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ABSTRACT In this paper, a microwave polarizer based on frequency selective surface (FSS) loaded with
complementary split ring resonator (CSRR) for non-planar and conformal application is presented. The
frequency-selective polarizer is fabricated on liquid crystal polymer substrates (LCPs) material with 50um
thickness, which shows very good mechanical flexibility for microwave band. The Frequency-selective
polarizer consists of a metal FSS screen pair with double complementary split ring resonators aligned in the
vertical direction without any displacement. The substrate integrated waveguide (SIW) cavity was introduced
to enhance the Q-factor of the CSRR particles and the mechanical strength of the FSS screens at bending
conditions. The measured results show that the CSSR-FSS polarizer with the minimum transmission loss
for TE-polarization incidence wave is 0.75dB at the 10.24 GHz and 19.05 dB for TM-polarization incidence
wave, with an extinction ratio of 18.3dB. Finally, the oblique incidence from normal to 60 degrees and
bending tests with the bending radius of 9.8 cm and 8.8 cm of the CSRR-FSSs were also carried out,
and the measured results indicate that the CSRR-FSS show a low susceptibility to bending behavior at the
small bending radius beyond the 8.8 cm and different incidence angles from normal to 45 degrees. Both the
simulated and experiment data indicated that the proposed ultra-thin CSRR-FSS shows excellent flexibility
and polarization selectivity.

INDEX TERMS Frequency selective surface, complementary split ring resonators, liquid crystal polymer

substrate, bending effect, polarizer.

I. INTRODUCTION

In recently years, controlling the polarization state of the
electromagnetic wave has been becoming an intense research
field for many applications from microwave to optical
regimes [1]. In traditional way, the polarization beam split-
ters are used for getting one single polarization [2], [3].
While adding another component, which inevitably increased
the complexities of the existing systems. To solve the
above-mentioned contradiction and miniaturizing the whole
systems, the polarizer is used to transit the wanted polariza-
tion wave and extinguish the unwanted polarization wave by
reflection, redirection or absorption [4], such as many polar-
izers [5]-[7] which are working at the light regime. Although
the aforementioned polarizers show good performance of
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high extinction ratio, it is difficult to extend to the microwave
frequency.

Frequency selective surface (FSS) loaded on periodic func-
tional elements are usually used as space filters, polarizers
and subreflectors are used in stealthy aircraft antennas for
reducing the radar cross section (RCS) [8], [9] in microwave
and millimeter wave’s applications. The split ring resonator
(SRR), as shown Fig.1(a), was usually proposed for designing
of artificial magnetic [10] which always applied to negative
magnetic permeability media [11] and left-hand metamate-
rials [12]. Recently, some FSSs load on the SRR elements
for polarization-relative applications are reported, such as a
10GHz band-pass isotropic FSS made of cubic arrangements
of SRRs elements [13] and a circular polarizer consisting of a
twisted double SRRs [14], etc. However, a problem emerges
as the SRR-FSSs was developed: these SRR-FSSs always
show a stop-band behavior at the frequency of resonance of
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FIGURE 1. Geometries of the SRR(a) and the CSRR(b) particles (gradation
gray area is the metal strips).

the SRRs, which coincided with the band-stop FSSs loaded
on metal patch elements [15]. Based on the Babinet prin-
ciple [16], the complementary split ring resonator (CSRR)
shown in Fig.1(b) could be loaded on the FSS surface, form-
ing the CSRR-FSSs with pass-band behavior at the resonance
frequency of the CSRRs particle [17], [18]. This kind of
SRRs/CSRRs units take the advantages of small electrical
size at resonance, strong magnetic moment and electrical
dipole simultaneously when the SRRs resonance are excited
by an appropriate polarization incidence [19], [20].

The Ref. [17]-[20] had made some theory analysis for
the SRR/CSRR particles and predicted that SRR/CSRR-FSSs
permit resonance to occur at the frequency of resonance
of the SRR/CSRRs for appropriate polarization plane wave
excitation. However, the orthogonal polarization excitation is
non-resonant, implying the SRR/CSRR-FSSs would be con-
sidered as polarizers at the near resonance frequency of the
SRR/CSRR particles. There is no experimental result shows
the combination of the frequency-selective and polarization-
selective properties based on CSRRs particles for the
designing of FSS polarizers at microwave and millimeter
applications yet.

