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Abstract— In most applications, a Frequency Selective Surface 

(FSS) needs to be attached to a wide variety of dielectric materials. 

The performance of a traditional FSS is greatly influenced by the 

dielectric material to which it is attached. In this paper, a novel 

multi-layer structure is proposed to construct an FSS. The 

performance of the proposed structure is shown to be very stable 

when it is attached directly to a wide variety of dielectric materials 

of arbitrary thickness. Both single and dual polarized structures 

are designed. The shape of the FSS element is designed by using 

stepped-impedance transmission lines. A new methodology is 

proposed to design the FSS by maximizing the value of the 

capacitance between adjacent layers. The proposed structure 

offers three distinctive advantages. Firstly, the strong cross-layer 

capacitance makes the FSS element very compact. The dimensions 

of the miniaturized element are as small as 0.012λ × 0.012λ. 

Secondly, for the proposed structure, the lower the profile, the 

stronger the cross-layer capacitance, and the lower the resonant 

frequency. This is unique to the proposed structure since the 

resonant frequency is usually higher for a lower profile for 

traditional structures. Thirdly and most importantly, any external 

dielectric material attached to the FSS will not significantly affect 

the performance of the FSS due to this strong cross-layer 

capacitance. Through examples of a single polarized bandpass FSS 

at 1 GHz and a dual polarized bandpass FSS at 1.96 GHz, it is 

demonstrated that a stable resonant frequency under various 

incident angles up to 75o can be achieved.  

 

Index Terms—Frequency selective surface (FSS), multi-layer, 

radio frequency-identification (RFID), radomes, spatial filters. 

 

I. INTRODUCTION 

REQUENCY Selective Surfaces (FSSs) are periodical 

structures with an arbitrary shape, generally embedded in or 

supported by a dielectric substrate. FSSs are essentially 

resonant periodic arrays which exhibit selectivity in frequency, 

polarization and incident angle. The use of FSSs has 

contributed to the ever-increasing communication capabilities 

of satellite platforms [1]-[4]. They are used in modern military 

platforms such as aircraft, ships and missiles. FSSs are widely 

used with antennas and radars to achieve cross section 
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reduction. FSSs can be used in many applications in the civil 

sector as well, such as isolation of unwanted and harmful 

radiation in L-band and S-band in hospitals, schools and 

domestic environments. FSSs have been the subject of intense 

investigations on a large scale as spatial microwave and optical 

filters for decades [5]-[12]. Bandstop FSS structures are 

successfully used to decrease the electrical power in antennas 

and improve the radiation power [12]. Most antennas act as 

efficient radiators at the frequency band in which they are 

designed to operate in and also outside their desired operating 

frequency range. In such applications, the RCS of the antenna 

can be reduced to protect it from the outdoor environment and 

undesired frequencies by using a bandpass FSS. The bandpass 

FSS is transparent within the antenna’s operating frequency and 

opaque at other frequencies. 

FSSs can be classified as the patch type and the mesh type 

[13]. If the metal patches are not connected, it is called a 

capacitive surface, and The FSS reflects high frequencies while 

transmitting low frequencies. On the other hand, the 

complementary structure is called an inductive surface, and it 

reflects low frequencies while transmitting high frequencies. 

Recently, there has been an interest in the design of FSSs 

with array element dimensions that are much smaller than the 

wavelength. The miniaturization of FSS elements is desired to 

enable an FSS with sufficient number of elements to present as 

an infinite array because practical FSSs are fabricated in finite 

dimensions. The miniaturization of an FSS is mainly achieved 

by increasing the values of resonant elements. An FSS array 

element can be much smaller than the wavelength at the 

resonant frequency by adding meander-slots to a circular ring 

structure in [14]. The creation of a miniature FSS by printing 

micro wires on a dielectric has been demonstrated in [15]. 
Using four symmetrical spiral patterns of metallic meander 

lines can increase the electrical length of the array element and 

increase the values of resonant components [16]. Two layers, 

metallic patches and wire meshes, separated by a dielectric 

substrate were used to miniaturize the array elements in [17], 

[18]. An FSS element miniaturized by using lumped 

components has been presented in [19]. Another approach was 

adopted in [20] by cascading interdigitated capacitors on a thin 
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substrate layer. By cascading a square-loop slot with a periodic 

array of metallic patches,  a compact FSS is implemented on an 

ultra-thin dielectric layer in  [21].  

