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A dual-band flexible frequency selective surface (FSS) with miniaturized elements and maximally flat (Butterworth)
response is presented in this paper. It is composed of three metallic layers, which are fabricated on thin flexible polyimide
substrates and bonded together using thin bonding films. The overall thickness of the proposed structure is only about
0.3 mm, making it an attractive choice for conformal FSS applications. All the three layers can constitute a miniaturized-
element FSS (MEFSS) and produce the first pass-band with miniaturization property, while the up and bottom layers can
constitute a symmetric biplanar FSS and produce the second pass-band with maximally flat (Butterworth) response. The
two pass-bands are independent and there is a wide band spacing up to 30 GHz between them. The principles of operation,
the simulated results by using the vector modal matching method, and the experimental values of the fabricated prototype
are also presented and discussed.
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1. Introduction
Frequency selective surfaces (FSSs) have been the sub-

ject of intensive investigation for many years. An FSS is a
one-dimensional (1D) or two-dimensional (2D) periodic array
of patch or aperture elements on a dielectric layer. It acts as a
spatial filter with band stop or band pass capability depending
on the element type (i.e., aperture or patch). Owing to their su-
perior frequency selective properties, FSSs have been widely
used in antenna design, surface wave manipulation, and radar
cross section (RCS) management.[1–4]

With the advent of multifunctional systems, the need for
complex FSSs with favorable properties, such as miniaturized
elements, multi-bands, maximally flat (Butterworth) response,
etc., is on the rise. Therefore, many techniques for designing
FSS have been presented. In Ref. [5], a miniaturized-element
FSS (MEFSS) that is based on coupling mechanism was pro-
posed. It is made up of a capacitive patches array printed
on one side of a dielectric substrate and an inductive wire
mesh printed on the other side. Thereafter, the MEFSSs have
been extensively studied by many researchers.[6–11] The ap-
proach to the design of MEFSSs in Ref. [5] can remarkably
reduce the size of the unit cells and improve the stability of
the incidence angle. However, it increases not only the thick-
ness of the structure, but also the insertion loss of the FSS.
It restricts the applications where low-profile and conformal
FSSs are required. To achieve a multi-frequency response,
the FSSs with combination or fractal elements are generally

exploited.[12–14] However, there are large-incidence angle and
wide band spacing limits for those structures, above which
their high order resonances will deteriorate due to the inter-
action between the current modes of the elements. In addition,
the modified version of MEFSSs also has multi-bands (dual-
band) that are created by embedding resonant elements in the
capacitive patches, as presented in Ref. [15]. The two pass-
bands are independent and based on coupling and resonance
mechanisms, respectively. To obtain maximally flat (Butter-
worth) response, the symmetric biplanar FSSs, obtained by
mounting two identical layers behind each other, have been
discussed in Chapter 7 of Ref. [1]. In such a case, only at a
crucial coupling can the system have a maximally flat (Butter-
worth) response with a broad flat top and sharp cut off.

In this paper, we make further modification to the MEF-
SSs. We design a structure with three metallic layers: an in-
ductive wire mesh in the middle side and two capacitive layers
with square patches at outsides, and choose square loop slots
as resonators embedded in capacitive square patches. All of
the layers are fabricated on thin flexible polyimide substrates
and bonded together using thin bonding films. The overall
thickness of the proposed structure is only about 0.3 mm, mak-
ing it an attractive choice for conformal FSS applications. In a
way similar to that discussed in Ref. [15], the structure also
has two independent pass-bands based on different mecha-
nisms. Moreover, there is a wide band spacing (about 30 GHz)
between the pass-bands for the highly selected elements type
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and dielectric parameters. Paying attention to the square loop
slots, it can be observed that they can constitute a symmetric
biplanar system. By properly choosing the parameters of the
thin flexible substrates and the bonding films, the symmetric
biplanar system will be at a crucial coupling and the second
pass-band will have a maximally flat (Butterworth) response.
So, in this paper, we can obtain two pass-bands with minia-
turization property and maximally flat (Butterworth) response,
respectively. The first pass-band is in Ku-band with a cen-
tral frequency of 13 GHz and −3-dB bandwidth of 3.7 GHz,
the second pass-band has a property of maximally flat (Butter-
worth) response with a flat top from 42.6 GHz to 49.6 GHz,
and the −3-dB bandwidth of the second pass-band is up to
15.3 GHz.