In the last decade, with the development of the wear-
able and portable electric devices, the flexible materials and
non-planar and conformal applications were widely con-
cerned in RF/microwave/millimeter-wave and biomedical
applications, such as: wearable devices mounted on the skins
collecting the health information from bodies [21] and a
metamaterial-skin consist of an array of liquid metallic split
ring resonance (SRRs) embedded in a flexible elastomer for
the cloaking applications [22]. In this article, the liquid crystal
polymer (LCP) substrate was chosen to design the microwave
FSS polarizer and the aligned complementary split ring res-
onators pair was printed on both sides of an ultrathin dielectric
LCP substrate Rogers 3850 [23], applying for flexible and
non-planar surroundings [24]-[26] in the future.

The outline of this paper is organized as follows: Section II
presents design processes and the fabrication prototype of
the proposed CSRR-FSS polarizer. In section III, the exper-
imental results of the CSRR-FSS polarizer at oblique inci-
dence and bending conditions are presented and analyzed.
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FIGURE 2. Schematic topology of frequency selective polarizer. In this
configuration, the incidence electric field vector is titled 6 degrees
relative to x-z plane. After passing through the FSS polarizer, the
transmission electric field vector only left the x component.

Finally, the conclusion for this work is demonstrated in
section I'V.

Il. DESIGN AND RESULT

Fig.2 gives the primary function concept of the FSS polar-
izer proposed in this paper. The operation principle of the
FSS screen polarizer is that it has the ability to significantly
suppress the transmission of one direction polarization inci-
dence wave, while well guiding the orthogonal polarization
incidence wave with little or no attenuation.

In this case, for the convenience of the analysis, we defined
the x axis is the transmission direction, and the y axis is the
suppressing direction. The function of the F () is introduced
to describe the distinct properties of the FSS polarizer for
vertical and horizontal components incidence as followed:

1, 6=0°180°
F©) = 0, 6 =490° W

The FSS screen is illuminated by the incidence wave with
the electric field vector E titled 6 degrees relative to x-z plane
and the E! and Ey’ are the vertical and horizontal electric field
components of the incidence wave, respectively. Because the
FSS screen behaviors have different properties for the vertical
(E;) and horizontal components (Eyi) of the incidence wave
and any kind of electric field vectors of the incidence wave
could be expressed using the two orthogonal components. So,
we can express the transmission wave (E., E]) using the terms
of the incidence wave (E!, E!) as the following formulas:

y
E} F(8)9=0°,180° F(0)o=90° )

X — A N 2
(@) X<F@hW’ F@e1sr ) P

with
_ (TEL TyE;
A= ( TyEyi Tyfo; @

If we consider the crossed transmission coefficients is to be
negligible [27] (i.e. Txy, = 0 and Ty, = 0). From the formulas
from the (1) - (3), we can get that:

E! ) ( T E! )
= x 4
(7)=("
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FIGURE 3. (a) The function array of the polarizer (b) The unit element of
the polarizer, (c) Parameters of the unit element: P=7.2mm, D=0.9mm,
R=0.25mm, d=0.4mm, c=0.5mm, rg,;=2.3mm.

From the formulas (4), the transmission waves only leave
the x axis components and filter the orthogonal direction y
components, which coincide with the FSS polarizer transmis-
sion direction.

The proposed frequency-selective polarizer, as shown in
Fig.3(a), is fabricated using the cells Fig.3(b) which com-
prised by two metal layers loaded with CSRRs particles
and one clamped dielectric layer 3850. For the frequency-
selective polarizer cells, a double CSRRs pair is aligned
along the z axis with no displacement and surrounded by
periodic metal cylinders, forming the substrate integrated
waveguide (SIW) cavity.

The metallic layers lie in x-y plane with a thickness of
t = 18um and the dielectric layers 50 um LCP substrate
with constant relative permittivity £,=3.0 and loss tangent of
0.0025. The CSRR unit is processed by etching two open-
loop rings through the metallic plane, and the radius and size
of the gaps of the CSRRs control the operation frequencies of
the frequency-selective polarizer. Fig.3(c) gives the parame-
ters of the CSRR unit for the design of the frequency-selective
polarizer proposed in this paper.