Most FSSs reported in the literature suffer from practical 

design issues, namely sensitivity to polarization or incident 

angles, the dimension issue, or the sensitivity when attached to 

a wide variety of dielectric materials of arbitrary thicknesses. 
These limitations can restrict the use of an FSS in many 

applications. For example, the FSSs can be used in radio 

frequency-identification (RFID) tag applications [22]. A tag is 

usually attached directly to an object that needs to be identified. 

Many common materials have very strong effect on the 

performance of the tag antenna and can shift the resonant 

frequency significantly. In the worst case, the tag may be 

unreadable at normal ranges, which would cause tracking 

systems to miss objects, and vitiate many of the advantages of 

tags [23], [24]. In some applications, the FSSs need to be 

attached to dielectric materials for mechanical reasons to make 

the structure stronger.  

This paper describes both a single and a dual polarized FSS 

structures. Firstly, a two-metallic-layer bandpass FSS element 

is designed by using a step-impedance structure with very high 

and very low characteristic impedance transmission lines in 

each layer. The proposed array element has both meshes and 

patches. An unconventional methodology is used to miniaturize 

the FSS element’s dimensions. The dimensions of the periodic 

array element are much smaller than the wavelength at the 

resonant frequency. The overall profiles (thicknesses) of the 

multi-layer FSS elements presented in this paper are extremely 

small. For example, the thickness of the FSS structure 

consisting of two metallic layers and one dielectric layer is less 

than 0.15 mm. The proposed structure is designed to exhibit a 

stable frequency response when it is attached to a wide variety 

of dielectric materials of arbitrary thicknesses. These features 

of the proposed structure can make it a very good solution for 

many applications. In this paper, section II describes the design 

of a single polarized FSS array element and the approaches to 

miniaturize the element. The design of a dual polarized FSS 

array element is explained Section III. Section IV discusses the 

stability of the FSS array against surrounding dielectric 

materials. Section V describes the measurement setup and 

experimental results to verify the theory. Conclusions are 

finally given in Section VI. 

 

II.   SINGLE POLARIZED FSS ELEMENT  

Fig. 1 shows the structure of the proposed single polarized 

FSS element, consisting of two metallic layers separated by a 

substrate layer. Each metallic layer is printed on one side of the 

dielectric substrate consisting of an inductive loop with a width 

of w and two capacitive patches, each with an area of b×a. 

Numerical analysis of the proposed element was performed by 

using CST Microwave Studio, using unit cell boundary 

conditions to provide periodicity along the x and y axes. The 

FSS is excited by an electromagnetic wave with the propagation 

vector (k) towards the z axis, magnetic field vector (H) towards 

the x axis and electric field vector (E) towards the y axis 

direction. The top and bottom layers are the same, but flipped 

in the xy plane. In this way, the currents enter and exit from the 

top layer patches in opposite directions to the bottom layer 

patches, as shown in Fig. 2. This causes the charges to be 

distributed in different polarizations between the top and the 

bottom layers of the FSS, which induces a strong cross-layer 

capacitor, Ccc. 

 

 
Fig. 1. Array element geometry of the proposed single polarized FSS. 
 

For instance, when an external electrical field, E, is applied 

in the y-axis direction, the current will flow into the left patch 

and out from the right patch towards the (-y) axis direction on 

the top layer, as shown in Fig. 2(a). This can induce positive 

charges on the left patch of the proposed element and negative 

charges on the right one. On the other hand, in the bottom layer, 

since the structure is flipped, the current will flow into the right 

patch and out from the left patch towards the (-y) axis direction, 

as shown in Fig. 2(b). This can induce charges opposite to the 

top layer. Thus, there is a strong cross-layer capacitance 

existing between the top and the bottom layer. This capacitance 

offers significant advantages to the FSS element by making the 

structure compact, low-profile (the lower the profile, the 

stronger the capacitance) and insensitive to surrounding 

dielectric materials, as discussed in the following sections.  
 

 
                             (a)                                                  (b) 
Fig. 2. Current distribution of the proposed element on (a) the top layer, and 

(b) the bottom layer.  

