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Design and Analysis of a Controllable Miniaturized Triband
Frequency Selective Surface

Huangyan Li and Qunsheng Cao*

Abstract—A novel miniaturized combined-element frequency selective surface (CEFSS) with
simple design process is proposed for multiband applications. In this article, complementary
meandered structures and complementary grid structures are combined to realize controllable tri-band
characteristics, which allow the designed FSS to transmit different frequency signals at 3.3, 4.5 and
5.4 GHz while reflecting signals at 4.0 and 4.9 GHz. The miniaturized combined-element FSS in this
paper has the advantage of smaller size comparing to traditional tri-band FSSs due to the use of
meandered structures, which contributes to its independence of both angle and polarization. The
associated equivalent circuit is provided to analyze its transmission characteristics. Furthermore, the
performances of the proposed structure are evaluated by simulation and measurement, and they agree
well.

1. INTRODUCTION

Frequency selective surfaces (FSSs) are able to transmit desired signals while reflecting unnecessary
signals. FSSs, as a kind of spatial filters, are widely used in sub-reflectors, radomes and many other
fields [1].

For practical applications, the FSSs are often required to have multiband characteristics by enabling
transmission in several desired frequency bands. Recently, many methods have been used to realize
multiband characteristics of FSSs. Ref. [2] proposed a dual-band FSS that is fulfilled by placing two
different square loops in one period. A tri-band FSS was designed by combining rings with different
radiuses [3]. In [4], the complementary structures were mentioned to have a dual-band characteristic
with two transmission poles and one transmission zero. However, in many cases, sizes of FSSs are
required to be small enough because of the limited areas and the need to delay grating lobes.

In [5], a miniaturization design was proposed by using bending metal strips. Lumped components
were used to design miniaturized FSSs [6]. In [7] complementary meander lines were adopted to realize
a miniaturized dual-band FSS.

In [8], combined-elements were adopted to form a tri-band FSS. However, the separation between
the first and the latter two transmission poles is limited above a certain value, which undermines the
controllability of this structure in those applications requiring narrower stopband between two adjacent
passbands.

To improve the controllability of this structure, complementary meandered structures and
complementary grid structures are combined in this paper. By replacing complementary square loops
with complementary meandered structures, the latter two passbands can be tuned to a lower frequency
band than before. Equivalent circuit is applied to fully analyze and explain this structure’s filter
mechanism. To verify the validity of this design, a prototype with transmission poles at 3.3, 4.5 and
5.4 GHz is fabricated and measured, and the measuring results agree well with the simulation results.
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Figure 1. Combined structure of the complemen-
tary meandered structures and the single square
aperture structure.
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Figure 2. Transmission response of the
complementary meandered structures and the
single square aperture structure.

Table 1. Detailed physical parameters of the first
combined-element FSS (unit: mm).

Parameter l s D g w w2 δ t
Value 5.7 0.2 10.8 0.4 0.4 0.4 0.7 0.8

Table 2. Detailed physical parameters of the
second combined-element FSS (unit: mm).

Parameter p g1 D g w w2 δ t
Value 11 0.4 9.3 0.4 0.4 0.4 0.7 0.8

2. DESIGN AND ANALYSIS OF THE PROPOSED STRUCTURES

2.1. Basic Design of the Combined-Element FSS

Table 1 gives the detailed physical parameters of the combined-element FSS as shown in Figure 1. Using
the commercial full-wave finite element method (FEM) simulator Ansoft HFSS, the combined structure
has the transmission property shown in Figure 2. It has three transmission poles at 2.9, 4.3 and 9.7 GHz
and two transmission zeros at 3.6 and 7.6 GHz.

The transmission poles at 2.9 and 4.3 GHz are introduced by the complementary meandered
structures, while the transmission pole at 9.7 GHz is introduced by the single square aperture.
Particularly, the additional transmission zero at 7.6 GHz is introduced by the coupling of the two
structures after combination, which improves the frequency selectivity of the combined structure.

However, the size of single square aperture is restricted to the meandered aperture. Therefore,
the corresponding transmission pole introduced by the single square aperture can’t move to a lower
frequency band independently.

2.2. Design of a New Combined-Element FSS

In order to control the extra transmission pole in a lower frequency band independently, a novel
miniaturized structure is proposed.

2.2.1. Geometry of the Proposed FSS

This combined structure, of which the top consists of the wire grid and the meandered loop and the
bottom layer is composed of the wire aperture and the meandered aperture, is shown in Figure 3. The
detailed geometry parameters are listed in Table 2 (εr = 2.65).

