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.e work presented in this paper concerns a method for the miniaturized frequency selective surface (FSS) based on the meander
lines. A miniaturized dual-bandstop FSS structure based on meander lines with spiral-shape is proposed and simulated. .e
equivalent circuit and current distributions are introduced to explain the FSS performance. .e size of the unit cell is 10mm,
which is about 0.037 wavelength at the first resonant frequency. Simulation results indicate that the proposed FSS has a frequency
shift smaller than 1% for different polarizations with an oblique incident angle of 60°. A prototype of the FSS is fabricated and
measured. .e measurement results show that the FSS is polarization-insensitive and angle-insensitive.

1. Introduction

In the past few years, frequency selective surfaces (FSSs) have
been used for a variety of applications, including absorbers
[1, 2], radar stealth [3–5], communications [6–8], and other
aspect [9–11] in the microwave, millimeter wave, and infrared
wave. FSS is a two-dimensional periodic structure which
consists of metallic patches or apertures etched on a dielectric
substrate [12]. With the increasing requirement of FSS
technology, the traditional FSS cannot satisfy the practical
application because the large unit size will lead to the pre-
mature production of the grating lobe when the elements
resonant. Another reason is that traditional FSS is difficult to
be applied in a limited space area or on irregular surfaces.

Miniaturized FSS can be used to overcome the above
difficulties. Many methods are employed to achieve the
purpose of unit size reduction, including the coupling tech-
nology based on the capacitive surface and inductive surface
[13–15], loading with passive lumped elements (capacitors and
inductors) [16, 17], and the unit curling and interdigitating
design [18–23]. In [18], a convoluted structure is used for
miniaturized FSS, and the element size is about 0.08 wave-
length of the free-space. In [19], a miniaturized FSS is single
layer and composed of the Archimedean spiral type with the

interdigital capacitance between the corners of metallic
patches, and the element size is about 0.066 wavelength at the
resonant frequency. In [20], a miniaturized dual-band FSS
with closely spaced resonance is proposed. .e proposed FSS
comprises meander lines printed on a single-layer dielectric
substrate, and the element size is about 0.065 wavelength at the
resonant frequency. In [21], a miniaturized FSS is proposed
that could fulfill thin substrate design for curved application
and provide stable resonant frequency. .e compact unit size
can achieve 0.052 wavelength at the lower resonant frequency.
In [22], a miniaturized dual-band FSS is designed by using
branched tortuous pattern of cross-dipole element backed by a
wire grid of the same periodicity..e unit size of the proposed
FSS is about 0.075 wavelength at the first resonant frequency.

In this paper, a miniaturized dual-bandstop FSS with
meander lines is proposed. .e structure and the equivalent
circuit model (ECM) of the unit cell are introduced and
analyzed. .e unit cell size can achieve as small as 0.037
wavelength at the first resonant frequency. .e frequency
response under different polarizations and angles of the
incidence plane wave of the proposed FSS is simulated. A
prototype of the FSS is fabricated and measured, and the
measurement results indicate that the proposed FSS is po-
larization-insensitive and angle-insensitive.
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2. Unit Cell Design and Simulation Results

2.1. Unit Cell Design. .e evolution process of the minia-
turized FSS unit cell is shown in Figure 1. A meander-line
FSS is a planar-periodic structure, and the parameters of a
unit cell are detailed in Figure 1(a). .e meander-line FSS is
imprinted on a standard 1mm thick FR-4 substrate
(εr � 4.4tan δ � 0.02). According to the equivalent circuit
method of the FSS, the meander-line FSS can be equivalent
to a series circuit with inductance when a plane wave
propagates along the z-direction with the electric-field
component polarized along the y-axis (TE polarization) and
a parallel resonant circuit when the incident wave propa-
gates along the z-direction with the electric-field component
polarized along the x-axis (TM polarization). .e series
circuit means that themeander-line is a low-pass filter for TE
mode, and the parallel circuit means that the meander-line
FSS is a bandstop filter for TM mode.