A. CHARACTERISTICS OF THE SUBSTRATE INTEGRATED
WAVEGUIDE CAVITY RESONANCES

The substrate integrated waveguide technique has been
used to keeps the advantages of conventional metallic
waveguide’s properties of high Q-factor, high selectivity and
high-power capacity etc. at the planar integrated circuits
applications [28]-[30]. Another advantage is that the SIW
cavity increase the mechanical strength of the FSS screen for
small bending application.
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In general, the SIW structure resonance could only support
T, 0 (m = 1,2,3....and n = 1,2,3....) modes,
considering the coordinate definitions used as Fig. 1(a). The
TE mode resonance could not exist in the SIW box, because
that the electric current at the z- direction only can flow the
via holes, which current distribution could not support the
TE mode field distributions. And its resonance frequency of
Jstw of TE,;;;,0 modes could be determined by formula (5) (for
square element):

> 2
co m n
_ 5
fSIW,Tano 2 /8,«\/<P€ﬁc> + (Peﬂ> ( )

(2R)?
0.95D

where the R stand for the radius of the via holes, D for
the space between the two holes, P stand for the width or
length for the SIW resonance cavity, and the ¢y and ¢, is
the light speed in vacuum and the relative dielectric per-
mittivity of the substrates, respectively. The dimensions of
Py parameter is the effect length relating the SIW cavity
to a metallic rectangular cavity, and the m and n are the
mode numbers for the SIW resonance cavity. We choose
the periodical lattice of the CSRR element as P = 7.2mm,
which lead the fsrw resonance frequency of TEzp mode
(about 27GHz) made by the SIW cavity far away from the
CSRR-FSS desire operation frequency (about 10GHz) [31],
avoiding the increasing dispensable variables influences for
the analyzing of the CSRR-FSS polarizer screens and the
higher possibility of appearance of grating lobes around the
passband because of the too large size of the periodic SIW
cavity [32], [33], respectively.

with

Py =P — (6)

B. CHARACTERISTICS OF BASIC CSRR-FSS FREQUENCY
RESPONSE

Figure.3 gives the geometries of the SRR/CSRR particle, and
the particles would resonate at the angular frequency wy:

/ 2
= 7
@0 wroCoL @)

where L is the inductance of an average ring radius ry = 7ey-
c-d /2 which c is the width gap. And Cj is the equivalent
capacitance of unit length between the outer and inner rings.

Fig. 4 shows the comparison of frequency response for
TE-polarization and TM-polarization incidence waves
among the single/double metal screen CSRR-FSS and a
single/double metal screen CSRR-FSS loaded with LCP
substrate with the same CSRRs elements and periodicity.
As we can see, for the TE-polarization incidence wave,
the loading dielectric between the metallic screen would
make the resonance frequency of the FSS shift to lower end,
and the bandwidth of the double cascading FSS screens would
be wider than single FSS screens which is caused by the
coupling between the two metallic screens. The transmission
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FIGURE 4. Frequency response of ideal single/double screen FSS
polarizer and single/double screen FSS polarizer loaded on LCP dielectric
3850 with the same dimensions and periodicity, for TE-polarization and
TM-polarization incidence wave.

nulls of the CSRR-FSSs beyond the higher pass-band are
caused by the inter-coupling effect between the etched two
open-loop rings in the same CSRR elements. A relatively
sharp stop-band suppression is formed by the transmission
null. For the TM polarization incidence wave, the character-
istics of the transmission loss almost have no influence.

C. INFLUENCE OF THICKNESS OF LOADED DIELECTRIC
The thickness of the dielectric is an important parameter
for the cascading FSS screens. In general, for the conven-
tional slot array FSSs screens, increasing the thickness of
the dielectric slab would make the resonance frequency of
the slot periodic decreased and the bandwidth increased.
When the thickness of the substrate slab increased to greater
than half wavelength of the resonance frequency of the FSS
screen, the side lobes would be closer to the passband and
the performance deterioration of the transmission loss in
passband is always unacceptable anymore, so the thickness of
the substrate slabs is better to be set less than half wavelength
of the FSSs operation frequency [28].

Fig.5 shows performance changes of the double cascad-
ing CSRR-FSS screen loaded with substrate which is pro-
posed in this paper, with different dielectric thickness()
from 0.025 mm to 1 mm. The dimensions and periodicity of
the CSRR elements are presented in Fig.2, but without the
substrate integrated waveguide structures. From the Fig.5 we
can find that, with the increasing of the thickness of the
dielectric slabs, the operation frequency of the CSRR-FSS
polarizers would be shifted to the lower end from 10.5GHz
at 0.025mm to 8.4GHz at Imm and the extinction ratio(ER)
which defined as the ratio of the TE-polarization transmission
power to TM-polarization transmission power increased from
17.2dB at 0.025mm to 26.6dB at Imm, as shown in Fig.6. The
transmission loss in passband for TE polarization incidence
wave increased with the increasing of the thickness of the
dielectric slabs.