The simulated transmission curve from HFSS of this combined-element FSS in Figure 4 shows
that the transmission property of this novel structure is the simple combination of the properties of
the complementary meandered structures and the complementary grid structures. There are three
transmission poles at 3.3, 4.5 and 5.4 GHz and two transmission zeros at 4.0 and 4.9 GHz, respectively.
The transmission poles at 4.5 and 5.4 GHz are introduced by the complementary meandered structures
and the transmission pole at 3.3 GHz is introduced by the complementary grid structures. Particularly,



Progress In Electromagnetics Research Letters, Vol. 52, 2015 107

Figure 3. Combined structure of the complemen-
tary meandered structures and the stacked wire
grid and aperture grid structure.
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Figure 4. Transmission response of the
complementary meandered structures and stacked
wire grid and aperture grid.

Figure 5. Equivalent circuit of the combined-element structure.

the additional transmission zero at 4.0 GHz is introduced by the coupling of the two structures after
combination, which improves the frequency selectivity of the combined structure. And a slight shift of
the transmission curve can be observed after the combination because of the couplings among structures.

2.2.2. Equivalent Circuit Analysis

The combined-element FSS can also be analyzed qualitatively with equivalent circuit method [9–11]. As
shown in the equivalent circuit in Figure 5, the meandered loop and its complementary structure can
be equivalent to a series resonant circuit (L1, C1) and a parallel resonant circuit (L2, C2), respectively.
Meanwhile, the wire grid structure can be equivalent to the inductance Ls parallel to the series LC
resonant circuit while the aperture grid structure can be equivalent to the capacitance Cs in series with
the parallel LC resonant circuit. The free space at both sides of the combined-element FSS is modeled
as transmission lines with a characteristic impedance of Z = 377Ω. The dielectric substrate supporting
this structure can be considered as a short transmission line with a length of t and its wave impedance
is ZT = Z0/

√
εr. The equivalent impedance of this combined-element FSS is derivedas in Eq. (1).

Z =

[jωL1 + 1/ (jωC1)] jωLs

jωL1 + 1/ (jωC1) + jωLs

{
jωL2 [1/ (jωC2)]
jωL2 + 1/ (jωC2)

+
1

jωCs

}

[jωL1 + 1/ (jωC1)] jωLs

jωL1 + 1/ (jωC1) + jωLs
+

jωL2 [1/ (jωC2)]
jωL2 + 1/ (jωC2)

+
1

jωCs

(1)

and it can be simplified as:

Z =
jωLs

(
1 − C1L1ω

2
) [

1 − (C2 + Cs)L2ω
2
]

−Aω6 + Bω4 − Cω2 + 1
=

jLs (1/ω − C1L1ω) [1/ω − (C2 + Cs) L2ω]
−Aω3 + 1

/
ω3 + Bω − C/ω

(2)

where

A = C1C2CsL1L2Ls

B = L1L2C1C2 + L2LsC1C2 + L1L2C1Cs + L2LsC1Cs + L1LsC1Cs + L2LsC2Cs

C = (L1C1 + L2C2 + L2Cs + LsC1 + LsCs)
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From Formula (2), it is easy to find that Z has two zeros and three poles, which agrees with the
result shown in Figure 4. The focus here in this paper is on the transmission pole associated with the
complementary wired lines, which satisfies the following formula [8]:

fpass1 ≈ 1
2π

√
LsCs + ε0εrt/2

(3)

The relationship between the equivalent inductance Ls and equivalent capacitor Cs and the physical
parameters of the proposed structure is provided as follows [12]:

Ls = μ0 (p/2π) log [csc (πω/2p)] (4)
Cs = ε0εeff (2l/π) log [csc (πs/2l)] (5)

where p and w are the period and the width of the wire grid structure, l and s are the side length of
the conducting patch and the width of the gap between two patches. The approximate value of the
effective permittivity of the structure is:

εeff ≈ (1 + εr) /2 (6)

Choose the parameters in Table 2, then p = 11 mm, w = g1/2 = 0.2 mm, l = p − g1 = 10.6 mm
and s = g1 = 0.4 mm. The effect of the tiny transmission line can be neglected since the height of the
substrate is very small, so the approximate value of the frequency point of the first transmission pole
we obtain from Formulas (3)–(6) is about 3.27 GHz, which is close to the simulated result 3.30 GHz
shown in Figure 4. Although there’s a 30 MHz difference between the two results because the effects of
transmission line and mutual couplings of components are not taken into consideration, we still can make
primary design of the first transmission pole independently and quickly without the use of commercial
softwares.