In this paper, the structure will be analyzed by using the
equivalent circuit model in Section 2, and the simulated results
will be presented and discussed in Section 3. In Section 4, the
prototype fabricated by using the standard lithography and the
experimental results measured in free-space environment are
also presented to verify the design and simulations. Finally,
the conclusion of the work is drawn in Section 5.

2. Principles of operation

The proposed FSS is constituted by cascading three metal
layers, as shown in Fig. 1. The middle layer consists of a 2D
periodic array of metal strips in the form of a wire grid. As
such, it acts as an inductive surface. The top and bottom metal
layers consist of 2D periodic arrays of patches, and each patch
is embedded in a square loop slot. The two layers correspond
to capacitances in a circuit model, since they act as capacitive
surfaces. Furthermore, they can also work as resonance sur-
faces due to the appearances of the square loop slots. By com-
bining the three layers, the first pass-band with miniaturization
property can be achieved by coupling the electric and magnetic
field of the incident wave. Meanwhile, the two resonance sur-
faces with square loop slots constitute a symmetric biplanar
FSS and result in the second pass-band. The two pass-bands
are independent because they originate from different mech-
anisms, which will save trouble in the multi-band FSS using
combined elements or fractal elements. To meet the condi-
tions of critical coupling, a polyimide is selected as a flexible
substrate material with thickness d1 = 0.0254 mm, dielectric
constant εr1 = 3.0, and a loss tangent tanδ1 = 0.005, while the
bonding film is selected to have d2 = 0.1 mm, εr2 = 2.6, and
tanδ2 = 0.0035. Then, the second pass-band has a property
of maximally flat (Butterworth) response with a broad flat top
and sharp cut off. Furthermore, the flexible structure has an ex-
tremely low profile and an overall thickness of about 0.3 mm,
making it an attractive choice for conformal FSS applications.

 thin polyimidebonding film

capacitive 
surface

inductive 
surface

d

d

Fig. 1. (color online) Structural diagram of the FSS.

Figure 2(a) shows the elements and equivalent circuit
models of inductive and capacitive surfaces. The dimen-
sions given in it are Dx = Dy = 2.4 mm, W1 = 0.15 mm,
D1 = 2.25 mm, D2 = 1.95 mm, and D3 = 1.65 mm. When
the FSS is exposed to the normal incidence, the unit cell of
inductive surface can be equal to an inductor (L1). While
the unit cell of capacitive surface can be equal to a paral-
lel LC circuit (L2 and C2) in series with a capacitor C1 (the
patch outside the square loop slot represents inductance L2,
and the gaps g1 and g2 represent capacitors C1 and C2, re-
spectively). The equivalent circuit of the FSS can, therefore,
be shown as in Fig. 2(b). In the circuit, Z0 = 377 Ω is the
free space impedance; Z1 and Z2 are the intrinsic impedances
of the polyimide substrate and the thin bonding film, respec-
tively; Z1 = Z0/(εr1)

1/2; Z2 = Z0/(εr2)
1/2; K1 and K2 are the

magnetic coupling coefficients between L1 and L2 that repre-
sent the magnetic interactions between the adjacent metallic
layers.
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Fig. 2. (color online) (a) Elements and equivalent circuit models of in-
ductive and capacitive surfaces, and (b) the equivalent circuit model of
the FSS.

In Fig. 2(b), the L2–C2 connected in parallel mainly de-
termines the frequency of the second pass band. However, the
central frequency of the first pass-band is mainly determined
by the values of C1, L1, and the thickness values of the di-
electrics d1 and d2.
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3. Results and discussion
In order to exactly calculate the transmittance of this

structure, the vector modal matching method is introduced,
which is one of the stable convergent full-wave numerical
analysis methods.[16,17] The influences of the scan angles and
structure parameters on the frequency response are also re-
vealed in the following.