 

 The proposed structure is designed on an FR4 PCB. The two 

metallic layers are etched on the top and bottom copper layers 

of a 0.127 mm-thick FR4 substrate with a dielectric constant of 

4.3 and a loss tangent of 0.025. The length of the square patch 

a is 2.2 mm and the width b is 4.6 mm, the gap width g is 0.2 
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mm and the width, w, of the short line connecting the patches 

and the loop is 0.1 mm. The periodic constant P of the array is 

6 mm. Fig. 3 shows the simulated transmission and reflection 

coefficients. The resonant frequency is 1 GHz with a fractional 

bandwidth of 6.1%. The reflection coefficient is -19 dB and the  
   

 
Fig. 3. Simulated frequency response of the proposed two-layer FSS under 

variable incident angles for the vertical polarization.  

 

 
 

Fig. 4. Equivalent circuit of a two-metallic-layer structure.   

 

insertion loss is 1.13 dB at the resonant frequency. The size of 

the array element is found to be 0.02λ × 0.02λ. The equivalent 

circuit model of the proposed array element for vertical 

polarized incident waves is shown in Fig. 4. It should be noted 

that the circuit model is only used to give a better qualitative 

understanding of the proposed structure. The actual equivalent 

circuit is much more complicated than this circuit model. The 

circuit model consists of an L1C1 circuit for the top layer 

structure, an L2C2 for the bottom layer structure and a cross-

layer capacitor Ccc between them. The substrate between the 

two metallic layers acts as a transmission line of length h (h is 

the substrate thickness) and a characteristic impedance of Z. 

The transmission line is used here as a short circuit because h is 

very small. For example, at the resonant frequency 1 GHz, h is 

λ/2362. In the circuit model, L1 is equal to L2 and C1 is equal to 

C2 due to symmetry.  

The cross-layer capacitance is much stronger than the 

intrinsic capacitance between the two adjacent patches of each 

layer. Any dielectric materials attached to the FSS will mainly 

affect the intrinsic capacitance, but not the cross-layer 

capacitance. Hence the performance of the proposed FSS is 

very insensitive to surrounding materials. This advantage will 

be further discussed in Section IV. 

In this case, the circuit model of the FSS element is 

composed of the parallel LC circuits of two metallic layers and 

the cross-layer capacitor. This means that increasing the 

number of layers will miniaturize the structure further, although 

this will be accompanied with bandwidth and insertion loss 

penalties.  The approximate values of the intrinsic inductance 

and capacitance for TE incident waves can be calculated from 

the strip inductance and path capacitance using equations in 

[25], 
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where L is the strip inductance, which is determined by the strip 

length P, the strip width w and the effective magnetic 

permeability μe of the structure, n is the number of metal layers. 

And 
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where C is the intrinsic capacitance between the two adjacent 

patches in each layer, which is determined by the patch length 

b, the gap g between adjacent patches and the effective 

dielectric constant ɛe of the structure. While the cross-layer 

capacitance Ccc is calculated by using the parallel plates’ 

capacitance equation: 
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The overlapping area of the conducting patch is A and equal 

to 2(a×b); the parallel conducting layers are separated by a 

distance d, which is the thickness of the substrate h in this case, 

and the dielectric constant of the substrate is ɛr. It is quite 

obvious that the cross-layer capacitance is much higher than the 

intrinsic capacitance of each layer. The approximate theoretical 

values for the resonator components are L1 = L2 = 3.54 nH, C1 = 

C2 = 0.288 pF, while the value of Ccc = 6.25 pF. The value of 

Ccc is much greater as expected. The cross-coupling capacitance 

Ccc will significantly lower the resonant frequency of the FSS 

array element, which makes the element much more compact. 

 Multi-layer structures are usually used for the design of 

multi-band or wideband bandpass filters. It can be seen from (3) 

that the multi-layer structure can also be used to miniaturize the 

array element. It can be calculated from the equivalent circuit 

in Fig. 4 that a multi-layer structure is much less sensitive to 

surrounding materials to be further discussed below. 

 The cross-layer capacitance is higher with a thinner substrate 

(lower profile). This is on the contrary of the intrinsic 

capacitance. The intrinsic capacitance depends on the effective 

permittivity of the substrate. The effective permittivity is a 

function of the thickness of the substrate. If the thickness is 

comparable with the gap width, the effective permittivity is 

lower with a thinner substrate. The intrinsic capacitance is 

lower accordingly. If the substrate thickness is much greater 

than the gap width, the effective permittivity is almost constant.  

Therefore, the proposed FSS with a lower profile is actually 

more compact, which is different from traditional structures.  

