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 Recently bio-inspired elements with shapes or geometries found in nature have received special 
attention, both for applications in antennas and in electromagnetic filters, the unit cell of the 
proposed FSS consists of a modification in a bio-inspired shaped element. A single and 
multilayered band-stop Frequency Selective Surface (FSS), with polarization independence, is 
proposed to be used in frequency applications at 6.0 GHz (Wi-Fi 6E). In the industry, Wi-Fi 6E is 
the name that identifies those Wi-Fi devices that operate in the 6.0 GHz band, designed to improve 
efficiency and more capacity than previous standards. Band-stop frequency responses for the single 

and multilayer structures are presented. The simulated frequency responses show bandwidth values 
for inhibit transmission about of 1.75 GHz and 3.15 GHz, respectively for single and multilayer 
structures. Furthermore, good agreement between simulated and measured results is shown for the 
single bio-inspired FSS.  The proposed FSS structure presents features that allow its use as an 
electromagnetic filter or its integration with microstrip antennas developed for applications in the 
same standard. 

Index Terms: 

Frequency Selective Surface 
Polarization Independence 
Rejection Bandwidth  
Wi-Fi 

 

I. INTRODUCTION 

Frequency Selective Surfaces (FSS) can be defined as 

properly designed surface structures, widely used as spatial 

filters in a range of telecommunications applications, such 

as Wi-Fi applications. These structures, a kind of periodic 

structure, can also be defined as 2D or 3 structure-array 

structures of identical elements on one side (or more sides, 

depending) of the dielectric structure layer. The elements 

used in its unit cell can be of conductive (metallic) patch 

type, aperture type, or an array of all-dielectric elements. 

FSS structures can exhibit band-pass, band-stop or even 

both characteristics that are interesting in the same structure 
(multi-band responses), depending on their behavior in 

terms of frequency response (that is, in certain frequency 

bands it acts as a band-stop filter and in others as a band-

pass filter for the same structure), with the proposal for 

blocking electromagnetic waves in certain frequencies, 

which depends primarily on the type and the geometry of the 

structure in its unit cell [1-4]. 

FSS structures have received special attention from 

researchers over the years due to their widespread 

applications in the Telecommunication Engineering area 

and correlated areas. Such applications include band-stop 

and band-pass spatial filters, absorbers (absorptive FSS), 

artificial electromagnetic bandgap materials, used as 

superstrate of antenna or antenna array to enhance the 

directivity and gain [5-8].  

The integration with antenna systems to act as radomes 

and subreflectors is one of the most important uses of FSS 

structures applications. The latter is widely used in 

applications to separate electromagnetic waves into 
different frequency bands.  

An important problem in FSS theory is the question of 

operating bandwidth in the frequency response for the 

transmission or reflection characteristics. Generally, FSS 

structures formed by elements with a simple shape will 

produce a single resonance mode. It is possible to obtain 

FSS structures with multiband or wideband frequency 

responses by using different methods, for example, complex 

elements, combined-based elements, and multilayered 

structures. FSS structures with complex elements (spiral, 

fractal, bio-inspired, among others), polarization-
independent, angular stability, and multiband or wideband 

characteristics, have received special attention [9-15]. 

In [16] a polarization-insensitive multilayer FSS structure 

on a glass substrate for shielding WLAN frequency bands 

from 2.4 GHz to 2.5 GHz and 4.98 GHz to 5.825 GHz, 
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allowing transmission cellular frequency bands at 900 MHz 

and 1.8 GHz with very low attenuation is proposed.  

An ultra-compact absorptive FSS (AFSS) based on via 

structure, operating at 5.0 GHz Wi-Fi band is proposed in 

[17] to solve electromagnetic interference (EMI) and radio 
frequency interference (RFI) problems in mixed-signal 

systems. A highly miniaturized polarization selective 

surface (PSS) for dual-band Wi-Fi and WLAN applications 

using two independently tunable square loops is reported in 

[18]. The authors in [19] present an FSS structure designed 

to use in Wi-Fi applications as either a reject or pass band 

filter, the proposed structure consists of a combination of 

canonical elements (ring loops/slots). 

