miniaturized layers are used as 

resonators. They are inductively coupled to exhibit a second 

order bandpass response. The performance is polarization 

independent and stable at different incident angles. The 

structure is low-profile and extremely compact, which can be 

potentially applied for very low frequency applications.  

II. THE PROPOSED STRUCTURE 

Fig. 1 shows the proposed structure with three surface layers. 

Two dielectric slabs are used to separate them. The first and 

third surface layers, as introduced in [5], are identical. They are 

formed by four stepped-impedance transmission lines 

connected to a square ring. The middle layer is built using cross 

dipoles to present inductance. Two dielectric slabs of FR4 with 

a thickness of 1.6 mm and a dielectric constant 𝜀𝑟  of 4.3 were 

used to separate the three metallic layers. 

For normal incident waves, the equivalent circuit as shown 

in Fig. 2 can be used to explain the operation principles of the 

proposed structure. The dielectric slabs, separating the surfaces 

layers, can be represented by two short pieces of transmission 

lines h1 and h2. The characteristic impedance of the transmission 

lines is 𝑍𝑑 = 𝑍𝑜 √𝜀𝑟⁄ , where Zo is the free space impedance. In 

Fig. 2(a), C1 and C3 represent the mutual capacitance between 

adjacent elements in the first and third layers, respectively. C2 

and C4 represent the capacitance between the patches of an 

element in the first and third layers, respectively. L1 represents 

the inductance of strips on the first layer which are parallel to 

the E-field, and L3 represents the inductance of strips on the 

third layer. L2 represents the inductance of the inductive layer 

(the middle layer). The short transmission line sections, h1 and 

h2 in Fig. 2(a), can be replaced with their equivalent circuit 

model [6] which consists of a shunt capacitor and a series 

inductor. The revised equivalent circuit is shown in Fig. 2(b). 
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Fig. 1. Topology of the proposed second-order bandpass FSS. 

 

 
(a) 

 

 
                                          (b)        

 

 
                                                             (c) 
 

Fig. 2. Equivalent circuit model of the proposed second-order bandpass FSS 

(a) with transmission lines; (b) using shunt capacitors and series inductors 
instead of transmission lines; and (c) after star-delta transformation.   

 

The three inductors, Lt1, L2 and Lt2 in Fig. 2(b) can be 

transformed into the T-configuration as shown in Fig. 2(c) by 

using the well-known star-delta transformation [7]. It is 

assumed that each resonant circuit is coupled only with the 

circuit adjacent to it. As can be observed, the circuit shown in 

Fig. 2(c) is composed of two resonators coupled to one another 

with a single inductor. This circuit presents a second-order 

coupled-resonator bandpass filter as described in [7]. The 

resonant frequency can be calculated as [8].   

𝑓𝑜 ≈
1

2𝜋√𝐶1(𝐶2+𝜀𝑟𝜀𝑜ℎ 2⁄ )(2𝐿1+2𝐿2+2𝜇𝑜ℎ) (𝐶1+𝐶2)⁄
       (1) 

 

where εr and μr are the relative permittivity and permeability of 

the substrate, respectively. It is obvious from (1) that L1, the 

inductance of the resonant structure layer, contributes 

significantly to the miniaturization of the proposed structure. 

This inductance in the resonant structure (L1) is designed to 

have a high value, much stronger than the inductance of the 

inductive layer to lower the resonant frequency or miniaturize 

the element size.  

The values of the inductors Lr1, Lr2, and L1 are related to Lt1, 
Lt2, and Lc by: Lr1= Lt1+ L2 (1+ Lt1/Lt2) and Lr2= Lt2+ L2 (1+ 

Lt2/Lt1). The coupling inductor Lc= Lt1+ L2 + (Lt1/ Lt2)/L2, while 

Cr1=C2+Ct1, Cr2= C4+Ct2 and. The values of lumped-element 

components in Fig. 2 (a), to achieve the desired response, can 

be determined. By taking C1= C3=0.30 pF, C2 =C4= 0.25 pF, 

L1=L3 = 2.34 nH and L2 =0.27 nH, the calculated reflection and 

transmission coefficients of the equivalent circuit are shown in 

Fig. 3. 

