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Abstract— This article presents a novel miniaturized almost
all-angle-insensitive strong coupled frequency-selective surface
(SC-FSS) with all-polarization-insensitive multiband by introduc-
ing the different interlayer coupling patches. Two templates of
a single passband and a dual passband with unit cell less than
0.03λ are adopted to bring in two stopbands on both ends of each
passband. Furthermore, the corresponding equivalent circuit
models are developed to explain the physical mechanism and
formulate relevant design equations. Finally, a prototype of the
proposed dual-passband structure is fabricated and measured to
verify the results of full-wave simulation and theoretical analysis.
The experiment results show that there are a lower passband
working at 2 GHz and a higher passband at 5.8 GHz with a lower
stopband at 4 GHz and a higher at 7.5 GHz at the ends of above
passbands, respectively, which exhibits the stable performance
against the variation of the incident angles (from 0◦ to 86◦)
for both TE and TM polarizations. The measurement results
demonstrate that the proposed multiband SC-FSS is a good
candidate for designing a high-performance antenna radome for
solving electromagnetic interference (EMI) problems.

Index Terms— All-angle-insensitive, all-polarization-
insensitive, equivalent circuit model (ECM), multiband,
strong coupled frequency-selective surface (SC-FSS).

I. INTRODUCTION

FREQUENCY-SELECTIVE surface (FSS) is an artificial
periodic structure [1], [2], which has been extensively uti-

lized in a wide range of applications, such as electromagnetic
interference (EMI) shielding, absorbers, antenna reflectors,
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and hybrid high-performance radomes [3]–[11]. In the mod-
ern complex wireless communication systems, the increasing
demands for multitude of emerging communication systems
require that the multifunctional antennas work well in multiple
frequency bands. Thus, the research of high-selective multi-
band FSS attracts more attention.

In previous studies, FSS structures with multiple indepen-
dent passbands or stopbands have been realized in different
approaches. By cascading a 2-D periodic array of double
square loops and an array of gridded square loops based
on microwave filter theory, Li and Shen [12] designed a
quasi-elliptic passband FSS, and Yan et al. [13]–[15] have
realized highly selective dual-band, triband, and quad-band
FSS structures. Payne et al. [16] proposed a semianalytic
technique for synthesizing thin dual-passband FSS derived
from a classical filter theory. In addition, fractal structures
are also utilized in the design of high-order or multiband
FSS [17], [18]. However, the resonant mechanism of these
structures is based on the half-wavelength resonance of wave
physics, which limits structure miniaturization. Also, as we
all know, the responses of FSS are not only a function
of frequency but also a function of the incident angle and
polarization. At oblique incidence, the problem of grating
lobe and frequency offset may occur in the above structures,
which can work well only under the incident angle range
less than 60◦ even than 45◦. Although several works have
achieved good angle stability, they exhibit only single-band
structures [19], [20]. Li et al. [21] designed the dual passband
with large band ratios by using 3-D FSS. While it can work
well only in single polarization, there is a serious frequency
offset in higher passband. Therefore, an ultraminiaturized,
all-angle and polarization-insensitive multiband FSS structure
is highly desirable.

This article presents a new kind of miniaturized multi-
band FSS insensitive to all incident angles and polariza-
tions based on strong coupled frequency-selective surface
(SC-FSS). Inspired by the design of 2.5-D and 3-D FSS
which can enhance the effective inductance using the vertical
space [22]–[24], SC-FSS is developed with strong coupled
capacitances in the z-direction. First, a single passband work-
ing at 3.7 GHz with two stopbands at 2 and 5 GHz at both ends
of passband is designed by introducing two different interlayer
coupling patches. Even when the incident angle varieties in
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Fig. 1. Schematic of the proposed all-angle and polarization-insensitive
SC-FSS structure with dual stopband and its unit cell. (a) 3-D view. (b) Bottom
layer. (c) Top layer. Optimized geometric parameters are: p = 4.5 mm,
h0 = 0.1 mm, εr = 10.2, d0 = 0.1 mm, r1 = 1.08 mm, w1 = 0.1 mm,
w2 = 0.1 mm, d1 = 0.92 mm, and d2 = p/2.