Fig. 5 shows the structure with n metallic layers and (n-1) 

dielectric layers. The two transparent layers are only used to 
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mechanically support assembling the multiple layers together if 

needed. There are alternative ways of doing this. For example, 

the layers can be thermally compressed together using a 

bonding film with a very thin thickness between them [26]. Fig. 

6 shows the equivalent circuit of an n-layer FSS structure after 

neglecting the intrinsic capacitance of each metallic layer. 

 

 
Fig. 5. Array element of the proposed n-metallic-layers FSS with thin 

dielectric supporters. 
 

 
 

Fig. 6. Equivalent circuit of the proposed n-metallic-layer FSS. 
 

The simulated resonant frequency f, fractional bandwidth 

BW, lowest values of reflection coefficients S11 of a multi-layer 

FSS using the proposed design are summarized in Table I. The 

periodic dimension P is 6 mm, the same for all of these multi-

layer structures. It shows that the increase of the number of 

layers n shifts the resonant frequency downward. For example, 

for n = 3 with two FR4 dielectric layers with a thickness of 

0.127 mm for each, the resonant frequency is shifted downward 

to 0.76 GHz from 1 GHz for n = 2. The reflection coefficient is 

-16.9 dB and the fractional bandwidth is 4.62%, as shown in 

Fig. 7. The FSS array element dimensions in this case are 

0.0152λ by 0.0152λ. While using five metallic layers (n = 5) and 

four dielectric layers, the resonant frequency is shifted to 0.6 

GHz. The fractional bandwidth is 2.44%, and the reflection 

coefficient S11 is -9 dB. For this case, the size of the element is 

0.012λ by 0.012λ.  
 

Table I 

Element size vs the number of metallic layers of single polarized FSSs 

n f  

(GHz) 

BW S11 

(dB) 

Over all thickness 

(mm) 

Element size 

2 1 6.23% -19 0.147 0.02λ 

3 0.76 4.62% -14.5 0.284 0.0152λ 

4 0.65 3.42% -13 0.421 0.013λ 

5 0.60 2.44% -9 0.558 0.012λ 

 

To demonstrate the resonant stability performance of the 

proposed design, the structures of n = 2 and n = 3 are simulated 

with variable incident angles, respectively. The proposed 

structures are insensitive to the angle of incidence (θ) up to 60o 

for vertical polarizations as shown in Fig. 3 and Fig. 7, 

respectively. 
 

 

Fig. 7. Frequency response of the proposed three-layer FSS under variable 

incident angles for the vertical polarization.  

 

III.     DUAL POLARIZED FSS ELEMENTS 

The FSS element proposed in last section is suitable for 

single polarized incident waves. The performance of the 

structure is different if the E-field of the incident wave is along 

the x-axis. To achieve dual-polarized performance, the 

proposed structure can be modified to the one shown in Fig. 8. 

This structure can be used for not only dual-polarization but 

also a greater fractional bandwidth. Here, the metallic structure 

on each layer is 90˚ rotationally symmetrical in the xy plane, so 

that the structure will achieve the same performance if the E-

field of the incident wave is either in the x-axis or the y-axis 

direction. In the same way as before, the top and bottom layers 

are the same but flipped in the xy plane. Similarly, the dominant 

capacitor is the cross-layer Ccc, compared with the intrinsic 

capacitor. But the dimension of b is halved, which means the 

value of the capacitance is also about halved. The patch area is 

a2 since b = 2a. This is because only two pairs of patches will 

have a strong capacitance and the other two patches have 

relatively weak capacitance depending on the polarization. For 

example, at vertical polarization, the two patches with strips 

along y-axis in each layer have a strong capacitance to the two 

patches on the other layer; while other two pairs of patches have 

weak capacitance. On the other hand, at horizontal polarization, 

only the patches with strips along the x-axis have strong 

capacitance.  