The prototype of the frequency-selective polarizer
was designed, fabricated and measured to validate the
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FIGURE 5. Frequency response of double cascading SCRR-FSS screens
loaded on LCP dielectric with different thickness of dielectric slab for
TE-polarization and TM-polarization incidence wave.
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FIGURE 6. The operation Frequency and extinction ratio (ER) of double
cascading SCRR-FSS polarizer screens loaded on LCP dielectric with
different thickness of dielectric slab from 0.025mm to Tmm.

characteristics of the frequency-selective polarizer. The
sample used was composed of 20 x 20 unit cells with
total size of the printed circuit board(PCB) dimension
of 144 cmx14.4 cm. Fig.7 gives a photograph of the
frequency-selective polarizer and a partial zoom-in of
CSRR unit cells. The structure was modeled and simulated
by the HFSS software which is based on finite element
method(FEM). For simulation, the master/slaver boundaries
and Floquet port were used in the modeling of the frequency-
selective polarizer. The simulated results show that the pass-
band was near the 10.275GHz with a transmission loss
of 0.25dB for TE polarization incidence wave, while a sig-
nificantly suppression with a 18dB transmission loss for TM
polarization incidence wave at the CSRR resonant frequency.

IIl. RESULTS AND DISCUSSION

In the above sections, the performance of the novel
CSRR-FSS polarizer at microwave regime was discussed
according the simulation result. In this part, the experiment is
carried out for validate the simulated predications. The mea-
surement results were obtained using an HP E8364C vector
network analyzer connecting two rectangle horn antennas in
a transmission measurement setup.

VOLUME 9, 2021
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FIGURE 7. Photo of the prototype of the fabricated frequency-selective
polarizer (a zoom-in CSRR unit cell).

Y

Horn
FSS |

VNA

FIGURE 8. The measurement setup of the frequency-selective polarizer.

Fig.8 shows the schematic of the transmission measure-
ment setup. The reasons for using the rectangle horn antenna
is that the polarization of the radiation field at the far field
could be accurately identified, because the excitation of the
rectangle antenna is the TE;y mode for antenna feeding
waveguide. Since the operating frequency range of rectangle
horn antennas in experiment were restricted in X-band, so the
testing was carried out in the frequency from 8GHz to 14GHz
for getting more dependable measurement results.

A. CHARACTERISTICS OF THE POLARIZER AT NORMAL
INCIDENCE

Fig.9 show the comparison of the simulated and measured
results for TE/TM polarization excitation at the condition
of normal incidence. As we can see from Fig.9, the mea-
sured results show that the minimum transmission loss for
TE-polarization incidence wave is 0.75dB at 10.24GHz, but
19.05dB for the TM-polarization incidence wave at the same
frequency(10.24GHz) with an extinction ratio of 18.3dB.
These results suggest that the proposed CSRR-FSS is a
TE-pass/TM-stop polarizer at the near frequency of the reso-
nance of CSRRs particles(10.24GHz). The Fig.9 also indi-
cated that the measurement results are in good agreement
with the simulated predication. The errors of the frequency
shift and transmission null point between simulated and mea-
surement are mainly caused by the fabrication tolerances and
the testing environment.

According to theory analysis in [18], when the incidence
wave is polarized as TE mode for normal incidence and near
the resonance of the CSRRs particles, a strong transmission
peak would be expected at the frequency of resonance of
the CSRRs particles, and an almost total reflection property
would be seen for the orthogonal polarization (TM mode).
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FIGURE 9. The measured and simulated transmission coefficient for the
TE and TM polarization incidence wave.

FIGURE 10. The electric field distribution in the dielectric box at the
frequency(10.275GHz) of resonance of the CSRRs, magnitude depicted in
colors. (a)TE mode incidence (b)TM mode incidence.

Therefore, the CSRR-FSSs act as a TE pass/TM stop polar-
izer, which have the ability to significantly suppress the trans-
mission of the TM mode incidence wave, while well guiding
the TE mode incidence wave at the near operation frequency.

In order to demonstrate the frequency-selective polarizer
characteristics clearly, the electric field distributions in the
dielectric box clamped between two stacked metallic layers is
given at the operation frequency of the CSRR-FSS polarizer
of (10.275GHz).