the range of nearly 90◦, the resonant frequencies remain
constant for both TE and TM modes. In addition, an almost
all-angle and polarization-insensitive dual-passband SC-FSS is
developed from the single-passband structure by introducing
a meandered strip metal structure in the bottom layer, which
can be regarded as a parallel inductance. Furthermore, the field
and surface current distribution patterns of the proposed
structures are investigated and the corresponding equivalent
circuit model (ECM) is also developed to analyze the physical
mechanism and formulate relevant design equations. Finally,
to verify the proposed method, a prototype of the proposed
dual-passband structure is measured where the measurement
results are consistent with the simulated ones by CST and
ECM.

II. HIGHLY SELECTIVE SINGLE-PASSBAND SC-FSS

A. Structure Description

The proposed SC-FSS structure consists of two metal layers
attached on both sides of a very thin dielectric layer, as shown
in Fig. 1(a). There are only four unit cells presented as a
conceptual model for the sake of simplicity. Fig. 1(b) and (c)
shows the bottom and top layers of the unit cell, respectively.
The bottom layer is divided into red and blue areas, in which
the red area contains four semicircles (Rx , Ry) and two
rectangular patches (Rl) and the blue area is composed of four
circles and rectangular patches (Bl) connected with circles.
The top layer is the corresponding but rotationally symmetric
geometry of the bottom one. Furthermore, it is essential for

angular stability that the metal via (Vi a) is designed to connect
the structures of top and bottom layers at the center of the
unit cell. Taconic RF-10 with a permittivity εr of 10.2 and a
tangent loss tan δ of 0.0025 is used as the dielectric layer.

B. Operation Principle

In order to make the proposed FSS structure insensitive
to the incident angles, the strong coupling between the top
and bottom layers is introduced by designing the specific
position relations of structures. Besides, with the influence of
the middle dielectric layer, when the incident electromagnetic
waves reach the surface of the structure, it can be regarded as
the parallel-plate capacitance at a specific frequency, which is
much larger than the equivalent capacitance generated by the
structure coupling in the same layer. In addition, even if the
incident angle changes, the structure still maintains a stable
mode at the resonant frequency, which makes it insensitive to
the incident angle.

To obtain a higher selectivity, it is expected to design a
passband FSS structure with the stopbands at both ends of the
passband. As shown in Fig. 1, there are two sizes of metal
circular patches, which can form two stopbands before and
after the passband. Also, they work together to control the
central passband, which ensures excellent structural selectivity.
To further understand and analyze the physical mechanism,
the distributions of electric field in the middle of dielectric
layer and surface current on each metal layer at their respective
resonance frequencies are shown in Fig. 2.

The electric field distributions at lower stopband for TE
mode are presented in Fig. 2(a1) and (b1), where the electric
field is completely bound between two red circular patches
Ry, forming a strong coupling in the z-direction. At the circuit
level, this strong coupling can be equivalent to a large capaci-
tance Cs1. At the same time, the current is mainly distributed
on red rectangular patches Rl , which introduces an inductance
L1. Also, the vias connecting the top and bottom layers
can be regarded as another inductance Lv. Those vias are
very important for the angular stability because they change
the resonant mechanism from the wave physics to circuit
physics. Correspondingly, when the structure is excited by x-
polarization waves, the electric fields and currents are mainly
distributed in red circular patches Rx and red rectangular
patches in the x-direction. The equivalent capacitance Cs1 and
inductance Ls1 (Ls1 = L1 + Lv) form an LC series resonance
at the resonant frequency f s1 working as lower stopband. It is
demonstrated that the lower stopband is determined by the red
part of the structure in Fig. 1, and we can adjust the parameters
of the red part to optimize the desired lower stopband.