Figure 3 shows the transmission coefficient of the FSS
at normal incidence. There are two pass-bands with a wide
band spacing of about 30 GHz. The first one is in Ku-band
with a central frequency of 13 GHz and −3-dB bandwidth of
3.7 GHz. The second one has a property of maximally flat
(Butterworth) response with flat top and sharp cut off. In the
flat top there is a very small valley with a depth of −0.828-dB
at 47.4 GHz between two peaks at 42.6 GHz and 49.6 GHz.
This happens because that the parameters of the structure do
not meet the conditions of critical coupling very well. The
−3-dB bandwidth of the second pass-band is 15.3 GHz. The
period size of this FSS is only about 0.104λ1, where λ1 is
the wavelength at the central frequency of the first pass-band.
In conclusion, the proposed FSS can obtain two independent
and greatly separated pass-bands with miniaturization prop-
erty and maximally flat (Butterworth) response, respectively.
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Fig. 3. Frequency response of the FSS at normal incidence.

In Fig. 3, there is a spurious resonance at 22 GHz between
the two pass bands. This is mainly caused by the interaction
between the patches outside the square loop slot of the ca-
pacitive surfaces, which represents inductance L2 in a circuit
model. In fact, for many practical applications it is so narrow
that it is of minor consequence.

Figure 4 shows the transmission coefficients of the FSS
at oblique incident angles (maximal incident angle is 60◦ with
respect to normal direction) for TE and TM polarizations.

It is observed that with the increase of the incident an-
gle, the central frequency of the first pass-band only increases
1.2 GHz and 1 GHz for TE and TM polarizations, respectively.
While the −3-dB bandwidth of the first pass-band reduces
from 3.7 GHz to 2.1 GHz for TE polarization, but increases

from 3.7 GHz to 7.1 GHz for TM polarization. It has less sen-
sitivity to the incident angle and polarization.
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Fig. 4. Frequency responses of FSS at different incident angles for (a)
TE polarization and (b) TM polarization.

For the second pass-band, as observed in Fig. 4(a) for TE
polarization, the depth of the valley increases as scan angle
increases from 0◦ to 60◦, the first peak always stays at about
41 GHz with a transmission coefficient higher than −0.5-dB
and the −3-dB bandwidth wider than 6 GHz, while the second
peak remains well until the incident angle is over 40◦. For the
TM polarization in Fig. 4(b), the modal interaction nulls occur
around 37 GHz, but a good pass-band with flat top and sharp
cut off remains at frequencies over 40 GHz. As the scan an-
gle increases from 0◦ to 60◦, the depth of the valley becomes
smaller. Between 43 GHz and 49 GHz, the frequency response
keeps well with transmission coefficient higher than −1-dB
and the −3-dB bandwidth wider than 8 GHz. In conclusion,
the structure has an excellent high order pass band.

Figure 5 shows the influences of the width of the grad W1

in the inductive surface on the transmission coefficient of the
FSS at normal incidence. When W1 increases from 0.075 mm
to 0.3 mm, the central frequency of the first pass-band shifts
from 12 GHz to 14.2 GHz and the −3-dB bandwidth of the
first pass-band decreases from 4.7 GHz to 2.8 GHz. For the
second pass-band, with the increase of W1, the first peak shifts
toward high frequency while the second peak remains un-
changed, and the −3-dB bandwidth of the second pass-band
decreases from 15.8 GHz to 9.6 GHz. In addition, the depth
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of the valley between the two peaks gradually decreases and
the flat top becomes more visible. From the above discussion,
it can be obtained that the inductive surface has an influence
not only on the first pass-band based on the coupling mecha-
nism, but also on the second one that is based on the resonance
mechanism.
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Fig. 5. Influences of W1 on transmission characteristic at normal inci-
dence.

Figure 6 shows the influences of the size D1 of the square
patch in the capacitive surface on the transmission coefficient
of the FSS at normal incidence. When D1 increases from
2.175 mm to 2.325 mm, the central frequency of the first
pass-band shifts from 14.6 GHz to 11.2 GHz, and the −3-dB
bandwidth of the first pass-band decreases from 4.6 GHz to
2.8 GHz, while the second pass-band remains unchanged.
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 D1=2.325 mm

10 20 30 40 50
-40

-30

-20

-10

0

Frequency/GHz 

T
ra

n
sm

is
si

o
n
 c

o
e
ff
ic

ie
n
t/

d
B

 

 

 

Fig. 6. Influences of D1 on transmission characteristic at normal inci-
dence.

