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ARTICLE INFO ABSTRACT

This paper proposes a novel single-layer Frequency Selective Surface (FSS)
Article History: designed on an FR4 substrate with a thickness of 1.6 mm for triple-band filtering
Received 8 March 2019 applications. The proposed FSS structure consists of unit cells with dimensions of

10x10 mm?. The design incorporates a square ring at the top layer, accompanied
by two symmetrical rectangular rings at the sides and a vertical rectangular branch
placed in the center of the rectangular rings on the bottom layer. The conductive
elements are made from a perfect conductor to achieve optimal performance. The
structure operates across three distinct frequency bands: 3.2 to 3.81 GHz, 4 to 5.82
GHz, and 8.21 to 12.2 GHz, which correspond to WiMAX, WLAN, and X bands,
respectively. This triple-band functionality makes the proposed FSS suitable for
applications in modern wireless communication systems. The frequency response
of the FSS remains stable across various incidence angles for both Transverse
Electric (TE) and Transverse Magnetic (TM) polarizations, confirming the
robustness and reliability of the structure. Key advantages of the proposed FSS
include its smaller physical dimensions compared to previous designs, the
simplicity of its conductive elements, and its alignment with widely used frequency
bands. These features collectively enhance the potential of the FSS for integration
in compact and efficient filtering systems, offering significant improvements over
traditional multi-band filters.

1. INTRODUCTION

With the development of telecommunication networks, which have significantly advanced human communication
worldwide, the radiative signals from these devices have caused adverse health effects and destructive impacts on
various electronic devices. To minimize these adverse effects, researchers in telecommunications have sought
effective solutions, resulting in the design and construction of filters to eliminate or reduce the harmful effects of
electromagnetic wave interference. Despite the benefits of these designed filters, drawbacks such as high
construction costs and bulky structures have been observed. Thus, telecommunications designers have explored
alternatives. The simplicity of structure and lower construction costs, along with the flexible and multifunctional
performance of Frequency Selective Surfaces (FSS), make them a suitable replacement for filters.
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FSS consists of an array of identical elements arranged periodically, exhibiting filtering properties [1]. The
identical elements forming these surfaces are referred to as unit cells. The elements in FSS are categorized into four
types: first type as N-pole elements, second type as ring elements, third type as planar elements, and fourth type as
combinations of the first three types [2]. Previous studies indicate that ring elements, belonging to the second type,
demonstrate high efficiency and are often employed in FSS design. This type of element is also utilized in the design
of the base unit cell in this paper.

These surfaces are classified into single-layer [3,4,5,6], multi-layer [7,8], and reconfigurable structures [9,10]. To
increase the frequency bandwidth in new designs, multi-layer structures can be used, which create more resonances
leading to a broader operating bandwidth. Considering economic and technical aspects such as simplicity of
structure, cost, and fabrication capabilities, this paper focuses on analyzing and designing a single-layer FSS with
simple elements. Previous studies highlight multiple and diverse applications for these FSS surfaces, including
satellite applications [11], antennas with beam-steering capabilities [12], absorbers [13,14], radomes [15],
electromagnetic shielding [9], and energy consumption optimization [18].

The primary objectives of this paper are summarized as follows:
- Introducing a new single-layer FSS structure

- Designing a base structure with suitable and simple elements to achieve optimal performance and align the
operating band with widely used frequency bands

- Ensuring the proposed unit cell elements are simpler and smaller compared to previous designs
- Developing a triple-band design

As seen from the stated objectives, the new base cell design considers all technical and economic factors,
fabrication and testing facilities, and associated costs. The proposed unit cell is a single-layer structure on an FR4
substrate with a thickness of 1.6 mm, a dielectric constant of 4.4, and a loss tangent of 0.02. The unit cell dimensions
are 10x10 mm?. On the bottom side of the substrate, a square ring element with two symmetrical rectangular rings
on the sides and two vertical rectangular branches in the middle of the rectangular rings is placed, while only a
square ring is located on the top side. By adjusting the dimensions and positions, the operating frequency band ranges
from 5.41 to 11.01 GHz, covering substantial portions of the X and WLAN bands. A stable frequency response is
achieved for various incidence angles in both TE and TM polarizations, demonstrating the proposed structure's
reliable performance.

2. ANALYSIS AND DESIGN OF BASE UNIT CELL

Figure 1 shows the proposed unit cell, with dimensions of 10x10 mm?, printed on an FR4 substrate with a
thickness of 1.6 mm, a dielectric constant of 4.4, and a loss tangent of 0.02. On the bottom side of the substrate, two
rectangular ring elements with a thickness of 0.5 mm and two vertical rectangular branches with a length of 3 mm
and a width of 0.5 mm are placed. A square ring element with a thickness of 0.3 mm is printed on the top side.

10 mm

0.5 mm

0.3 mm

Upper View Bottom View

Fig. 1. Proposed base unit cell design.
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The exact dimensions of these elements are specified in Figure 1. The frequency behavior of this designed FSS
structure is analyzed step by step. In the first step, only one square ring is placed on one side of the cell. In the second
step, another square ring is added to the bottom side. Two symmetrical rectangular rings are added to the sides of
the square ring on the bottom side in the third step. Finally, in the fourth step, two vertical rectangular branches are
added in the middle of the rectangular rings on the bottom side.
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Fig. 2. S21 curve of the FSS unit cell.