The working mechanism of the higher stopband is con-
sistent with that of the lower stopband. The electric field
distributions of higher stopband (at the middle of dielectric
layer) and surface current (on all layers) at 5 GHz are shown
in Fig. 2(a2) and (b2), respectively. In this case, the electric
field is concentrated on smaller blue circular patches and the
current mainly flows on the blue rectangular patches (Bl)
connected with smaller blue circular patches, which can
be equivalent to a capacitance Cs2 and an inductance L2,
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Fig. 2. Distributions of electric field (at the middle of dielectric layer) and
surface current (on all metal layers). The first column shows electric field
distributions and the second column displays surface current distributions.
(a1) and (b1) Working as lower stopband at 2 GHz for TE mode. (a2) and
(b2) Working as higher stopband at 5 GHz for TE mode. (a3) and (b3) Working
as the passband at 3.7 GHz for TM mode.

respectively. The capacitance Cs2 and the inductance Ls2

(Ls2 = L2 + Lv) form another LC series resonance at resonant
frequency f s2 working as higher stopband. As a result, higher
stopband is dependent on the blue parts of structure in Fig. 1.

From Fig. 2(a3) and (b3), it is observed that the electric field
distributions and surface currents for TM mode at 3.7 GHz
working as the central passband are distributed on both
full smaller blue circular patches and larger red ones (Rx),
which introduces two capacitances Cs2 and Cs1. Meanwhile,
the surface currents are concentrated on all blue rectangular
patches (Bl) and red ones (Rl ) in the x-direction, which can
be considered as the inductances L2 and L1. Two LC series
resonant circuits mentioned above form a new LC parallel
circuit to realize the central passband. Therefore, the whole
structure controls the passband of the proposed FSS.

According to the analysis above, an ECM is proposed
as shown in Fig. 3(a), where the parameters are calculated
by empirical formulas (1)–(9) based on the research in [23]
and [29]. In particular, considering the influence of the fringing
electric field, a correction factor Re given in [25] is improved

Fig. 3. (a) Proposed ECM. (b) Simulation results of ECM in comparison with
those by CST. The difference between the calculated values of the circuital
parameters (1)–(9) and optimized ones by fitting in ADS is shown in Table I.

TABLE I

COMPARISON OF NUMERICAL CALCULATION RESULTS WITH THE

FITTING AND OPTIMIZED ONES BY ADS

to calculate a more accurate capacitance value

Cs1 = ε0εrπ R2
e1

h0
(1)

Re1 = r1

�
1 + 2h0

πr1εr

�
ln

�
πr1

2h0

�
+ 1.7726

��1/2

(2)

L1 = μ0
p − 2r1

2π
ln

�
2(p − 2r1)

w1

�
(3)

Lv = 200h0

�
1 + ln

�
4h0

d0

��
· 10−9 (4)
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Cs2 = ε0εrπ R2
e2

h0
(5)

Re2 = d1

2

�
1 + 4h0

πd0εr

�
ln

�
πd1

4h0

�
+ 1.7726

��1/2

(6)

L21 = μ0
0.5 p − 0.5d1

2π
ln

�
2(0.5 p − 0.5d1)

w2

�
(7)

L22 = μ0

√
2 p − 2d2 − d1

2π
ln

⎛
⎝2

�√
2 p − 2d2 − d1

�
w2

⎞
⎠ (8)

L2 = L21 + 0.5L22. (9)

The equivalent impedance Z F of the proposed FSS structure
is given as follows:

Z F =


1 − ω2Cs1 Ls1

�

1 − ω2Cs2 Ls2

�
jω



Cs1 + Cs2 − ω2Cs1Cs2 Ls1 − ω2Cs1Cs2 Ls2

� (10)

Ls1 = L1 + Lv (11)

Ls2 = L2 + Lv . (12)

Based on the transmission line theory, when ZF tends to
zero, the electromagnetic waves are fully reflected and the
transmission zeros f s1 and f s2 can be obtained as expressed
in formulas (13) and (14). Analogously, as ZF goes to infinity,
we can calculate the transmission pole f p as presented formu-
las (15), which signifies that the EM waves can pass through
the structure.

