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1 Introduction
REQUENCY Selective Surfaces, or FSSs in

Abstract: An intelligent design method of double screen frequency selective surfaces
(FSSs) is addressed in this paper. The employed unit cell is composed of two metallic
screens, which are printed on both sides of a substrate. The presented non-trial-and-error
approach is investigated based on the separate design of each screen. With the help of some
physical intuition and an equivalent circuit model, it is shown that the conventional use of
complement geometries restricts the final desired filtering response. Therefore, unlike the
previous studies, the metallic screens are not geometrically complementary in this paper.
An excellent agreement between the full-wave simulations and corresponding equivalent
circuit models has been observed. Using standard lumped elements, a highly selective
miniaturized FSS (0.0610 ~ 0.08%o) with two closely-spaced pass bands is designed, for
GSM and WLAN frequencies. Simulation results show a dual-polarized characteristic with
a good angular stability performance for the proposed structure.

Keywords: Frequency Selective Surfaces, Filter, Dual Band, Equivalent Circuit Model.

various electromagnetic applications. Miniaturized FSSs
are harmonic free, so their behavior can be evaluated by

equivalent circuit models (ECMs) [24-26]. The

abbreviated form, are usually periodic metallo-
dielectric patterns, which exhibit a certain frequency
response to the incoming electromagnetic (EM) waves
[1]. In recent years, due to flexible EM properties, these
structures have attracted many applications such as
filtering [2, 3], shielding [4-6], secure electromagnetic
buildings [7], antenna engineering [8, 9], stealth [10-
14], etc. According to performance when illuminated by
EM waves, FSSs and metasurfaces with sub-wavelength
elements are widely used in different frequency regions
from microwave to visible regions [15-23]. Localized
frequency-selective  behavior, angle independent
performance and low sensitivity to the neighboring
elements make these structures an ideal choice for
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miniaturized property of these FSSs avoids the
disturbing effects such as grating lobes especially at
high incident angles [1]. Nowadays several studies for
the miniaturization of FSS have led to the structures
with angular stable frequency responses [27-29].
However, due to the lack of appropriate symmetry, low
quality factor (Q) and poor insertion losses for the
presented pass/reject bands, their frequency responses
do not have special applications [30, 31]. In addition, in
other researches, despite the angular stability of the
designed FSSs, because of the geometrical asymmetry,
there is no stability against the different polarizations of
the incident wave [32, 33]. Most of the mentioned
references use a trial-and-error design method. These
drawbacks pose a great limit in their applications. On
the other hand, in most literature on the dual-band and
even single-band FSSs, frequency-tuning capability of
the proposed structures is not provided. In other words,
it is not stated which parameters should be changed in
what direction [33] to obtain new pass/reject bands. In
other papers, frequency tuning of the proposed
structures is investigated according to some of the
geometric parameters, but there is little physical
discussion of the effects of these parameters [15].
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An Intelligent Non-Trial-and-Error Design Method for Double

In this paper, an intelligent non-trial-and-error design
method for double screen FSSs is addressed based on
separate optimization of each screen. The proposed unit
cell is composed of two meandered metallic screens,
which are printed on both sides of a substrate. A
comprehensive parametric study has been conducted to
evaluate the effects of the parameter variations. With
the help of physical intuition and an equivalent circuit
approach, it is found that the complement geometry of
the metallic screens restricts the final desired filtering
response. Therefore, unlike previous works, in this
manuscript the presented metallic screens are not
complementary from the aspect of geometric
parameters. As a prototype of the proposed method, a
novel miniaturized frequency selective surface (FSS)
with two closely space transmission poles is designed
for WLAN and GSM frequencies. The simulation
results show a dual-polarized operation with an
appropriate angular stability, which highlights the
practical functionality of the proposed structure.