The dual polarized structure has a narrower bandwidth and a 

higher transmission coefficient compared to the single 

polarized structure. This can be explained by using the quality 

factor (Q-factor) equation of the parallel RLC circuit which is 

given by: 
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where ω is the resonant frequency (ω = 2πf). B is the bandwidth 

and equal to the difference between the two half power 

frequencies: 
                               

RC
B

1
21                                        (5) 

 

At ω1 and ω2 the power on the resistor becomes half of the 

maximum. The quality factor increases with the increase of C 

and the bandwidth decreases consequently. As mentioned, 

increasing the number of layers will shift the resonant 

frequency downward. The equivalent circuit of this structure is 

very similar to the single polarised one, taking into 

consideration that the value of the Ccc is halved. Table II shows 

the variation in the resonant frequency when increasing the 

number of layers, n. As can be seen from the table, the resonant 

frequency of the two-layer (n = 2) structure is 1.98 GHz, as 

shown in Fig. 9. The same dielectric material of FR4 with 0.127 

mm thickness is used in the design. The size of the array 

element is 0.0396λ × 0.0396λ. The resonant frequency of the 

structure with three metallic layers (n = 3) and two dielectric 

layers is 1.50 GHz, as shown in Fig. 10. The array element size 

is 0.03λ × 0.03λ. 

 

 
Fig. 8. Structure of the multi-layer bandpass FSS for dual polarizations. 

 

Table II 
 Element size vs number of metallic layers. 

n f  

(GHz) 

BW S11 

(dB) 

Overall thickness 

(mm) 

Element size 

2 1.96 10.32% -22.5 0.147 0.038λ 

3 1.50 8.42% -22.0 0.284 0.030λ 

4 1.32 6.37% -19.2 0.421 0.026λ 

5 1.21 4.45% -16.8 0.558 0.024λ 

 

To demonstrate the resonance stability performance for the 

proposed FSSs with two and three metallic layers, the 

performance of the FSSs as a function of varied incident angles 

is shown in Fig. 9 and Fig. 10, respectively. The proposed 

structures are insensitive to the angle of incidence (θ) up to 75o 

for both vertical and horizontal polarizations as shown. 

The structures were also simulated under various incident 

angles for the TM mode. The results show that the structures 

exhibit very stable performance at oblique incident angles as 

well. For the two-layer structure, the insertion losses are almost 

the same at 0.396 dB at the normal and 15˚ incident angles.  The 

insertion losses are 0.383 dB at 30˚, 0.347 dB at 45˚, 0.287 dB 

at 60˚ and 0.117 dB at 75˚, respectively. The resonant frequency 

is always the same at 1.96 GHz. For the three-layer structure, 

the insertion loss is 0.645 dB at the normal incident angle. The 

losses are 0.582 dB at 15˚, 0.515 dB at 30˚, 0.486 dB at 45˚, 

0.415 dB at 60˚ and 0.212 dB at 75˚ incident angles. The 

resonant frequency is the same at 1.5 GHz for all angles. 

 

 
Fig. 9. Simulated frequency responses of the two-metallic-layer FSS (n = 2) 

under different incident angles. The performance is the same for the vertical 

and horizontal polarizations. 

 

 
Fig. 10. Simulated frequency responses of the three-metallic-layer FSS (n = 3) 
under different incident angles. The performance is the same for the vertical 

and horizontal polarizations. 

 

IV.         SURROUNDING DIELECTRIC MATERIALS  

The performance of a conventional FSS is affected by 

dielectric materials attached to it. For a wide range of 

applications, it is desirable to design FSS structures that can 
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achieve stable response when the FSS is attached to dielectric 

materials. The proposed structures here are very stable even 

though they are attached to dielectric materials of arbitrary 

thickness on both sides. To understand why the structure is 

stable compared with traditional structures, it is necessary to 

understand the effect of the surrounding dielectric material on 

conventional FSS structures. The main reason is that the 

resonant components are affected by the surrounding dielectric 

material, especially the intrinsic capacitance. It can be clearly 

concluded from (2) that the equivalent intrinsic capacitance of 

the FSS element depends on the effective dielectric constant ɛe 

of the structure. The surrounding dielectric directly changes the 

effective dielectric constant value and thus the capacitance. 

This can be proven by using a non-resonant FSS structure such 

as an inductive FSS (highpass) using wires or a capacitive FSS 

(lowpass or bandstop) using patches. When an inductive FSS 

structure (wire structure) is attached to a dielectric material, the 

frequency response is very stable, while the frequency response 

of the patch type FSS is shifted significantly when the structure 

is attached to dielectric materials. In traditional FSS structures 

where both wires and patches are used, the resonant frequency 

is very sensitive to surrounding dielectric materials.  

In the proposed structure, the cross-layer capacitance is 

introduced and is very strong in the FSS element. This capacitor 

is not influenced by the surrounding dielectric material, as can 

be seen from (3). Especially for a low-profile dielectric 

substrate, the cross-layer capacitor is dominant and diminishes 

the impact of surrounding materials to the intrinsic capacitance. 