A convoluted geometry used as an FSS unit cell with 

angular stability and independent polarization operation is 

used in [20] for dual-band applications at ISM and UNII 

bands. A combination of open and closed loop elements is 
presented in [21] for a dual-band FSS to block Wi-Fi signals 

at 2.45 GHz and 5.5 GHz, allowing the transmission of the 

signals outside of these bands. 

An antenna application using FSS for bandwidth and gain 

enhancement for WLAN and WIMAX is proposed in [22]. 

The proposed structure is obtained by combining E and T-

shaped radiating patches of antenna elements with a FSS 

under the modified ground plane. Already in [23], an 

antenna with dual-band, high-gain and linearly polarized 

using a defective FSS is proposed to use in Wi-Fi, Wi-Max 

and C-band applications.  
Bio-inspired shaped elements have received special 

attention in telecommunications research. In [24] a 

microstrip antenna with leaf-shaped printed monopole 

element bio-inspired on the Inga Marganita leaves for ultra-

wideband (UWB) applications is proposed. Bio-inspired 

wearable antennas are presented in [25], such as wearable 

monopole antenna bio-inspired in jasmine flower shape, 

wearable antenna bio-inspired in Bidens Pilosa plant shape, 

wearable antenna arrays bio-inspired in Inga Maritimus 

plant shape.  

A bio-inspired FSS proposal is presented in [26], for this 

case, the element geometry used as the unit cell is inspired 
on the leaf of the Oxalis Triangularis plant and has a 

resonant frequency at 3.5 GHz. 

Wi-Fi 6E can be defined, in the industry, as the name that 

identifies Wi-Fi device applications that operate in 6.0 GHz 

frequency band. With up to 1.2 GHz spectrum available, 

features and capabilities include higher performance, lower 

latency and faster data rate. Wi-Fi 6E utilizes the less 

congested 6.0 GHz band to enable high-bandwidth 

applications [27-28]. 

In this paper, a single and multilayer band-stop FSS with 

bio-inspired shaped elements is proposed. The shaped 
element is inspired by a modified four-leaf clover. The 

proposed FSS structure is developed in three steps. In the 

first one, a bio-inspired FSS single screen with four-leaf 

clover patch elements was designed. In the second step, a 

modification was made to the initial design of the element 

shape, this modification was responsible for a frequency 

adjustment for the proposed application. In the third step, 

two FSS screens (obtained in the first step) were cascaded 

separated by an air gap layer to improve the bandwidth 

behavior.  

The proposed FSS structure using the bio-inspired 
element in the unit cell provides similar transmission 

characteristics for both X-polarized electric field (TE Mode) 

and for Y-polarized electric field (TM Mode) for a normal 

incidence, that is, polarization independence. This type of 

characteristic is due to the fact that the shape of the element, 

and consequently the structure, presents symmetry. 

II. FSS STRUCTURE 

The proposed FSS structure starts with the use of the bio-

inspired four-leaf clover-shaped metallic patch element in 

its unit cell. The structure used in the work was based on the 

four-leaf clover proposed in [29] as an antenna element. The 
four-leaf clover-shaped geometry used in the FSS structure 

design was obtained using the Gielis formula [30] also 

known as superformula. This superformula allows obtaining 

various types of geometries or shapes and curves commonly 

found in nature, these patterns can be generated through 

equation 1. The initial pattern obtained can be seen in Figure 

1. A modification was made to the pattern by removing the 

metallic layer (copper) in the shape of a semicircle at the 

ends of the four leaves of the structure with the following 

features: 1.79 mm arc, 3.55 mm high and 8.61 mm wide. 