To design the proposed miniaturized FSS with the desired 

response, one can first determine the values of the elements 

used in the equivalent circuit model of Fig. 2, then the initial 

dimensions of these LC components can be approximated using 

the formulas in [9].  
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Fig. 3. Comparison between the calculated and simulated transmission and 
reflection coefficients of the proposed second-order bandpass FSS. 

 

Table I. Physical parameters of an element of the proposed second order 
bandpass FSS 

Parameter Dx Dy h1  h2 

Value 6 mm 6 mm 1.6 mm 1.6 mm 

Parameter Ws Wi Wp Wl 

Value 0.2 mm 2.4 mm 2.3 mm 0.2 mm 

Parameter εr S g  

Value 4.3 0.1 mm 0.2 mm  

 

Finally, based on the results obtained from full-wave 

simulation on the array element of the proposed FSS, the 

dimensions of the inductive and resonant structures can be 

tuned to achieve the desired frequency response. The final 

design parameters of an array element are listed in Table I. 

Fig. 4 shows the geometry dimensions of each layer of the 

proposed FSS after tuning. Each periodic element has 



1536-1225 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/LAWP.2017.2746266, IEEE
Antennas and Wireless Propagation Letters

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

3 

dimensions of Dx and Dy toward the x and y axis, respectively. 

The period of the inductive layer in x and y direction is Dx and 

Dy. Dx-s and Dy-s are the dimensions of the resonant structures 

on the first and the third layers as shown in Fig. 1 and Fig. 4; 

where s represents the separation between the two adjacent 

structures. Wp is the width of the square patch. Wi is the width 

of the cross dipole.  

 

 
Fig. 4. Top view of the array element of the second-order bandpass FSS. The 

resonant structure is shown on the right-hand side and the inductive (cross-
dipole) layer is shown on the left-hand side. 
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Fig. 5. Simulated transmission coefficients of the proposed second-order FSS 

with variable incident angles for the TE mode. 
 

Fig. 3 also shows the comparison between the calculated 

transmission and reflection coefficients and the simulated ones. 

Fig. 5 and Fig. 6 show the simulated frequency responses of the 

proposed FSS for the TE and TM modes, respectively. The 

resonant frequency is 3.8 GHz, and the fractional bandwidth is 

about 10% at the normal incident angle. The insertion loss is 

0.10 dB (assuming a lossless FR4). Whereas, using a lossy FR4 

with a loss tangent of 0.019, the simulated insertion loss in the 

passband is about 1.05 dB. The simulation results also show 

that the response of the proposed FSS is stable against incident 

angles. The frequency shift of the FSS at the TE mode with 

different incident angles is shown in Fig. 5. It can be seen that 

the center frequency is shifted only by 2.6% from 0˚ to 60˚. The 

response is stable at the TM mode as well, as shown in Fig. 6. 

The comparison with other works is shown in Table II. It can 

be observed that the proposed structure is very stable, especially 

when the incident angle is high as 60˚. This is expected because 

FSSs with miniaturized array elements usually exhibit stable 

responses for oblique incidence. 
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Fig. 6. Simulated transmission coefficients of the proposed second-order FSS 

with variable incident angles for the TM mode. 

