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ABSTRACT A single-substrate-layer Frequency Selective Surface (FSS) is designed with a 1.6 mm thick
FR4 substrate for triple band-stop frequency filtering applications, that are for Bluetooth, WLAN, WiMAX,
and X-band. The proposed FSS unit cell consists of two polygon loops on the front side and a square loop
with four annular rings attached to its corners on the backside. The offered design covers three frequency
bands: 2.3-4 GHz, 5-6 GHz, and 8-12 GHz. There are three resonances at 3.3 GHz, 5.6 GHz, and 9.9 GHz.
The equivalent circuit model of the proposed structure and the formulas of the LC parameters were presented.
A prototype of this structure was manufactured in size of 26 cm x 26 cm and experimentally verified in the
antenna and microwave laboratory. The software used for design and simulation is HFSS from Ansys, which
uses the finite element method. A comparison with similar structures was performed to demonstrate the
performance of the proposed structure. The advantages of the proposed filter include adequate bandwidth,
simple structure, as well as small size. In addition, it is unaffected by variant angles of incidence for TE
polarization and TM polarization. Furthermore, due to its symmetrical design, it shows a polarization-
independent feature. Experimental results for both polarizations verify the merits of the proposed approach,

as shown before in the simulation results as well.

INDEX TERMS Frequency Selective Surfaces(FSS), Bluetooth, WLAN, WiMAX, X-band

I. INTRODUCTION

ERIODIC structures that encounter electromagnetic

waves and act as filters, but are a function of frequency,
called Frequency Selective Surfaces(FSS). FSSs are filters
that result from the placement of several identical metal
shapes together in a repetitive pattern printed on a substrate.
According to their design, they can reject or pass
electromagnetic waves radiated towards them. These
electromagnetic filters can act as band-stop, band-pass, low-
pass, and high-pass filters like microwave filters [1-3].
Perhaps the biggest problem of a periodic structure is that it
conceptually is so simple that almost everyone understands
it instantly. However, the designer soon realizes that one has
to produce more than just some calculated curves [4]. FSSs
have many advantages; however, there are some difficulties
in designing and manufacturing them that need to be
considered. These difficulties include the following [5]:
1) Large-size unit cells, the larger the cell, the larger the FSS;
2) Difficulties in achieving the desired band and specific
frequency range;
3) Complex structures, which make FSS challenging to build;
4) The number of substrate layers.
Some of the FSSs main applications are in band-stop filters [6-
9], dichroic subreflector [10], radomes [11], RCS reduction
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and absorbers [12]. It is noteworthy that a dichroic structure
refers to a periodic surface that is clear at a frequency band and
opaque at another.

Reference [13] proposed a left-handed metasurface absorber
inspired by a tree-shaped fractal structure with tri-band (C-, X-
, and Ku-bands) resonances. Each single unit cell contains a
metallic branch tree-shaped fractal printed on a 1.6 mm thick
epoxy resin fiber substrate. The absorption of the structure is
above 84%. Reference [14] proposed a multilayered
reconfigurable FSS using cantilever enable switches. The unit
cell size is 10.1 mm x 7.62 mm. The arms of the top layer in
this super-shape-inspired structure FSS, are used as cantilever
switches. Depending on the bending of cantilever arms, this
structure has two states (UP & DOWN); for UP state, the
cantilever arms are bent, while for DOWN state, they are left
unbend. The proposed structure is for X-band application and
has good isolation between UP and DOWN states.