In the S21 curve, frequencies below the -10 dB line are part of the stopband, while other frequencies belong to
the passband. The results in Figure 2 show resonances at 3.41 GHz, 5.21 GHz, and 10.41 GHz. The frequency
bandwidth ranges from 3.20 to 3.81 GHz, 4 to 5.82 GHz, and 8.21 to 12.2 GHz, covering substantial portions of the
WiMAX, WLAN, and X bands.

3. SURFACE CURRENT DISTRIBUTION ANALYSIS

For a more detailed analysis of the FSS's performance, the surface current distribution is studied. Figure 3 shows
the surface current distribution at the resonant frequencies of 3.41 GHz, 5.21 GHz, and 10.41 GHz. Red and dark
blue in the color bar represent strong and weak current distributions on the FSS unit cell, respectively. From the
charts in Figure 4, it is observed that at 3.41 GHz, the current flows on the square rings on the top and bottom sides
and part of the rectangular elements on the bottom side. At 5.21 GHz and 10.41 GHz, a larger portion of the elements
on the top side and part of the conductive elements on the bottom side are radiated.
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Fig. 3. Surface current distribution charts at three resonant frequencies.

As observed in the unit cell design stages, the square rings on the top and bottom sides and part of the elements
on the bottom side are responsible for these resonances. The square rings on the top and bottom sides trigger the
3.41 GHz resonance frequency.
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4. FREQUENCY RESPONSE STABILITY ANALYSIS AGAINST ANGLE AND POLARIZATION
VARIATIONS

Considering that various waves with different incidence angles and polarizations hit an FSS surface, a sensitivity
analysis is conducted to evaluate the stable frequency response against angle and polarization variations.
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Fig. 4. S21 curves for different incidence angles in TE polarization.
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Fig. 5. S21 curves for different incidence angles in TM polarization.

The proposed structure's performance is analyzed for different incidence angles in both TM and TE polarizations.
From Figures 4 and 5, it is observed that a stable response is achieved for various incidence angles in both TM and
TE polarizations. Incidence angles are analyzed from 0 to 45 degrees with a 15-degree step. Although a slight
variation is observed at the 45-degree angle for the 10.41 GHz resonance frequency, the stopband remains
unaffected, stable, and consistent. The frequency response demonstrates the proposed design's acceptable

performance.
5. PARAMETRIC ANALYSIS OF THE UNIT CELL

To evaluate the effect of element dimensions on the frequency response, a parametric analysis of this structure is
conducted. The width of the vertical rectangular branches on the bottom side is one of the critical parameters

influencing the frequency response of the base unit cell. As shown in Figure 6, Y denotes the width of the vertical
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rectangular branch, which is 0.5 mm. The analysis is conducted for four different Y values. As observed from the
results in Figure 6, no change is seen for Y values of 0.3 mm.
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Fig. 6. S21 curves for four different Y values.

However, for values of 1 and 1.5 mm, the resonance frequency of the third band increased, and for 1 mm, the
third band bandwidth decreased. As observed from the curves, the best results were obtained for Y values of 0.3 and
0.5 mm. To investigate the role of the substrate on FSS performance, a parametric analysis was conducted with
different substrates. The analysis was performed with three different substrates: RT Duriod 5880C with a relative
dielectric constant of 2.2, FR4 with a relative dielectric constant of 4.4, and RT Duriod RO6006 with a relative
dielectric constant of 15.6. The results, compared in Figure 7, clearly indicate that as the dielectric constant increases,
the operational bandwidth decreases. This behavior is due to the principle that resonance is inversely proportional
to the square root of the dielectric constant. For RT Duriod 5880C with a dielectric constant of 2.2, the operational
bandwidth ranges from 4.2 to 4.61 GHz, 5.41 to 7.41 GHz, and 11.41 to 15.61 GHz. For FR4 with a dielectric
constant of 4.4, it ranges from 3.2 to 3.81 GHz, 4 to 5.82 GHz, and 8.21 to 12.2 GHz. For RT Duriod RO6006 with
a dielectric constant of 15.6, it ranges from 2.61 to 3.21 GHz, 3.41 to 5.21 GHz, and 7.01 to 10.61 GHz.
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Fig. 7. S21 curves for three different dielectric constant values.
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6. CONCLUSION

This paper presents a single-layer design with simple elements, demonstrating that the proposed structure's
dimensions are smaller and its operational bandwidth is acceptable compared to previous designs. The stopband
frequency range spans from 3.2 to 3.81 GHz, 4 to 5.82 GHz, and 8.21 to 12.2 GHz, covering the widely used WLAN,
WiIiMAX, and X bands. The proposed single-layer FSS has a simple structure and low manufacturing cost. The
designed FSS consists of an FR4 substrate with a thickness of 1.6 mm, with conductive elements on both sides of
the substrate. A square ring is located on the bottom side, and two rectangular rings with a rectangular branch in the
middle of the rings are symmetrically placed on the bottom side. Only a simple square ring is placed on the top side.
By accurately selecting the dimensions and positions of the conductive elements, three frequency bands are achieved,
covering the WLAN, WiMAX, and X bands.

The proposed FSS exhibits a stable frequency response against incidence angle variations for both TM and TE
polarizations. The new design is triple-banded with desirable operational bandwidth and is smaller and simpler than
previously constructed similar designs, making it a suitable choice for filtering applications in telecommunication
systems.
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