This shaped element unit cell and its parameters can be seen 
in Figure 2. 
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Figure 1. Initial pattern. 

 

The development of this initial pattern shown in Figure 1 

was made using the software Octave®, through the 

implementation of equation 1.  

After obtaining the results for the initial structure, it was 

modified by inserting an open-type element in a circle shape. 

This subtle modification made the frequency response ideal 

for the proposed application. 
The unit cell using a modified bio-inspired four-leaf 

clover metallic patch element is presented in Figure 3. 

The structure shown in Figure 3 is identical to the 

structure shown in Figure 2 and its parameters, with the 

exception of the modification performed with the insertion 

of the aperture type element with a circle shape with 

parameter R = 4.0 mm. 

The FSS structure is mounted on a dielectric substrate (a 

low-cost FR-4 substrate) with relative permittivity of 4.4 

with dielectric loss tangent of 0.02 and the thickness 

dielectric substrate is 1.6 mm. 
With the results obtained for the FSS structure using the 

modified bio-inspired elements, the multilayer structure was 

carried out. The cascade structure was obtained by coupling 

two identical FSS structures with modified bio-inspired 

elements separated by an air gap layer. 
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The periodicity considered for the construction of the unit 

cell in Fig. 1 was Tx = Ty = 30.44 mm. For the other 

parameters, the following values were used: the length X = 

24.35mm, the cavity Y = 12.0 mm, and the cavity Z = 8.61 

mm. 

 
Figure 2. A bio-inspired initial shaped element unit cell. 

 

This technique mentioned above is widely used as a 

solution to the problem-question of FSS bandwidth 

operation. The proposed multilayered bio-inspired FSS 

structure can be seen in Figure 4. 

 
Figure 3. A modified bio-inspired element unit cell. 

 

 
Figure 4. Multilayered FSS structure with a modified bio-inspired 

element. 
Several tests were carried out with different values for the 

air gap layer, also interpreted as distance (d) between the 

two FSS structures.  

III. RESULTS 

The performance of the proposed single and multilayer 

bio-inspired FSS structures, in terms of transmission 

characteristics, was obtained using software based on the 

numerical technique Method of Moments (MoM) and using 

the Scattering Matrix Technique (one-mode interaction) for 

the cascaded FSS structure to perform a parametric analysis 

of the air layer effect between individual FSS structures.  

Once the individual structure results for the transmission 

and reflection coefficients have been obtained, the 

interaction between the two structures can be accounted for 

by using the scattering matrix. This technique can be used 

for cascading between a number N of FSS structures, in the 
case presented here only two FSS were used. The cascaded 

structure is represented in Figure 5. 

 

 
Figure 5. Cascaded FSS structure representation. 

 
First, for each FSS sheet, we determine a 2 x 2 scattering 

matrix S, using [31]: 
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where, 

 

𝑙𝑛 = 𝑑1 + 𝑑2 + ⋯+ 𝑑𝑛 (3) 

 

For the case previously described, shown in Figure 4 and 

represented in Figure 2, 𝑙𝑛 = 𝑑, i.e. the thickness of the air 

layer (distance between the two FSS). The coefficients Tn 

and Rn are the transmitted (S21) and reflected (S11) 

coefficients obtained separately for the n-th structure. Using 

the one-mode interaction, the final results of the reflection 

and transmission coefficient for the cascading structure in 

Fig. 2 are [31]: 

 

𝑇 = 𝐴 − (
𝐵𝐶

𝐷
) (4) 

 

𝑅 = −(
𝐶

𝐷
) (5) 

 

The coefficients (A, B, C, D), from the ABCD matrix, are 

calculated as: 

 

[
𝐴 𝐵
𝐶 𝐷

] = 𝑆𝑛
̿̿ ̿𝑆𝑛−1

̿̿ ̿̿ ̿̿ … 𝑆3̿𝑆2̿𝑆1̿ (6) 
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For the special case where N=2, that is, cascading two 