We all know that security against unwanted signals is one of
the main concerns of some places today, which can be
overcome by using the FSS signal blocking feature and using
them as a band-stop filter. Reference [15] proposed a shielding
structure using complementary frequency selective surfaces
for EMI from LTE 4G systems. The geometry of the proposed
unit cell is complementary, which includes a 16 mm square
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loop and a cross-dipole. This structure resembles a filter with
two transmission bands, the first at 2.11 GHz and the second
at 3.11 GHz, with a null between them. It rejects the frequency
band of 2.45-2.69 GHz, which includes 4G LTE band 7.
Reference [16] designed textile-based FSSs to stop four
different frequency bands, where EM pollution generally
occurs. Four different FSSs named S1, S2, S3, and S4 are
designed using textile material (felt, satin, jersey, and akfil-
cotton, respectively). The geometry of proposed unit cells is
H-shape patch for S1(65 mm x 20 mm), square patch for
S2(60 mm x 30 mm), hexagon patch for S3(60 mm x 40 mm),
and hexagon loop for S4(50 mm x 40 mm). The simulations
show four resonances at 4.96 GHz, 4.5 GHz, 4.6 GHz, and
3.78 GHz respectively. It has been claimed that these FSSs are
suitable for wearable antennas and sensors. Reference [17]
designed a compact metamaterial antenna with a dimension of
42 mm x 32 mm for LTE, Bluetooth, and WiMAX system,
using square metallic strips. The measured results of the
conventional antenna show three resonances at 0.56 GHz, 2.67
GHz, and 3.15 GHz that cover the bandwidth of 20MHz (0.56-
0.57 GHz), 560 MHz (2.326-2.9 GHz), and 580 MHz (2.91-
3.49 GHz), whereas the metamaterial inspired antenna shows
three resonances at 0.63 GHz, 3.21 GHz, and 3.63 GHz that
covers the bandwidth of 40MHz (0.6-0.64 GHz), 730 MHz
(2.67-3.4 GHz), and 60MHz (3.61-3.67 GHz). It has been
claimed that the proposed antenna is a good choice for LTE
and WiMAX applications because it has an Omni-directional
radiation pattern with a high peak gain during the operating
frequency band.

In this paper, the design procedure of a unit cell on a 10 mm x
10 mm FR4 substrate is explained in detail. The substrate is
1.6 mm thick and has a dielectric constant of 4.4. Design
parameters such as substrate permittivity, cell size, cell shape,
loss tangent, inter-element spacing have been conservatively
considered in the design procedure to achieve an appropriate
frequency response. These show how design considerations
such as the proportionality among mentioned parameters help
us to achieve the desired frequency. Proper selection of
conductive elements has helped us to filter three bands from
2.3-4 GHz, 5-6 GHz, and 8-12 GHz, which include Bluetooth,
WLAN, WIMAX, and X-band frequency bands. The
symmetric structure has stable performance in dealing with
waves with an oblique or direct angle of incidence for TM and
TE wave modes. The proposed FSS is designed and analyzed
firstly by Ansys HFSS software (finite-element method based)
and then its performance is verified through an experimental
prototype sample. The rest of the paper continues as follows:
section 2 explains the process of designing the proposed unit
cell. In section 3 the simulated and experimental results are
presented and we investigate the sensitivity of the suggested
FSS and the surface current distribution analysis. Section 4
examines a comparison between similar structures. At last,
section 5 concludes the paper.
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Il. DESIGNING OF SINGLE CELL

Fig. 1 shows the unit cell of the suggested structure. It is
developed on a 10 mm x 10 mm FR4 substrate that is 1.6 mm
thick. For broadband applications, the FR4 can be used in
place of conventional microwave substrates, offering
significant cost savings and acceptable performance. It is low-
cost, readily available, and satisfies our requirements based on
the proposed structure. If we choose roger substrates based on
the proposed design, the resonances shift to the higher
frequencies, which in this case, it is not desired. Nevertheless,
on the backside of the FR4 substrate, we printed a square loop
with the outer and inner areas of 9.8 mm x 9.8 mm and 9.1
mm x 9.1 mm with four annular rings on the corners. The outer
and inner diameter of the rings is 1.45 mm and 0.75 mm. The
front side includes a hexagonal loop with a width of 0.85 mm
in the wide part of the loop and 0.5 mm in the narrow part and

D

FIGURE 1. Proposed FSS unit cell dimensions.

an irregular decagonal loop. To have a thorough analysis, the
procedure of developing the unit cell is completed in 4 steps.
Instep 1, all we can see is a simple square loop on the backside
of the substrate. It stimulates a resonance around 3.1 GHz,
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which rejects the frequency range of 2.1-4.4 GHz. As we
know, loop-type elements are well known as band-stop filters.
In step 2, we added a hexagonal loop to the front side. The
addition of this element yields another resonance frequency
around 10 GHz with a rejection band of 8.1-11.8 GHz and
shifts the first resonance frequency from 3.1 GHz to 3.3 GHz.
In the next step, an irregular decagonal loop that is made of
two decagonal subtracted in simulation software has been
supplemented on the front side of the substrate that creates a
resonance around 5.6 GHz and filters the frequencies from 5
GHz to 6 GHz. Finally, in step 4, four annular rings are
integrated into the corners of the square loop. Fig. 2 displays
all four steps. For FSSs analysis, like other two-port networks,
S-parameters will be useful to analyze their performances. Sy1
curves for all four steps are plotted in Fig. 3.