This makes the resonant frequency very stable against 

surrounding dielectric materials.  

The resonant frequency of the proposed structure, by 

ignoring the intrinsic capacitor, can be obtained by:  

 

                   
LC

f
2

1
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The values of L and C can be obtained from (1) and (3). The 

resonant frequency can be obtained by:  
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where A is equal to 2(a×b) in the single polarized case and 2a2  

for the dual polarized structure, c is the velocity of light, and n 

is the number of metallic layers.  

To demonstrate this feature of the proposed design, the 

structure with dielectric materials attached is simulated using 

CST. Fig. 11 shows the comparison of frequency responses of 

the proposed structure shown in Fig. 8 with n = 2 in three cases: 

without any attaching dielectric material, with a dielectric 

material attached to one side and with a dielectric material 

attached to both sides of the structure.  The dielectric material 

is a 1.6 mm thick FR4. It can be seen that the resonant frequency 

is only shifted by 3.7% when the dielectric material is attached 

to one side, and shifted by 6.7% when the dielectric material is 

attached to both sides.  Fig. 12 shows the comparison of this 

structure in the case of n = 3. In this case, the resonant frequency 

is only shifted by 1.5% when the dielectric material is attached 

to one side, and shifted by 3.4% when the dielectric material is 

attached to both sides.   
  

 
Fig. 11. Simulated frequency responses of the two-metallic-layer FSS (n=2) 

with or without surrounding dielectric materials attached to the FSS. 

 

 
Fig. 12. Simulated frequency responses of the three-metallic-layer FSS (n = 3) 
with or without surrounding dielectric materials attached to the FSS. 

 

It should be noted that the advantages of the proposed design 

were achieved mainly because the proposed structure on any 

layer is not symmetrical by itself along either the x-axis or the 

y-axis. The metallic layout in one layer is the flipped, or anti-

parallel, version of the layout in the adjacent layer. This 

arrangement dramatically strengthens the cross-layer 

capacitance. The cross-layer capacitance makes the structure 

not only small, but also insensitive to surrounding dielectric 

materials. In contrast, in traditional FSSs, the structures in each 

layer are parallel to each other. The current and charge 

distributions on each side are the same. There is no strong 

capacitance between adjacent layers. To prove this, a patch-

mesh FSS structure, as shown in Fig.13(a), is used as an 



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

 

 

7 

example to show the effect of surrounding dielectric materials 

on traditional FSSs. 

          
                        (a)                                                      (b) 

Fig. 13. Traditional FSS structures as examples to demonstrate the effect of 
surrounding dielectric materials on the FSS’s response, (a) patch-mesh 

structure, (b) proposed structure with identical metallic structures on adjacent 

layers but not flipped. 
 

In Fig. 13(b), the proposed structure without flipping the 

shape of the bottom layer is used as another example to prove 

the advantage of the proposed design. To make comparison 

more logical, the dimensions are tuned to achieve similar 

resonant frequencies to the proposed structure. The substrate 

between metallic layers in these examples is an FR4 with a 

thickness of 0.127 mm.  

First of all, the array element dimensions of these two 

examples are much bigger than the proposed one. The periodic 

dimension of the patch-mesh structure is 0.22λ, and it is 0.13λ 

for the example in Fig. 13 (b). The periodic dimension of the 

proposed FSS element is only 0.012λ as shown in Table I. The 

dimension of the proposed FSS element is more than 18 times 

smaller than the traditional patch-mesh structure and the area is 

330 times smaller.   
 

Table III 

 The normalised resonant frequency deviation when the structures are attached 

to an FR4 dielectric substrate with different thicknesses. t is the thickness of 

surrounding dielectric materials. The results are obtained by simulation. 