2 FSS Design and Analysis

The schematic of two employed FSS screens is
depicted in Figs. 1(a) and 1(b) and the primary
geometric parameters are given in Table 1. The
geometry of the elements is chosen to be symmetric
with respect to x- and y- axis to ensure independent
performance of screens for both polarizations. The unit
cell dimensions are chosen as 10.8 mmx10.8 mm
(0.0649 ~ 0.08¢) arbitrarily. Two meandered screens
are printed on both sides of a Rogers RT5880 substrate
(=22, tand=0.0009) with a thickness of
t=1575mm. The transmission coefficient of the
metallic strip screen has a first-order band reject and
that of the aperture screen has a first-order band pass
filtering response. The presented unit cell has two key
differences from that in [15]. First, the geometric
parameters of both of screens have been adopted fully
independent of each other, which means that in general
case Wi#Wy, g1#02,... . Second, it will be shown that
assuming equal intervals for ¢;(i=1,2,3) in [15] will
create a limitation for designing and adjusting the
inductance and capacitance values of the screens.
Hence, these intervals are chosen different from each
other in this paper.

In [15], in which two complementary screens are
used, the effect of some geometric parameters on the
resultant frequency response is reviewed. However,
since both of the screens are geometrically
complementary, there is not complete control of the
frequency response of optimized structure. As a result,
in this manuscript, the geometric parameters of two
screens are not linked together. The design method of
the frequency response is different in this paper in such
a way that by separate design of the frequency
responses of each screen, the filtering characteristics of
the final structure can be tuned. This method allows us
to have a full control of the center frequencies and the
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Fig. 1 The schematic of presented unit cell of a) Metallic strip
screen and b) Aperture screen.

Table 1 Primary geometric parameters of both of screens in [mm].

01 02 03 04 05 06
1.8 1.1 0.4 1.8 1.1 0.4
S1 W1 01 S2 W2 J2
0.4 0.4 0.4 0.4 0.4 0.4

quality factors (Q) of the pass bands, which play a vital
role in the applicability of frequency selective surfaces.
For optimal tuning of the final frequency response, it is
shown that a collection of geometric parameters (not
one parameter) in certain directions should be changed.
In the following, a comprehensive parametric study for
each of metallic screen is conducted and the
corresponding filtering responses are discussed.

2.1 Filtering Characteristic of Each Screen

The filtering specifications of each screen is now
investigated through the simulation results. According
to the goal of this paper, it is assumed that the frequency
response of a screen should not influence the other one.
All of the relationships and enforced arguments in this
study are based on this issue. On the other hand, as it is
well known, in a substrate by increasing the relative
permittivity (&) , the electric field lines are more
concentrated in the dielectric. Thus, the aforementioned
effects of the screens on each other will be more
accurate when the substrate has a low relative
permittivity (&) [3]. As a result, a substrate with low
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relative permittivity is used for the design in this
manuscript. Considering the final second-order filter,
which is composed of two first-order ones, to obtain the
individual frequency response of each screen, the
substrate thickness is considered as t=0.787 mm (i.e.
half of the second-order substrate thickness). The
magnitude of transmission coefficients (S21) for each of
screen obtained by full wave simulation (MOM) and
equivalent circuit model (ECM) are depicted in Fig. 2.
As can be seen, the full wave results are in a good
agreement with those of equivalent circuit model.

As it is shown in Fig. 2, the metallic strip screen has a
first-order band-stop frequency response with a center
frequency of 4.5 GHz and the aperture screen has a
first-order band-pass response with a center frequency
of 4.3 GHz. The corresponding ECMs are illustrated in
Figs. 3(a) and 3(b). The metallic strip and aperture
screens are modeled as series and parallel LC
resonators, respectively. The employed substrate is also
modeled as a transmission line with the characteristic

impedance of Z, =Z,/.[¢, inwhich Z, ~1207 is the

characteristics impedance of free space. To obtain the
values of inductance and capacitance, the unit cell of
each screen has been simulated by Computer Simulation
Technology (CST) software. Then, using a genetic
algorithm, different values are assigned to the
capacitance and inductance values in such a way that
the full-wave and equivalent circuit model have a
similar frequency responses.