We then analyze the influences of D2 and D3 (by keeping
the width of the square loop slot g2 = (D2−D3)/2 = 0.15 mm
unchanged) on the transmission of the FSS at normal inci-
dence. Figure 7 shows the transmission coefficients of the
FSS for (D2 = 1.875 mm, D3 = 1.575 mm), (D2 = 1.95 mm,
D3 = 1.65 mm), and (D2 = 2.025 mm, D3 = 1.725 mm), re-
spectively. It is observed that, with the increase of the length
of the side for the slot, the first pass-band keeps unchanged,

while the second pass-band shifts toward low frequencies with
the width of the flat top and the −3-dB bandwidth remaining
constant.

D2=1.875 mm D3=1.575 mm

D2=1.95 mm D3=1.65 mm

D2=2.025 mm D3=1.725 mm

10 20 30 40 50
-40

-30

-20

-10

0

Frequency/GHz 

T
ra

n
sm

is
si

o
n
 c

o
e
ff
ic

ie
n
t/

d
B

 

 

 

Fig. 7. Influences of D2 and D3 on transmission characteristic at normal
incidence.

From these results in Figs. 6 and 7, we can obtain that the
sizes of square patches in the capacitive surfaces mainly influ-
ence the first pass-band, while the lengths of the square loop
slots embedded in the patches mainly influence the second
pass-band. This demonstrates that the first pass-band is based
on the coupling mechanism while the second one is based on
the resonance mechanism. These achievements further con-
firm that the two pass-bands are independent and can be tuned
respectively by changing the dimensions of the structure.

4. Experimental verification
In order to experimentally verify the accuracy of the anal-

ysis and simulations, the structure shown in Fig. 1 was fab-
ricated. As shown in Fig. 8, the dimension of the sample
is 400 mm×400 mm. The capacitive and inductive surfaces
of the structure were fabricated through a standard etching
of copper on 0.0254-mm-thick flexible polyimide substrates.
Then, the three metal layers on polyimide substrates were
bonded together by two aerial bonding films (εr2 = 2.6 and
tan δ2 = 0.0035) with precise alignment.

Fig. 8. (color online) The FSS fabricated using standard lithography.
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The measurement of the second pass-band requires higher
machining precision and alignment precision of the three
metal layers, and it should be operated in a waveguide environ-
ment. So, we only measured the first pass-band in a free-space
environment using an Agilent N5244A vector network ana-
lyzer. The measurement system in free-space environment is
shown in Fig. 9. Besides the vector network analyzer, the mea-
surement comprises a pair of lens antenna, a bearing bracket,
and a rotatable table.

Figure 10 shows a comparison between the measured and
simulated results for TE polarization. It can be seen that they
are in good agreement in a range from 0◦ to 60◦. This experi-

mentally verifies the accuracy of the numerical analysis.

Fig. 9. (color online) Free-space measurement system.
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Fig. 10. Comparisons between measured and simulated results of the first pass-band at incident angles of (a) 0◦, (b) 20◦, (c) 40◦, and (d) 60◦.

5. Conclusions
In this paper, a dual-band flexible FSS with miniaturized

elements and maximally flat (Butterworth) response is pre-
sented. The equivalent circuit model of the FSS is used for per-
formance analysis, and the structure is simulated by the vector
modal matching method. It is demonstrated that the first pass-
band with miniaturization property is produced by the direct
near-field coupling between the three layers, while the second
pass-band with maximally flat (Butterworth) response is pro-
duced by the resonance of the square loop slots embedded in
the patches of the capacitive surfaces. The first pass-band is
in Ku-band with a central frequency of 13 GHz and the period
size of this FSS is only about 0.104 λ1. The second pass-band
has a property of maximally flat (Butterworth) response with
flat top and sharp cut off. In the flat top there is a very small

valley with a depth of −0.828 dB at 47.4 GHz between two
peaks at 42.6 GHz and 49.6 GHz. The −3-dB bandwidths of
the two pass-bands are about 3.7 GHz and 15.3 GHz. Un-
like the conventional multi-band FSSs with combined or frac-
tal elements, the two pass-bands of the modified MEFSS are
independent and have wide band spacing (about 30 GHz). In
particular, the second one is more attractive. Furthermore, the
flexible structure has an extremely low profile and an over-
all thickness of about 0.3 mm. Finally, the measurement re-
sults for the fabricated prototype using lithography are in good
agreement with the simulated values, which experimentally
verifies the accuracy of the numerical analysis. The proposed
structure can be useful for designing dual-band flexible FSS
with a small overall profile, wide band spacing, and especially
with an excellent high order pass band.
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