FSS, it can be obtained that: 

𝑇 =
𝑇1𝑇2

1 − 𝑅1𝑅2𝑒−𝑗2𝑘𝑑
 (7) 

 

𝑅 = 𝑅1 +
𝑇1

2𝑅2

1 − 𝑅1𝑅2𝑒−𝑗2𝑘𝑑
𝑒−𝑗2𝑘𝑑 (8) 

 

The terms T1, R1 (S21, S11) are the transmission and 

reflection coefficients of FSS structure shown in Figure 3, 
respectively. Since we have identical structures in the 

composition of the multilayer structure, T1=T2 and R1= R2. 

The T and R terms are the transmission and reflection 

coefficients of the cascaded or multilayer FSS structure 

(Figure 4). The numerically simulated results, for the single 

FSS, are presented in Figures 6 – x. 

As can be seen in Figure 6, the simulation of initial FSS 

with a bio-inspired four-leaf clover element generated a 

band-stop filtering that starts at 5.2 GHz and ends at 7.0 

GHz, with resonant frequency at 6.3 GHz (-38.17 dB) 

resulting in a bandwidth of 1.8 GHz, for a -10 dB insertion 

loss reference level. It is also possible to observe, for this 
case,polarization independence (TE Mode and TM Mode 

with the same results). 

Figure 7 shows the simulated results obtained, in terms of 

transmission characteristics and S11, for a single-layer FSS 

structure with modified bio-inspired elements.  

Observing Figure 7, it can be seen that the modification 

performed in Figure 2 and shown in Figure 3, led to a change 

in frequency response. 

 

 
Figure 6. Simulated transmission coefficients for TE mode and TM mode 

and S11 for the proposed initial bio-inspired FSS. 
 

There was a resonant frequency shift from 6.3 GHz to 6.0 
GHz. This made the proposed bio-inspired FSS structure 

ideal for applications on Wi-Fi systems using Wi-Fi 6E 

standards. In this case, the filtering bandwidth starts at 5.0 

GHz and ends at 6.75 GHz for a -10 dB insertion loss 

reference level. The important polarization independence 

property was maintained, as can be seen in the results.  

Figure 8 shows the result obtained for the current 

distribution at 6.0 GHz. With the purpose of validating the 

result obtained for the proposed bio-inspired FSS structure, 

the simulated and measured results are shown in Figure 9. A 

good agreement can be seen in terms of resonance frequency 
at 6 GHz, the value of measured bandwidth was about 2.0 

GHz starting from 4.86 GHz until 6.86 GHz. 

In order to obtain a greater increase in the bandwidth, the 

structure was cascaded (forming the multilayer FSS 

structure) using a thick air layer between the single FSS 

structures (Figure 4) and, as can be seen from the results 

obtained, this procedure was positive. To obtain the results, 

the Scattering Matrix Technique was implemented using the 

Octave® software for equations 7 and 8. The numerical 
results for the multilayer or cascaded FSS, using different 

air layer thickness (d), are presented in Figures 10 – 13. 

 

 

Figure 7. Simulated transmission coefficients for TE mode and TM mode 

and S11 for the proposed modified bio-inspired single FSS. 

 

 
Figure 8. Current distribution, frequency at 6.0 GHz. 

 

 
Figure 9. Simulated and measured transmission coefficients for the 

proposed modified bio-inspired single FSS. 
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Figure 10. Simulated transmission coefficients for TE mode and TM 

mode for the multilayer FSS (d =0 mm, d=1 mm and d=2 mm). 

 
Figure 11. Simulated transmission coefficients for TE mode and TM 

mode for the multilayer FSS (d =3 mm, d = 4 mm and d = 5 mm). 

 

 

 
Figure 12. Simulated transmission coefficients for TE mode and TM 

mode for the multilayer FSS (d =3mm, d=4mm and d=5mm). 