2.2 Separate Tuning of Frequency Responses

Considering the presented ECMs in Figs. 3(a) and
3(b), it is obvious that in both structures, the center
frequency decreases by increasing C, L. On the other
hand, the quality factors of the metallic strip and

aperture screens are defined as Qwsecy/L/C  and

Qapx+JC /L , respectively. Thus, it can be seen that by
increasing L, the quality factor of the metallic strip
screen increases while the quality factor of the aperture
screen decreases. Also, by increasing C, the bandwidth
of the metallic strip structure increases and the
bandwidth of the aperture structure decreases. As a
result, for an intelligent control of the filtering
characteristics, it is required to know the geometric
parameters effect on the inductance and the capacitance
values in both of screens. It is known that the efficient
path of the surface currents makes the inductance of
screens and the capacitance is made by the existing air
gaps as shown in Fig. 4. In the following, the physical
effects of geometric parameters in the inductance and
capacitance values of the employed unit cell is
discussed. It should be noted that the mentioned
discussion is given in detail for the metallic strip screen
but just to avoid mentioning oft-repeated arguments, the
physical descriptions for aperture structure is briefly
given in Table 2.
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Fig. 2 The frequency response of the metallic strip and
aperture structures with the same geometric parameters as
given in Table 1 (Geometry 1).
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Fig. 3 The equivalent circuit model of the a) metallic strip and
b) aperture structures.

(b)
Fig. 4 a) The induced surface currents and b) the induced
electric fields for both of screens when are illuminated by a
plane wave with TE polarization at normal incident.
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In the metallic strip structure, by increasing o1, d2, ds,
the efficient length of the surface currents path is
increased and so does the inductance value of the
screen. In this case, the maximum possible values of 41,
d2, 03 are achieved in such a way that the metal ripples
do not contact with each other. Then, without loss of
generality and just for the convenience of analysis, these
parameters are tuned with an “x” coefficient in order to
simultaneously change. It means that 5, = 4x, d, = 2.3,
03=0.8x where 0<x<l and the maximum possible
values of Ji, d2, d3 are d1=4mm, J,=2.3mm,
03 =0.8 mm for the geometric parameters of [15]. The
transmission response in terms of increasing “x” are
illustrated in Fig. 5(a). By increasing wi, while the
length of the surface currents path is approximately
constant, its width is increased. Therefore, the
inductance values of both of the screens decrease. On
the other hand, this change does not have any effect on
the effective length or gap width between two adjacent
cells, and so the capacitance value of the cell. Fig. 5(b)
depicts the changes in frequency response of the screens
caused by increasing w;. As can be observed from
Fig. 5(c), in overall, increasing s: does not have any
noticeable effect on the effective width and length of
surface currents path. In the other words, the effects of
increasing or decreasing approximately counteract each
other. Nevertheless, this change causes the decrease in
the effective length of capacitive gap between the two
adjacent cells and as a result, the capacitance value of
the cell is enhanced.

The enhancement of the gi value in this structure
causes the decrease of effective length and thus the cell
inductance value. However, the effective width of the
surface currents path is approximately constant. In
addition, the existing gap between the two adjacent cells
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is increased and the cell capacitance value is decreased.
According to the electric fields shown in Fig. 4, the air
gaps in the cell do not have a vital role in the creation of
the structure's capacitance. Fig. 5(d) shows the
frequency response of the structure in terms of
increasing gi. In this case, it should be noted that
excessive increase of gi, causes the inconvenient grating
lobes which appears at oblique incidence angles [1].
Similar arguments lead to the frequency responses
depicted in Fig. 6. However, as previously mentioned,
the brief results are given in Table 2.

According to the assertion of this paper, considering
the above-mentioned discussion, a desired filtering
characteristic can be achieved by separate engineering
of each frequency response. For example, to decrease or
increase the center frequency, the same changes of
inductance and capacitance values of the screens are
required (or at least the changes in one while the other is
constant). This requirement is achieved by 61, d2, d3, 01
parameters of the metallic strip structure and J1, dz, Js,
g. of the aperture structure. The results of these
variations are shown in Figs. 7(a) and 7(b), and the
corresponding geometric parameters are given in Tables
3 and 4. On the other hand, the low or high quality
factor of final dual-band filter depends on the quality
factors of each screen. It is clear that, as the quality
factor of band pass filter resulting from the aperture
structure becomes higher, the second-order frequency
response has a sharper roll off. In other words, an
intelligent control on the changing of that group of
geometric parameters is needed, which create a change
in opposite directions in the inductance and capacitance
values or at least approximately do not have any
influence on one of them. Therefore, the geometric
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Fig. 5 Investigating the effect of increasing a) d1, d2, J3, b) wi, c) s1, and d) g1 on the frequency response of the metallic strip
structure with the substrate thickness of t = 0.787 mm.
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parameters w1, S1 in the metallic strip structure and ws,
sz in the aperture structure will be useful. A prototype of
the above-mentioned design is done in such a way that
the resultant frequency responses have high quality
factors. The results are shown in Fig. 7(c) and
corresponding geometric parameters of the screens are
given in Table 5.