fs1 = 1

2π
·
�

1

Ls1Cs1
(13)

fs2 = 1

2π
·
�

1

Ls2Cs2
(14)

f p = 1

2π
·
�

Cs1 + Cs2

(Ls1 + Ls2)Cs1Cs2
. (15)

C. Simulation Results

Based on the work described above, a large number of data
fitting operations are carried out, and the optimized ECM as
shown in Fig. 3(a) is simulated by the circuit simulation soft-
ware ADS. Fig. 3(b) shows the comparison results obtained by
ECM and using the EM simulation software CST Microwave
Studio. It is observed from the figure that the ECM results
are consistent with full-wave simulation ones, which confirms
that the above analysis is practicable. In addition, we obtain
the angular response of the ECM for different polarizations
and angles by changing the free-space impedance of incident
waves Zs (Zs changes with Z0/cos(θ) for TE mode, while
it varies to Z∗

0cos(θ) for TM mode, where Z0 = 377 �).
Since the designed FSS structure is insensitive to the incident
angles and polarizations, the proposed ECM can completely
characterize the angular response of the proposed structure,
which guides us to further understand the working mechanism
and optimize the design of the subsequent structure.

Furthermore, the transmission spectra of the proposed FSS
structure under different polarizations and incident angles are
shown in Fig. 4. There is a highly selective passband working
at 3.7 GHz with a lower stopband working at 2 GHz and

Fig. 4. Transmission spectra of the proposed dual-stopband SC-FSS structure.
(a) TE mode. (b) TM mode.

a higher stopband at 5GHz at both ends of passband. It is
worth mentioning that the transmission poles f p are always
stable at 3.7 GHz, and the two transmission zeros f s1 and f s2

are also kept at 2 and 5 GHz, respectively, even when the
incident angle changes to nearly 90◦ for both TE and TM
modes. Therefore, these results demonstrate that the proposed
structure has excellent selectivity and is completely insensitive
to all angles and all polarizations, which can be applied to the
design of high-performance radome or antenna reflector in the
communication system.

III. ALL-ANGLE AND POLARIZATION-INSENSITIVE

DUAL-PASSBAND SC-FSS

A. Structure Description

Fig. 5 shows the schematic of the proposed almost all-angle
and polarization-insensitive SC-FSS structure with dual pass-
band, which is developed from the highly selective single-
passband SC-FSS described in Section II. In addition to the
excellent angle and polarization stability and high selectivity,
it is noted that this structure can function well with dual
passband at sub-6 GHz. In this design, each unit cell consists
of three metal layers that are separated by a thinner dielectric
D1 and a thicker one D2. The first two metal layers of this
structure are similar to those of the previous single-passband
structure, which also consists of two kinds of coupling metal
patches and the rectangular patches connected with them.
What difference is that the analogous capsule metal patches
are designed to replace the original smaller circular ones to
further enhance the interlayer coupling. In order to obtain the
dual passband at sub-6 GHz, we cascade a meandered strip
metal structure at the bottom layer, as shown in Fig. 5(d).
Similarly, the metal vias (Vi a) are loaded in the center of unit
cell to connect the three metal layers together. The details and
optimized geometric parameters are shown in Fig. 5(b)–(d).
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Fig. 5. Schematic of the proposed all-angle and polarization-insensitive
SC-FSS structure with dual passband and its unit cell. (a) 3-D view. (b) Top
layer. (c) Second layer. (d) Bottom layer. Optimized geometric parameters
are: p = 4.3 mm, h1 = 0.101 mm, h2 = 0.355 mm, r0 = 0.2 mm, r1 =
0.98 mm, w1 = 0.12 mm, r2 = 0.33 mm, w2 = 0.12 mm, w3 = 0.66 mm,
w4 = 0.13 mm, l1 = 0.52 mm, l2 = 1.1 mm, l3 = 1.3 mm, l4 = 1.3 mm.
s1 = 0.14 mm, and d0 = 0.355 mm.