 

For these cases, it is possible to observe a considerable 

increase in the bandwidth. 

 

 
Figure 13. Simulated transmission coefficients for TE mode and TM 

mode for the multilayer FSS (d =9 and d=10mm). 
 

This increase was about 1.4 GHz or 85.29%, when 

compared to the results shown in Figure 7 (single layer 

modified bio-inspired FSS structure), for the air layer 

thickness equal to 9 mm and 10mm. Now, it has bandwidth 
with filtering starting at 4.0 GHz and ending at 7.15 GHz for 

a -10 dB insertion loss reference level, totaling a value for 

this parameter equal to 3.15 GHz. Again, it can be 

highlighted that the multilayer FSS structure is also 

polarization-independent. As observed in the results 

presented, the proposed FSS structure is suitable for use in 

the frequency range of the proposed application. For Wi-Fi 

6E, it has some 6.0 GHz spectrum access approaches with 

dynamic random spectrum access and contention-based 

protocols requiring access to multiple channels to maintain 

acceptable performance. Figure 14 shows the behavior of 

the bandwidth (stop-band filtering value) obtained as a 

function of parameter d, that is, as a function of the thickness 

of the air layer, for the multilayer FSS structure. Figure 15 

shows all results together for comparison purposes. 
 

 
Figure 14. Bandwidth behavior as a function of the air layer thickness. 
 

 
Figure 15. Bandwidth behavior as a function of the air layer thickness. 
 

The technical conditions for a 6.0 GHz Very Low Power 

(VLP) device are, in terms of frequency band: US 

(proposed): 5.925 GHz -7.125 GHz, Europe (adopted): 

5.945 GHz - 6.425 GHz, South Korea (adopted): 5.945 GHz 

- 6.425 GHz, Brazil (adopted): 5.925 GHz -7.125 GHz. The 

technical condition for 6.0 GHz Low Power Indoor-only 

(LPI) device: US (adopted): 5.925 GHz -7.125 GHz, Europe 

(adopted): 5.925 GHz -7.125 GHz, South Korea (adopted): 
5.945 GHz - 6.425 GHz, Brazil (adopted): 5.925 GHz -7.125 

GHz [28]. All frequency bands mentioned are within the 

bandwidth obtained for the multilayer bio-inspired FSS 

structure. In [32] a transparent and flexible patch antenna for 

Wi-Fi 6E applications is proposed with a measured 

frequency band of 5.87-7.04 GHz, where it is possible to 

verify that the proposed FSS structure can be used. In the 

work presented in [33], a small antenna for use in WLAN 

and Wi-Fi 6E on a narrow border laptop computer is 

proposed, for this case it is also possible to use the FSS 

proposed here. The FSS structure proposed in this work is 

of the same nature as previous works found in the literature 
of the area. One can cite the structure proposed in [34] where 

an active FSS with a butterfly-shaped aperture pattern is 

used. An FSS utilizing interdigital and supershape 

geometries with high angular and polarization stabilities is 

proposed [35]. In this case, the superformula (equation 1 

used for the FSS format in Figures 2 and 3) proposed by 

Gielis in [31] is used to design the geometry of an FSS unit 

cell similar to shapes found in nature. 
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IV. CONCLUSION 

A compact single and multilayer band-stop bio-inspired 

FSS is proposed in this paper. A simple modification on a 

bio-inspired element patch FSS was made. This 

modification allowed us to obtain a structure for Wi-Fi 6E 

applications. Due to the symmetrical shape of the element, 

the FSS structures (single and multilayer) have the 

advantage of polarization independence at Wi-Fi with 6 

GHz frequency bands. As a proposal to continue this work, 

an investigation of the proposed multilayer FSS structure 

with a different substrate layer between the single FSS 

structures to observe the behavior in terms of transmission 

and reflection coefficients and bandwidths. The analysis of 
angular stability will be done in the future. 
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