2.3 Filtering Characteristic of Dual Band Structure

Up to here, the filtering specifications of the first-
order structures are investigated. Now, the main claims
of the paper can be justified based on the optimization
of the final second-order filter structure from both of the
first-order screens. As previously mentioned, the dual-
band structure includes two metallic screens and a
substrate with the thickness of t = 1.575 mm. (The reason
for selecting this option was discussed previously) as
shown in Fig. 8(a). The corresponding equivalent circuit
model is illustrated in Fig. 8(b), in which the metallic
strip and aperture screens are modeled as a series and
parallel LC resonator, respectively. As before, the
substrate between the screens is modeled as a
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transmission line with characteristic impedance of
Z,=Z,/\J& . The substrate permeability (i), the

distance between two screens, the length and thickness
of the metallic strips and their relative positions to each
other affect the value of the mutual inductance (M). In
the provided scenario, this parameter can be ignored in
comparison with Li, Lo. At this stage, the second-order
filters with the prenominated geometries of “Geometry
1, 2, 3, 4” are simulated and their results are given in
Fig. 9(a). This figure confirms our claim based on the
separate controlling of the first-order filtering
specifications. The first geometry is the one was
proposed in [15]. The second geometry that is
composed of high center frequency first-order screens
with higher center frequency. The third, which is
composed of low center frequency first-order structures
also has a center frequency that is smaller than the first
geometry. Finally, the last structure, whose geometrical
parameters are given in Table 5, has our desired filtering
characteristics. Its center frequencies are 1.9 GHz and
3.1 GHz and it has sharp pass bands and so can be
recognized as a practical dual-band filter in 2~6 GHz.
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Fig. 6 Investigating the effect of increasing a) ds, da, Js, b) w2, ¢) sz, and d) g2 on the frequency response of the aperture structure
with the substrate thickness of t = 0.787 mm.

Table 2 Reviewing the effects of increasing the geometric parameters of metallic strip and aperture structures on the unit cell
inductance and capacitance.

Geometric parameters  (Q) (fo) (C) (L) | Geometric parameters  (Q) (fo) (© (L)
o1 i l =cte 1 04 i l =cte 1
02 i l =cte 1 05 i l =cte 1
03 i il =cte 1 06 i l =cte 1
W1 l 1 =cte l W2 l i l =cte
S =cte =cte =cte ~Cte S2 i =Cte 1 l
g 1 I ! | 92 1 1 ! !
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Fig. 7 Investigating the effects of smart choice of geometric parameters on frequency responses for: a) Decreasing the center
frequency (The center frequency of the metallic strip and aperture structures have moved to 5.17 GHz and 5.18 GHz, respectively—
Geometry 2), b) Increasing the center frequency (The center frequency of metallic strip and aperture structures have moved to
frequencies of 3.55 GHz and 3.56 GHz, respectively—Geometry 3), and c) Increasing the quality factors of each screen (Geometry 4).

Table 3 The employed geometric parameters of screens in Fig. 7(a) in [mm].