The transmission curve from the equivalent circuit method based on ADS is also plotted in Figure 4,
which agrees well with the simulated result.
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Figure 6. Simulated transmission responses of the proposed FSS with different parameters, (a) g1;
(b) δ; (c) h.
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Figure 7. Simulated transmission responses of the proposed FSS with different θ and polarization
model, (a) TE; (b) TM.

From the analysis above, this combined-element FSS provides three transmission poles and two
transmission zeros, which improves the frequency selective characteristics and can be applied in many
fields of multiband systems. The size of this combined-element FSS is reduced to about λpass1 /10 due
to the introduction of miniaturized structure, which ensures better angular stability and polarization
stability than traditional FSSs.

2.2.3. Parameter Analysis

The effects of the main geometry parameters of the proposed combined-element FSS on transmission
poles and zeros are shown in Figure 6, including the width of the wire grid g1, the increasing level
of the meander line δ and the height of the substrate h. The value of the equivalent capacitance Cs

decreases as g1 increases, so the center frequency point of the first passband increases as can be seen
in Eq. (3), which agrees with the simulation result shown in Figure 6(a). The smaller the value of δ is,
the smaller the difference between the meandered structure and the single square aperture structure,
and the miniaturization degree becomes less obvious, which agrees with the simulation result shown in
Figure 6(b).

As seen in Figure 6(c), the insertion loss increase as the height of the substrate increases. In
this study, a substrate with the height of 0.8 mm is adopted considering the commercial availability in
fabrication.

Figure 7(a) and Figure 7(b) show the transmission curves of this combined-element structure under
the incident plane wave with different incident angles (θ) and polarization states. The transmission
characteristics of this combined-element FSS is relatively stable to the variations of both incident angle
and polarization state.

3. ANALYSIS OF CASCADED FSSS

As discussed above, the proposed tri-band combined-element FSS has the advantages of miniaturization
and stable frequency performance. However, it is necessary to further study high-order FSSs. High-
order FSSs are often designed based on cascading technique. Two combined-element FSSs shown in
Figure 3 are cascaded with an air spacing of 15 mm and its equivalent circuit model is shown in Figure 8.
Figure 9 plots its simulated transmission curve compared with that of the single FSS. As we can see,
the operating frequencies of the two situations agree well while the cascaded structure provides sharper
transmission curve than that of the single FSS. Thus, the frequency selective characteristics are improved
significantly.
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Figure 8. Equivalent circuit model of the
cascaded FSSs.
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Figure 9. Simulated transmission responses of
cascaded structure compared with that of single
FSS.
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Figure 10. (a) Both sides of the FSS prototype; (b) set-up in the microwave anechoic chamber.
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Figure 11. Measured transmission responses of the combined-element structure under different incident
angles, (a) TE mode; (b) TM mode.

4. EXPERIMENTAL VERIFICATION

A prototype of the combined-element is fabricated and measured to demonstrate the validity of the
proposed structure. The proposed structure is designed to transmit the signals at 3.3, 4.5 and 5.4 GHz
while reflecting the signals at 4.0 and 4.9 GHz. Figure 10(a) shows the FSS prototype with 29 × 29
cells and a overall dimension of 319 × 319 mm2, fabricated on a 0.8 mm thick dielectric substrate with
the permittivity of 2.65 and the loss tangent of 0.005, using a standard printed circuit board (PCB).
The detailed design parameters are listed in Table 2. The measurement is carried out in a microwave
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Figure 12. Measured transmission responses of the cascaded structure.

anechoic chamber as shown in Figure 10(b).
Transmission responses of full-wave simulations and measurements for different incident angles

under different polarizations are plotted in Figures 11(a) and (b), and only a little deviation can
be observed. The shift of the measured operating frequency can be attributed to the inaccuracy
of fabrication and permittivity of the substrate. However, the measured result agrees well with the
simulation in general. Figure 12 shows both the simulated and measured results of the cascaded
structure, which proves that the cascaded structure has an abrupt falling down characteristic and a
wider bandwidth than that of a single FSS.

5. CONCLUSION

A miniaturized combined-element FSS with three transmission poles and two transmission zeros is
proposed based on the complementary structures. The effect of some important parameters on the
transmission properties has been analyzed by full-wave simulation and a stable frequency response of
the proposed structure with different incident angles and polarization modes is observed. The equivalent
circuit method is carried out to fully analyze this structure. A prototype of this structure is fabricated
for demonstration, and the measurement results agree well with the simulation ones. Furthermore, two
proposed FSS structures are cascaded together to achieve a higherorder frequency selectivity.
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