B. Operation Principle and Simulation

The transmission spectrum of the proposed almost all-angle
and polarization-insensitive dual-passband SC-FSS structure
under different incident angles (0◦–88◦, step = 2◦) for both TE
and TM modes is extracted, as shown in Fig. 6. It is obvious
that there is a highly selective lower passband at 2 GHz and
a higher one at 5.8 GHz with a lower stopband at 3.8 GHz
and a higher one at 7.4 GHz at the ends of both lower and
higher passbands. Regardless of any passband or stopband,
all resonant frequencies remain constant for both TE and TM
modes, even if the incident angle increases to 88◦.

In order to further understand the operation principle of
this structure, we investigate the field and surface current
distribution patterns of this structure (see Fig. 7), in which the
field modes and current distributions at the three resonant fre-
quencies are consistent with those of the single-passband FSS
structure presented in Section II. Correspondingly, the lower
stopband working at 3.8 GHz is controlled by the blue parts
of the structure shown in Fig. 5, while the higher stopband
working at 7.4 GHz depends on the red parts. Also, the red
and blue parts together mainly determine the performance of
higher passband working at 5.8 GHz. It is clearly observed
from Fig. 7(a1) that the electric fields are mainly concentrated
on the larger blue circular patches, while the distribution on
the red analogous capsule patches is relatively weak. Simul-
taneously, the surface currents mainly flow on the rectangular
patches (Bl) connected with larger blue circular patches and
the whole bottom yellow metal structure. As a result, the lower

Fig. 6. Transmission spectra of the proposed dual-passband SC-FSS structure.
(a) TE mode. (b) TM mode.

passband is mainly determined by the blue and yellow parts
of the structure, while the influence of red part is limited.
In circuit level, the equivalent LC series circuit of the blue
part and the inductance L p introduced by the bottom yellow
part form a new LC parallel circuit, which characterizes the
performance of lower passband. Also, the complete ECM of
this structure is proposed, as shown in Fig. 8(a). The equiv-
alent impedance ZF of the proposed FSS structure is given
in (16)–(18), as shown at the bottom of the next page.

Based on the transmission line theory mentioned in
Section II, the transmission zeros f s1 and f s2 and the trans-
mission poles f p1 and f p2 are calculated as follows:

fs1 = 1

2π
·
�

1

(L1 + Lv )Cs1
(19)

fs2 = 1

2π
·
�

1

(L2 + Lv )Cs2
(20)

f p1 = 1

2π
·
�

−B − √
B2 − 4A

2A
(21)

f p2 = 1

2π
·
�

−B + √
B2 − 4A

2A
(22)

where the variables A and B are expressed as

A = (Cs1Cs2)


L p(Ls1 + Ls2) + Ls1 Ls2

�
(23)

B = −

L p(Cs1 + Cs2) + Cs1 Ls1 + Cs2 Ls2

�
. (24)

Here, all inductances and capacitances are calculated by
formulas (1)–(9) with the corresponding adjustment of inter-
nal structure parameters, and the optimal equivalent discrete
parameters of the model are obtained as follows: Cs1 =
1.28 pF, Ls1 = 1.34 nH, Cs2 = 0.49 pF, Ls2 = 0.94 nH,
and L p = 2.78 nH. It is obvious that all corresponding
curves obtained by ECM and CST nearly overlap each other,
which clearly demonstrates that the transmission performance
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Fig. 7. Electric field distributions (at the middle of dielectric layer) and
surface current (on all metal layers). The first column shows electric field
distributions and the second column displays surface current distributions.
(a1) and (b1) Lower passband at 2 GHz for TE mode. (a2) and (b2) Lower
stopband at 3.8 GHz for TM mode. (a3) and (b3) Higher passband at 5.8 GHz
for TE mode. (a4) and (b4) Higher stopband at 7.4 GHz for TM mode.

of the proposed structure under all incident angles and all
polarizations can be fully equivalent by the extracted ECM.

C. Implementation and Experimental Verification

To experimentally validate the proposed methodology,
a prototype structure and the measurement schematic are
presented in Fig. 9. The prototype consists of three metallic

Fig. 8. (a) Proposed ECM. (b) Simulation results of ECM in comparison
with those by CST.