A single-layer FSS can be obtained based on the me-
ander-line FSS. .e configuration of the single-layer FSS
unit cell is shown in Figure 1(b), it can be observed that the
unit cell is spiral-shaped, and every unit cell contains four
meander-line structures. .e parameters of the FSS are
l � 4.6mm, w � 0.3mm, ws � 0.7mm, p � 10mm, and
t � 1mm, respectively. Figure 2(a) shows the topology of
the ECM of the single-layer FSS unit cell. .e ECM is a
serial LC resonator, where Z0 � 377Ω is the wave im-
pedance of the free-space. .e inductance L is produced by
the metallic strips, and the capacitance C is produced by the
coupling between the metallic strips. .e approximate
relationship between the values of the circuit parameters
and the proposed FSS parameters is provided in [24] as
follows:
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where Lline is the length of the meander lines and Lslot is the
length of the meander slots.

In order to further miniaturize the unit cell, double-layer
FSS structure is utilized. .e structure on the upper and
bottom surfaces of the substrate is spiral-shaped and con-
nected through the vias, as shown in Figure 1(c)..e ECMof
the double-layer FSS is shown in Figure 2(b), which is
composed of two shunt serial LC resonators (L1-C1 and L2-
C2) separated by a short transmission line Zh with a serial
inductor L3. Zh can be ignored in this design when the
transmission line is very short. .e equivalent impedance
ZFSS of the ECM can be found as follows:

ZFSS �
jωL1 + 1/jωC1( (  jωL2 + jωL3 + 1/jωC2( ( 

jω L1 + L2 + L3(  + 1/jωC1(  + 1/jωC2( 
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where ZFSS is the equivalent impedance of the ECM.
According to the theory of transmission lines, the

transmission coefficient of the proposed ECM can be cal-
culated by

T(ω) �
2ZFSS

2ZFSS + Z0
. (3)

It is easy to find that two transmission zeroes occur
while the impedance of the equivalent circuit ZFSS � 0Ω
and one transmission pole occurs while the impedance of
the equivalent circuit ZFSS �∞. From equation (2), the
frequencies of the zeroes and pole can be determined as
follows:
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As a result, the lumped parameters of the equivalent
circuit proposed in Figure 2(b) are calculated as L1 � 3.6 nH,
C1 � 1.1 pF, L2 �10 nH, C2 �1.3 pF, and L3 � 5.5 nH,
respectively.

.e double-layer FSS unit cell is displayed in Figure 3. It
can be seen that the upper layer of the unit cell consists of
two spirally arranged structures as shown in Figure 3(a), and
the bottom layer which has the same structure is orthogonal
to the upper layer as shown in Figure 3(b). .ere are 4 vias
shown in Figure 3(c) used to connect the upper and bottom
layers.

.e inductances L1 and L2 are produced by the metallic
strips of the upper layer and bottom layers, respectively.
.e values of L1 and L2 are proportional to the length of the
metallic strips and inversely proportional to the width of
the strips. .e capacitances C1 and C2 are produced by the
coupling between the metallic strips of the upper and the
bottom layers, respectively. .e values of C1 and C2 are
inversely proportional to the distance between metallic
strips. L3 represents the inductance of the copper vias, and
the value of L3 is proportional to the length of the via and
inversely proportional to the diameter of the via. From
equation (1), the parameters of the double-layer FSS unit
cell are set as follows: l3 � 9.6mm, l4 � 4.65mm,
l5 � 3.85mm, w � 0.3mm, g � 0.6mm, p � 10mm, and
t � 1mm.

2.2. Simulation Results. .e transmission coefficient of the
single-layer FSS is simulated by the full-wave field solver
HFSS and compared with the calculated one obtained by the
ECM; the results are displayed in Figure 4(a). .ere is a
resonant frequency at 2.6GHz both for ECM and simulation
results as shown in Figure 4(a). .e length of the unit cell is
about 0.087 wavelength at 2.6GHz.

.e transmission coefficient of the double-layer FSS is
also simulated and compared with the one obtained by the
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ECM; the results are displayed in Figure 4(b). It can be
obtained that two resonant frequencies at 1.12GHz and
2.52GHz are produced when the upper layer connected with
bottom layer. .e frequency ranges of the dual-bandstop are
0.72–1.26GHz (relative bandwidth is 54.5%) and
1.8–2.74GHz (relative bandwidth is 41.4%) with the trans-
mission coefficient lower than −3 dB. .e length and the
thickness of the double-layer FSS unit cell are about 0.037 and
0.0037 wavelength at the first resonant frequency 1.12GHz,
which means the double-layer FSS is miniaturization.