TABLE |. Dimensions of the FSS unit cell

Parameter Dimension(mm) Parameter Dimension(mm)
D 10 L2 4.3
W1 0.5 Ls 4.6
W2 0.75 L4 4.9
W3 0.3 R1 0.4
L1 3.4 R2 0.8
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FIGURE 3. Sz1 curves for design steps.
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Ill. RESULTS AND DISCUSSION

A prototype of the FSS presented in this paper was
manufactured and tested in the Urmia antenna and microwave
laboratory. It has a 26 cm x 26 cmarea, which contains a 26 x
26 array of unit cells at both sides. Fig. 5 shows an image of
the FSS prototype. Two horn antennas with an operating
frequency range of 2-18 GHz (on both sides of the prototype)
are used to measure the prototype in the laboratory. These
antennas have high gain and low VSWR. The benefits of
having these antennas are maintaining a single main lobe
pattern in the direction of the horn axis, uniform illumination
of object planes, and precise measurement. The PNA network
analyzer model is Agilent technology E8363C. To be able to
simulate a quiet environment, we performed experiments in
the Urmia Antenna and Microwave Laboratory in an echo-free
room for TE polarization and TM polarization. Fig. 4(a) shows
the established setup in the measurement process. To prevent
spillover and diffraction, we surround the prototype with
absorbent material. The results obtained by the experiment are
shown in Fig. 4(b). As can be seen, the proposed FSS
manifests three resonances at 3.3 GHz, 5.6 GHz, and 9.9 GHz.
The rejected frequency ranges are from 2-3.4 GHz, 5-6 GHz,
and 8-12 GHz, which include Satellite, SiriusXM Radio,
unlicensed (Bluetooth, Wi-Fi, etc.), cellular phones, WiMAX,
WLAN, and X-band in-service frequency ranges. The
proposed structure can be used for electromagnetic shielding
or utilize its unit cell in the filtenna systems. However, in
upcoming works, we intend to employ the PIN diodes to turn
this design into a tunable structure that can be used for both
shielding applications and filtenna systems.

As can be seen from measured Sy; curves for TE polarization,
there is three main resonance frequency at 3.1 GHz, 5.5 GHz,
and 9.8 GHz. Furthermore, the resonance frequencies for TM
polarization are at 3.2 GHz, 5.6 GHz, and 9.8 GHz. The
simulated and measured results are well conformant, as can be
observed in Fig. 4(b).

Further discussions can be advanced by analyzing the
equivalent circuit of the proposed structure. The double loop
on the front side of the structure can be presented by two LC
circuits. The short lengths of relatively high impedance lines
behave mainly like a series inductor, so the discontinuity of
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the irregular decagonal loop can be presented as a series
inductor. The equivalent circuit model of the square loop is an
LC circuit where inductance and capacitance are presented by
vertical and horizontal metal conductors, respectively. The
attached rings in the corners of the square loop create circular
slots that raise the capacitance and shift the first resonance to
the higher frequency. It can be modeled by a capacitor in
parallel with the square loop. Also, the dielectric substrate is
modeled by a series inductor(Ld) and a shunt capacitor (Cd).
Fig. 2 shows the equivalent circuit of the presented FSS. The
circular ring equations can be used for the inductance and
capacitance of the irregular decagonal loop with a pretty good
approximation. However, the inductance and capacitance of
the structure can be obtained from the following equations
[25-277:
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FIGURE 4. Antenna and microwave lab and testing the FSS, (a) Fabricated
FSS under measurement (b) Simulated and measured S2i1 curves.
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p

The variables in the above equations can be defined as
follows:

B.: capacitive susceptance,
Xi: inductive reactance,

g : the gap between the loop sides, g»: the gap between
the two polygonal loops,

p: periodicity,
0 :angle of incidence,

\: the wavelength,
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t :the thickness of the substrate, and N is an exponential
factor that varies with the geometry of the unit cell (N = 1.8
for loop arrays, N=1.3 for metal patches).

Eventually, the resonance frequency is achieved by the
following formula:

(14)

The calculated resonances from the above formulas are in
3.21 GHz, 5.49 GHz, and 9.86 GHz whereas, the simulated
and the measured resonances are in 3.3 GHz, 5.6 GHz, 9.9
GHz, and 3.1 GHz, 5.5 GHz, 9.8 GHz, respectively.