Fig. 9. Photograph of the fabricated FSS. (a) Top layer. (b) Bottom layer.
(c) Schematic of measurement.

layers etched on two sheets of dielectric substrate (Roger
RT4350B with permittivity εr = 3.66 and tangent loss tan
δ = 0.0037) whose thicknesses are 0.101 and 0.254 mm,

Z F = jωL p


1 − ω2Cs1 Ls1

�

1 − ω2Cs2 Ls2

�


1 − ω2Cs1 Ls1

� ∗ 

1 − ω2Cs2 Ls2

� − ω2 L pCs1


1 − ω2Cs2 Ls2

� − ω2 L pCs2


1 − ω2Cs1 Ls1

� (16)

Ls1 = L1 + Lv (17)

Ls2 = L2 + Lv . (18)
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Fig. 10. Measurement results of the proposed dual-passband SC-FSS and
the comparison with those by CST and ECM. (a) TE mode. (b) TM mode.

respectively. The dimension of the prototype is 280 mm ×
430 mm containing 63 × 97 units, while the thickness of the
metal layer is 35 μm. The unit cell is only 0.03λ, which is very
beneficial for angular stability. Due to the actual processing
limitations, we have no way to process a large enough FSS
board. Considering that the board is not large enough, there
would be an edge diffraction problem under oblique incidence,
which affects the transmission performance of FSS. Thus,
we designed a metal fixture as shown in Fig. 9(c) to prevent
edge diffraction. The experimental setup is the same as that
described in [26] where a pair of standard horn antennas
HD-10180 connected to a vector network analyzer ZVA67 and
the prototype is measured in the microwave anechoic chamber
using the free-space transmission measurement method. Mea-
surements with and without the FSS sample are implemented
for the transmission coefficient calculation under each incident
angle. Fig. 10(a) and (b) shows the transmission responses
at different angles for TE and TM modes, respectively. It is
observed that the measured results exhibit the predicted trans-
mission poles of the dual-passband performance around 2 and

TABLE II

CHARACTERISTICS OF DIFFERENT FSS DESIGNS

5.8 GHz, which agrees well with the simulated ones. Due to
the fabrication errors and deviation of the dielectric properties,
there is a slight shift of the transmission zeros compared
to simulation. Furthermore, the transmission poles and zeros
remind unchanged under different polarizations and the inci-
dent angles up to 86◦. To further confirm the superiority of
the proposed method, a performance comparison of previously
multiband and miniaturized FSS designs with the proposed
structure in this article is listed in Table II. It is concluded
that no work in existing studies has realized the performance
of dual-passband SC-FSS insensitive to quasi-all angles and
all polarizations. In addition, the presented design also shows
the advantages of ultraminiaturized unit cell size and ultrathin
thickness in contrast with other similar works.

IV. CONCLUSION

In this article, a new method of designing the miniaturized
multiband SC-FSS is presented, which is insensitive to almost
all angles and all polarizations built upon the multiorder strong
coupling resonance structures. First, a high-selectivity single-
passband SC-FSS with two stopbands at both ends of the pass-
band is developed by introducing two kinds of strong coupling
resonance structures. Afterward, a dual-passband SC-FSS is
realized by adding an extra inductive layer developed upon the
single passband. The distributions of electric field and surface
current are presented for further understanding and analyzing
the physical mechanism of each band produced. Moreover,
the ECM is also proposed and simulated to characterize the
designed structures. Finally, a prototype of the dual-passband
SC-FSS is measured to verify the proposed methodology.
A good agreement is obtained between the measurement
results and simulation ones by CST and ECM. Especially, the
transmission poles and zeros do not change at all under the full
polarizations, even when the incident angle increases to 86◦.
All results demonstrate that the proposed multiband SC-FSS is
insensitive to almost all angles and all polarizations, which can
be well applied to high-performance antenna radomes, antenna
reflectors, and EMI shielding.
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