The structures Attached to one side Attached to both sides 

Dev 
(t=1.6mm) 

Dev 
(t=3mm) 

Dev 
(t=1.6mm) 

Dev 
(t=3mm) 

The patch-mesh structure 

(Fig. 13(a)) 

0.21 0.26 0.26 0.33 

The proposed structure 

without Ccc (Fig.13(b)) 

0.28 0.31 0.36 0.43 

The proposed structure 

(n=2) 

0.037 0.045 0.065 0.080 

The proposed structure 

(n=3) 

0.015 0.021 0.034 0.062 

The proposed structure 

(n=4) 

0.011 0.015 0.024 0.03 

 

Table III compares the performance of the proposed dual- 

polarized structure with the two traditional FSS structures 

shown in Fig. 13. The normalised deviation (Dev) is defined as 

the difference between the resonant frequency of each structure 

before being attached to the dielectric material (f) and the 

resonant frequency after being attached to the dielectric (fd) 

divided by f. That is, Dev = ( f- fd)/ f. It can be seen that the 

insensitivity of the proposed structure is about six times better 

than traditional structures. The cases where they are attached to 

a higher dielectric constant material (ɛr = 8) is compared in 

Table IV. 

It should be noted that in [21] the circuit element was also 

miniaturized by a cross-layer capacitance. However the 

structure is still relatively sensitive to surrounding materials 

compared to the proposed structure. It was found by simulation 

that the proposed structure is two to three times less sensitive 

than the one in [21]. The main reason is that the proposed 

structure has a much lower intrinsic capacitance and a stronger 

cross-layer capacitance due to the charge distribution as 

analysed in Fig. 2.  

 
Table IV 

 The normalised resonant frequency deviation obtained by simulation when 

the structure are attached to a higher dielectric constant material, ɛr = 8. 

The structures Attached to one side Attached to both sides 

Dev  

(t = 1.6mm) 

Dev 

(t = 3mm) 

Dev 

(t = 1.6mm) 

Dev 

(t = 3mm) 

The patch-mesh structure 
(Fig. 13(a)) 

0.27 0.33 0.36 0.41 

The proposed structure 

without Ccc (Fig.13(b)) 

0.37 0.44 0.51 0.56 

The proposed structure 
(n=2) 

0.065 0.077 0.122 0.148 

The proposed structure 

(n=3) 

0.039 0.047 0.073 0.089 

The proposed structure 
(n=4) 

0.024 0.038 0.051 0.063 

 

It is clearly shown that the proposed structure exhibit very 

stable performance compared with traditional FSSs. Increasing 

the number of metallic layers contributes to making the 

resonant frequency of the proposed structure even more stable, 

as shown in these tables. The resonant frequency of a four-layer 

structure is about 2.5 times more stable than a two-layer one. 

This is mainly due to that much stronger cross-layer capacitance 

will be induced in multi-layer (n > 2) structures, while the 

intrinsic capacitance is affected the same way as the two-layer 

structure. 

  

V.  EXPERIMENTAL RESULTS 

 A prototype of the proposed FSS as shown in Fig. 8 has been 

fabricated and measured to validate the design. The fabricated 

FSS is shown in Fig. 14. The size of the FSS prototype is 180 

mm × 180 mm and it consists of 30 × 30 elements.   

Two horn antennas and a vector network analyzer were used 

for the measurement. The measurement setup is shown in Fig. 

15. The line of sight between the two antennas passes through 

the centre of the FSS prototype and the antennas are located 

about 70 cm away from the fixture to ensure the formation of 

uniform plane wave impinging upon the FSS structure. When 

carrying out the measurement at 60˚, the absorbers at the side 

were adjusted so as not to block the incident wave. 

Measurement of the fabricated FSS is performed in two steps. 

Firstly, the transmission response of the system without the FSS 

is measured. This measurement result is used to calibrate the 

FSS response. Secondly, the frequency response with the 

presence of the FSS structure is measured. 
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Fig. 14.  Photograph of the prototype of the proposed FSS with n = 2. 
 

 

 
 

Fig. 15. Measurement setup to measure the transmission coefficient of the 

FSS. 
 

 
Fig. 16. Measured and simulated frequency responses of the two-metallic-layer 

(n = 2) FSS under different incident angles.  

 

In the example of the FSS with two metallic layers (n = 2), 

the fabrication is performed by patterning the proposed shape 

on two sides of a 0.127 mm thick FR4 substrate. The measured 

performances with incident angles of 0o and 60o for this 

prototype are shown in Fig. 16. The measured insertion loss is 

0.73 dB at the resonant frequency for normal incidence, which 

is mainly attributed to the dielectric and the metallic losses of 

the structure. The measured performance is compared with the 

simulated one. It can be seen that very good agreement has been 

achieved. The transmission with other incident angles up to 75 

o was also measured. The measured performance is also in very 

good agreement with the simulated one. Such results are not 

shown in this figure to avoid having too many curves in the 

figure.  