7
s
« o]

FIGURE 5. Fabricated prototype photograph.
A. SURFACE CURRENT

To inquire more into the FFS performance, surface current
distribution analysis is employed. It designates the effect of
the fields generated by the FSS sheet, at the resonant
frequency. As we can see in Fig. 6, at 3.3 GHz, the surface
current is centralized on the backside square loop. Red colors
indicate a stronger current. At 5.6 GHz, the outer patch of the
front side is excited most, and it is responsible for the
resonance frequency. The last resonance occurs at 9.9 GHz.
As shown in Fig. 6, the hexagonal loop is feverish, and
therefore, it resonates at 9.9 GHz.

FIGURE 6. Surface current distribution at 3.3 GHz, 5.6 GHz, and 9.9 GHz.
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B. SENSITIVITY

A favorable FSS requires a stable response and performance
resistance to angles of incidence and different polarizations.

For TE polarization and TM polarization and
of incidence from 0° to 50°, S; parameters

variant angles
are simulated,

and a step change of 10° is employed. Fig. 7(a) and (b) shows
the acquired Sy; curves. Itis clear that by increasing the angle

of incidence from 0° to 50°, Sz has a slight sh

ift, but it could

be suitably neglected. Nevertheless, the overall response has
frequency stability within the permitted boundary.

0

5
10
15 O
20
25

S21(dB)

-30
-35
-40

45
0 1 2 3 4 5 6 7 8 9 10

11 12 13 14 15

FREQUENCY (GHz)
@)
0
5 Ry N 55
.
10 v \ ) R
{\ X\ ¥
-15 - d!f 4
i

20 Hi
o) I..
@ 25 2
3 ]
=~ 30 X
[} i 10 degrees

35 ... 20 degrees

40 y == == 30 degrees

= = == 40 degrees
45 — - - 50 degrees
-50
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
FREQUENCY (GHz)

(b)

FIGURE 7. Sz curves for incident angles of 0°-50°, (a) TE polarization (b) TM

polarization.

IV. COMPARISON

We performed a comparison with similar structures to
understand the performance of the proposed structure better.
The choice of structures for comparison is based on unit cell
size, substrate type, and supported bands. As shown in Table
I, the structures in [5], [7], [18], [19], [20], [21], [22], [23],
and [24] are intended for comparison. All of the mentioned
structures have been simulated and measured. Among these
structures, only [5], [18], [22], [24], and the proposed structure
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in this paper are multi-bands. Most of the selected structures
for comparison have FR4 substrate except for [22] and [23],
which have Rogers 4003c and F4ABM220, respectively. The
structures in [19] and [23] have two substrates layers. In terms
of size, the structures in [5] and [7] and the structure presented
in this paper are equal but not the smallest; however, the
proposed FSS supports more frequency bands. [20] is the

smallest among all and filters the 802.16e WiMAX, 802.11
WLAN, and Bluetooth good enough. [24] is a pentaband,
single substrate, and larger than others, but only supports
802.16d WiMAX. [7] and [19] have wideband characteristics
but fail to cover Bluetooth and all frequency range of WiMAX
802.16e. [18] is triple-band and covers WiMAX frequency
bands well but fails to filter WLAN and X-band. Also, it
should not be forgotten that its size is almost twice in
comparison with the presented FSS. [5], [7] and [20] do not
have symmetrical structures, so they are not polarization-
independent. Generally, the structure proposed in this paper,
despite its small size and single substrate, is three-band and
succeeds in covering most of the considered frequencies.

V. CONCLUSION

In this article, a new scheme for frequency selective surfaces
that filter the three frequency bands has been designed and
experimentally verified, which include Bluetooth, WLAN,
WiIMAX, and X-band. The offered FSS is 26 cm x 26 cm and
contains 676 unit cells. The design of the unit cell consists of
a hexagonal loop and an irregular decagonal loop on the front
side of the FR4 substrate, and a square loop with four annular
rings attached to its corners on the backside. The rejected
frequency ranges are from 2.3-4 GHz, 5-6 GHz, and 8-12
GHz. A prototype of the proposed design was manufactured
in size of 26 cm x 26 cm and tested in the laboratory. Measured
results for TE polarization and TM polarization at variant
angles of incidence verify the simulation results and show the
merits of the proposed design. The advantages of the proposed
FSS are compactness, simplicity, wideband design, which
makes it a convenient option for use as a stop-band filter.
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TABLE Il. Comparison with similar structures to demonstrate the advantages
of the proposed design.
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