 

Table II. Comparison with other works regarding the center frequency 

deviations with incident angles 

FSS fo (GHz) Incident angle TE TM 

[2] 10 60o 7% 10% 

[4] 21 40o 2.5% 2.3% 

[10] 10 60o 18% 16% 

This work 3.8 40o 2% 1.8% 

This work 3.8 60o 2.6% 2.6% 

 
Table III. Comparison with other works regarding the size, thickness and 

factional bandwidth (BW) of array elements 

FSS Order fo (GHz) Element size  Overall thickness BW 

[2] 2 10 0.15λ 0.033λ 20% 

[3] 2 16.5 0.104 λ 0.22λ 10% 

[4] 2 21 0.21 λ 0.273λ 5% 

[8] 2 24 0.16 λ 0.033λ 19% 

[10] 2 10 0.1λ 0.067λ 21% 

[11] 3 8.5 0.2λ 0.257λ 15% 

This work 2 3.8 0.076 λ 0.038 λ 10% 

 

Due to symmetry, the frequency response of the proposed 

structure is independent from the polarization angle. These 

features offer great flexibility for the proposed structure to be 

used for many applications. 

A comparison of the proposed FSS filter with other reported 

ones is illustrated in Table III. It can be seen that the proposed 

structure has the smallest size. The overall thickness is one of 

the lowest as well. The thickness is only slightly thicker than 

that in [2] and [8]. However the fractional bandwidth is about 

half. Had the FSS been designed with the same fractional 

bandwidth, the thickness would have been thinner than them. 

This is because, to design an FSS with a wider bandwidth, the 

coupling between the first and third layers required would be 

stronger. Hence the substrate could be thinner. 

Because of their relatively large size, most traditional high 

order bandpass FSSs are designed at the X, Ku, K and Ka band, 

rather than at lower frequencies, as can be observed from Table 

III. The size of the proposed element is very compact and the 

overall thickness is small, which make the proposed design very 

suitable for low frequency applications.   

III. EXPERIMENT SETUP 

A prototype of the proposed FSS filter has been fabricated 

and tested to validate the design method. The fabricated FSS is 
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shown in Fig. 7. The size of the FSS prototype is 198 mm × 198 

mm. It consists of 33 × 33 elements. A vector network analyzer 

and two horn antennas were used for the measurement. Each 

antenna is placed 75 cm away from the FSS. The distance is 

large enough to satisfy the far field condition (meeting > 2D2/ 

condition), where D is the antenna aperture size and  is the 

wavelength in free space at the resonant frequency. Thus the 

wave arriving at the FSS can be considered as a plane wave. To 

avoid spillover or diffraction at the edge of the FSS, RF 

absorbing materials are used around the edges  

 

          
                                                         
Fig. 7. Photograph of the fabricated prototype of the proposed second-order 

bandpass FSS. 

  
Fig. 8. Simulated and measured responses of the proposed second-order 

bandpass FSS. 

 

The measurement was done in two steps. First, the 

transmission coefficient between the two horn antennas was 

measured without the FSS. Second, the transmission coefficient 

was measured with the FSS prototype between the antennas. 

Then the measured transmission with the FSS is normalized 

with respect to the measured data without the FSS. The 

transmission coefficient S21 was measured at various angles of 

incidence. The measured results are shown in Fig. 8 for the 

incident angles of 0˚ and 30˚. They show very good agreement 

with the simulated ones. As can be observed, the structure 

exhibits a bandpass response. The center frequency of the 

passband is 3.8 GHz with a fractional bandwidth of 10%. The 

frequency response of the proposed FSS is insensitive to the 

wave incident angle. The FSS was also tested under various 

polarization angles. The performance is almost independent 

from polarization angles due to the symmetrical nature of the 

proposed element.   

IV. CONCLUSION 

In this paper, a new approach to design a miniaturized 

second-order bandpass filter has been proposed. The 

miniaturized FSS has been built by using a configuration of 

three surfaces layers. The overall thickness of the proposed 

structure is 0.038λ, and the element dimensions are 0.076λ × 

0.076λ for the prototype, which is one of the smallest reported 

so far. The miniaturization was realized by using resonant 

structures on the first and third layers. The proposed technique 

is particularly useful for low frequency applications. The 

structure exhibits very good features as an FSS, such as 

insensitivity to the incident angle and independence from the 

polarizations. The proposed design method with these features 

is very attractive for a wide range of applications.  
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