01 02 03 04 05 06 S1 W1 01 S2 Wo 02
1.8 1.1 0.4 0.2 0.2 0.2 0.4 0.4 0.8 0.4 0.4 0.4
Table 4 The employed geometric parameters of screens in Fig. 7(b) in [mm].

o1 02 03 04 Js5 06 S1 W1 o1 S2 W2 02
4 2.3 0.6 0.8 0.4 0.4 0.4 0.4 0.8 0.4 0.4 0.1
Table 5 The employed geometric parameters of screens in Fig. 7(c) in [mm].

o1 02 03 04 Js5 J6 S1 W1 o1 S2 W2 02
4.3 2.7 1.1 3.6 2 0.4 0.4 0.4 0.1 0.9 0.1 0.4
Portl SubstrateModel Port2
1
Zc
Ll /M\b 4
20+ L2 C2 70
= C ]' :[ = =
@) (b)

Fig. 8 a) The unit cell schematic of second-order filter and b) corresponding equivalent circuit model.
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Fig. 9 Comparison of the frequency response of second-order filters with: a) different geometries and b) different substrates
(Rogers RT5880: &r = 2.2, tand = 0.0009, Rogers RO4450B: ¢r = 3.3, tand = 0.004, Rogers TMM4: ¢r = 4.4, tand = 0.002).
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The corresponding geometric parameters, which are
investigated in the previous section, have been obtained
by a compromise between quality factor and center
frequency. It is emphasized that unlike most studies, the
performances of this prototype have been achieved
using the screens that are not geometrically
complementary. At the end of this part, it is noteworthy
that in addition to the listed degrees of freedom, the
frequency response of the double-screen structure can
also be adjusted by the relative permittivity of the
employed substrate (er). An enhancement in the value of
this parameter will increase the capacitance values of
both of the screens. This results in sharper pass bands
with lower center frequencies. Fig. 9(b) shows the
frequency responses of the second-order filter with
“Geometry 4” for several substrates.

3 Second-Order Filter for WLAN and GSM
Frequencies

By keeping the worthiness of all foregoing
discussions, the range of changes in geometrical
parameters of some unit cells are limited. For example
in the presented unit cell the horizontal and vertical
metallic strips conflict with each other for high values
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1 L C1 EX
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of & =1,...,6. This limitation persuades us to introduce
another method by using lumped elements to design a
highly selective filter with practical applications
(Figs. 10(a) and (b)). The employed lumped elements
have standard geometric quantities which are extracted
from the manufacturer companies [34, 35] in order to
keep the practical aspect of proposed design method.
Fig. 11(a) shows the desired frequency response that
was designed using the geometric parameters of Table 1
and the lumped elements. A highly selective tunable
dual-band band-pass frequency selective filter for center
frequencies of 1.8 GHz and 2.4 GHz are achieved by
C=0.75pF, L=15nH. Simulation results for the
proposed structure show a good angular stability
performance. To validate the performance of the
optimized structure, the result of the equivalent circuit
model also is depicted in Fig. 11(b). The results for the
incidence angles of #=0, 15°, 30° are given in
Fig. 11(c). As can be seen in Fig. 11(a), the achieved
frequency response has two symmetrical pass bands
with acceptable insertion losses. Furthermore, the
proposed structure with two closely-spaced pass bands
is an appealing candidate for WLAN and GSM filtering
applications.

rtl Substr_ateModel Port2

(©

Fig. 10 The manner of embedding the lumped inductors and capacitors in metallic strip and aperture screens and the resultant ECM
are shown in a), b), and c), respectively.
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Fig. 11 a) Comparison of the frequency response of second-order filters with different values of lumped inductor and capacitor,
b) Comparison of the method of moment and equivalent circuit method for the optimized structure, c) Evaluating the stability of
proposed second-order filter against the variation of incident angle for the case 9
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5 Conclusions

In this paper, an intelligent non-trial-and-error method
for the design of double screen frequency selective
surfaces is discussed. Using some physical institution
and an equivalent circuit model, it is shown that the
specifications of the resultant second-order filter can be
predicted by separate tuning of each screen. The
equivalent circuit results have good agreement with the
full-wave simulations. It was then investigated that in
some instances, the geometrical parameters of the
employed unit cell did not have the capability for full
range tuning. To adjust the specifications of our desired
second-order frequency response, using lumped
elements, a miniaturized band-pass filter with high
selectivity for GSM (1.8 GHz) and WLAN (2.4 GHz)
applications was designed. Simulation results showed
the angular stability of the dual-polarized proposed
frequency selective surface.
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