To measure reflection, the two horn antennas are used as the 

transmitter and receiver, respectively, at the same side of the 

FSS. They are separated by an absorber screen to eliminate the 

direct coupling between them. The measured reflection of the 

prototype of the proposed FSS is shown in Fig. 17. The 

measured result is in very good agreement with the simulated 

performance. 
 

 
Fig. 17. Measured and simulated reflection coefficients of the two-metallic-

layer (n = 2) FSS.  

 

 
Fig. 18. Measured and simulated frequency responses of the two metallic layers 
FSS (n = 2) with or without surrounding dielectric materials. 

 

A 1.6 mm thick FR4 dielectric material is attached to the 

prototype of the structure with n = 2. The dielectric material is 

firstly attached to one side of the structure and then attached to 

both sides. The transmission coefficients were measured and 

shown in Fig. 18, to prove the stability of the proposed structure 

when it is attached directly to dielectric materials. It can be seen 

that the resonant frequency is shifted about 4.0% when the 

dielectric material is attached to one side, and about 6.9% when 
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attached to both sides. The measured results are in good 

agreement with the simulated ones as summarized in Table III. 

In the example with three metallic layers (n = 3), the 

fabrication is performed by firstly patterning the proposed two-

metallic-layer structure on a 0.127 mm thick FR4 substrate. The 

third metallic layer is patterned on one side of another FR4 

substrate while etching away the copper cladding on the other 

side. The two PCBs are then compressed together by using a 

transparent material (lastre Polycarbonates lexan), with a 

dielectric constant of 2.9, in a sandwich structure. This 

transparent material caused very little change to the frequency 

response. The effect of the supporting material is taken into 

account in the simulation. The alignment between adjacent 

layers is very important to achieve good performance. The 

measured performances with an incident angle of 0o and 60o for 

this prototype are shown in Fig. 19. The measured insertion loss 

is about 0.87 dB at its resonant frequency for normal incidence.  

 

 
Fig. 19. Measured and simulated frequency responses of the three-metallic-
layer FSS (n = 3) under different incident angles.  

 

A 1.6 mm thick FR4 dielectric material was attached to the 

prototype. Similarly, the dielectric material is firstly attached to 

one side of the prototype and then to both sides. The 

transmission coefficient is measured as shown in Fig. 20. It can 

be seen that the resonant frequency is shifted by about 1.5% 

when the dielectric material is attached to one side and by 3.4% 

when attached to both sides. The measured results are in good 

agreement with the simulated one as summarized in Table III. 

Very good agreement between simulation and measurement has 

been achieved.  

The measured results of the miniaturized FSSs show that the 

resonant frequency is shifted downward from 1.96 GHz to 1.52 

GHz by increasing n from 2 to 3. They are also in good 

agreement with the simulation. This confirms that the proposed 

structure acts as a miniaturized low profile bandpass FSS and it 

is insensitive to surrounding dielectric materials.  
 

 
Fig. 20. Measured and simulated frequency responses of the three-metallic-

layer FSS (n = 3) with or without surrounding dielectric materials. 

 

VI.      CONCLUSION 

An unconventional approach has been proposed to design 

miniaturized multi-layer FSS structures in this paper. The 

proposed bandpass FSS exhibits a very stable frequency 

response when it is attached to dielectric materials of arbitrary 

thicknesses, about six times better than conventional FSS 

structures.  

The overall thicknesses of the multi-layer FSSs presented in 

this paper are extremely small. As an example, the thickness of 

the FSS structure consisting of three metallic layers and two 

dielectric layers is less than 0.5 mm. Unlike traditional 

structures, the size of the proposed FSS element is smaller when 

the profile is lower.  

The dimensions of the miniaturized element are much 

smaller than the wavelength at the resonant frequency, as small 

as 0.012λ × 0.012λ which is one of the smallest reported so far. 

For a two-metallic-layer structure, the size of the proposed dual 

polarized FSS element is 330 times smaller than the traditional 

patch-mesh structure.   

The proposed approach to design miniaturized FSSs was 

experimentally verified by two prototypes. The simulation and 

measurement results verify the stable frequency response of the 

proposed design. These advantages of the proposed structure 

can be useful for many applications where circuit compactness, 

having a low profile and insensitivity to surrounding materials 

are desired.  
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