In this paper, we assume that θ is the angle between the
incident wave and z-axis. .e simulation results of the
double-layer FSS with different polarizations and incidence
angles are also calculated and displayed in Figure 5. It can be
observed that the resonant frequencies are stable for TE and
TM polarizations when θ � 0°. As shown in Figure 5(a), the
bandwidths widen as θ increases from 0° to 60° for TE
polarization. .e bandwidths change less when θ goes to 40°
and are significantly widened when θ � 60°. In the mean-
while, there are a little shift by 0.9% to lower frequency and a
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Figure 1: Evolution process of the polarization-insensitive and miniaturized FSS unit cell: (a) the meander-line FSS; (b) the single-layer FSS;
(c) the double-layer FSS.
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Figure 2: Equivalent circuit models of the FSS unit cells: (a) the single-layer FSS; (b) the double-layer FSS.
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Figure 3: Configuration of the double-layer FSS unit cell: (a) upper layer; (b) bottom layer; (c) the vias of the unit cell.
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little shift by 0.4% to higher frequency for TE polarization
under 60° incident angle. Conversely, the bandwidth nar-
rows as θ increases for TM polarization as shown in
Figure 5(b). .e bandwidths change less when θ goes to 40°
and are significantly narrow when θ � 60°. At the same time,
there are a little shift by 0.9% to lower frequency and a little
shift by 0.8% to higher frequency for TM polarization under
60° incident angle. It can be observed that the double-layer
FSS has a good stable performance at θ up to 40°.

.e results shown in Figure 5 can be further explained by
the surface current distributions on the proposed double-
layer FSS structure for different frequencies depicted in
Figure 6. Figure 6(a) shows the current distributions on the
upper and bottom layers at the first resonant frequency. .e
arrow in the diagram indicates the direction of the current
flow. It can be observed that there are two current segments
on the meander lines of the FSS structure. Figure 6(b) shows
the current distributions at the second resonant frequency;

the direction of the current flow indicates that there are six
current segments on the meander lines. .e current path is
extended by connecting upper and bottom meander lines
through vias, which can reduce the resonant frequencies
effectively.

3. Measurement Results

To demonstrate the simulated performance, a prototype of
the proposed double-layer FSS is fabricated and shown in
Figure 7. .e dimension of the fabrication is
200mm× 200mm, which contains an array of 20× 20 unit
cells. Two broad-band horn antennas and a vector network
analyzer are used in the measurement.

As shown in Figure 8, the measured transmission co-
efficients under oblique incidence for both TE and TM
polarizations are plotted. It can be observed that a desired
dual-bandstop response is obtained, and the transmission
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Figure 4: Transmission coefficient of the ECM and simulation results: (a) the single-layer FSS; (b) the double-layer FSS.
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Figure 5: Transmission coefficients of the double-layer FSS with various θ: (a) TE polarization; (b) TM polarization.
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zeroes are stable under various incidence angles for both TE
and TM polarizations, which are consistent with the full-
wave simulations. For the normal incidence, the bandwidth
of −3 dB is over 0.58GHz and 0.98GHz. Furthermore, the
measurement results indicate that the frequency response of

the proposed FSS is stable for both TE and TM polarizations,
and the performance is also angular stable.

To further verify the performance of the proposed
double-layer FSS, Table 1 gives the comparison of the
performance between the proposed FSS design with other
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Figure 6: Surface current distributions at two resonant frequencies: (a) 1.12GHz; (b) 2.52GHz.

Figure 7: Fabricated prototype of the double-layer FSS.
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Figure 8: Measurement results of transmission coefficients of the dual-band FSS with various incident angles: (a) TE polarization; (b) TM
polarization.
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miniaturized FSSs in the published papers. It can be ob-
served that the unit cell size of the proposed FSS is smaller
compared with other similar structures, which demonstrates
that the proposed double-layer FSS is a better miniaturized
design.

4. Conclusions

A double-layer FSS structure based on the meander lines is
proposed in this paper. .e application of the connection
between upper and bottom layers of the structure minia-
turizes the size of the unit cell effectively, which could be as
small as 0.037λ0 at 1.12GHz. .ere are two transmission
zeroes achieved by the double-layer structure, which pro-
duce the frequency response with dual-bandstop. .e
simulation and measurement results demonstrate that the
structure is miniaturization. It is necessary to note that the
resonant frequencies shift smaller than 1% for the different
polarizations and the various incident angles of the plane
wave, and the relative bandwidths of the structures also can
be stable as the incident angle increased to 40°.
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