Fig.10 shows the electric field distribution in the dielectric
box at the normal incidence wave for TE and TM polariza-
tion. According to [18], when the incidence wave is normal
(ky = ky = 0, k; # 0), the transmission waves have the
same polarization as the incident wave. Let us consider the
electric field distribution in Fig.10 (a), the transmission waves
have the same polarization as the incidence waves which
the electric field direction is perpendicular to y-z plane for
TE mode incidence waves. The mode called gapped mode
occurs when the CSRRs resonant at wg, which is caused by
the superposition of an electric dipole mode and a magnetic
dipole mode excited by the incidence waves. But in Fig.10
(b), because the transmission waves have the same polariza-
tion as the incidence waves which the electric field direction
is perpendicular to x-z plane for TM mode incidence waves.
As we can see from this picture, the electric distribution is
mirror symmetry for the x-z plane, and the mirror symmetric
field distribution would cause the mirror symmetric current
distribution, which would make the radiation field perpen-
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FIGURE 11. The measured transmission coefficient for the TE polarization
incidence wave in different incidence angles (E perpendicular to y-z plane
in Fig.10(a)).

dicular to x-z plane in the transmission area exactly canceled.
So, the TM mode incidence wave cannot pass through the
CSSR-FSSs screen.

B. CHARACTERISTICS OF THE POLARIZER AT OBLIQUE
INCIDENCE

As we all know that for the FSS, the insusceptibility to
changes of the incidence angles and stability of bandwidth is
an important performance which may determine how useful
of this kind of FSS screen in practical conditions.

Fig.11 gives the frequency response of the frequency-
selective polarizer with TE-polarization and different angles
incidence. From the figure we can find that the bandwidth
is insensitivity to incidence angles from 0° to 45°, its stop-
band beyond transmission null point is suppressed to below
—20 dB. And the frequency resonance of the CSRRs particle
shift to the lower end; the transmission loss in the pass-band
increased evidently to 2-5dB with the angle increased from
30° to 60°.

This may be caused by the edge effect because of the
CSRR-FSS screen with 20 x 20 CSRR elements and is not
large enough. And the influence of the edge effect would be
zoomed in when the incident angle was increased.

C. CHARACTERISTICS OF THE POLARIZER UNDER
BENDING CONDITION

In the last decade, the flexible materials had been attracting
wide attention in high frequency applications. The LCP sub-
strate, as a promising bendable and flexible material, has also
been showing its superiorities in applications of microwave
and millimeter-wave circuits due to its features of excellent
loss tangent (approximately 0.005 over the entire RF range
up to 170 GHz), stable and desirable electrical characteris-
tics for wide band, extremely low moisture absorption, and
low thermal expansion coefficient [21], [34]. Fig.12 gives
the schematic of the bending testing setup used to measure
the flexibility of the frequency-selective polarizer and the
calculation of the bending radius(R). The frequency-selective
polarizer was fixed to the curved surface of a polystyrene
foam in order to facilitate the measurement of the bending
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FIGURE 12. The schematic of the bending measurement setup and
calculation of bending radius (R) for the proposed frequency-selective
polarizer.
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FIGURE 13. The measured transmission coefficient for the TE polarization
incidence wave in different bending radius (E perpendicular to y-z plane
in Fig.10(a)).
test, then the distance (L) between the opposite sides of
the FSS array was extracted to calculate the bending radius
(R) of the frequency-selective polarizer at bending condition
situations. The reason for choosing foam as bending carrier
to apply a tensile strain to the LCP substrate and achieve
mechanical strain is that the dielectric constant of the foam
is about 1.06 which is very close to the air’s. The radius(R)
satisfy the Equation (8) as followed:

L . P

— =sin— (8)

2R R

Following the measurement flow shown in Fig.12,

the bending experiments of the frequency-selective polarizer
at the TE-polarization normal incidence and two different
radius (R; = 9.8cm, R, = 8.8cm) conditions was carried out.
Fig.13 gives the transmission loss of the frequency-selective
polarizer before and after bending. The transmission loss
under bending conditions increased to 2dB-3dB from 0.75dB
at flat condition. However, the resonance frequency of CSRRs
particles was not sensitive to the bending behavior of the
LCP substrate. Which means that this CSRR structure of the
frequency-selective polarizer is a promising candidate for the
non-planar and conformal applications in the near future.

IV. CONCLUSION

In this paper, a novel method to designing and ver-
ifying a 10 GHz frequency-selective flexible polarizer
was presented. The polarizer is composed of frequency
selective surface (FSS) loaded complementary split ring res-
onator (CSRR) based on an ultra-thin liquid crystal poly-
mers (LCP) substrate of 50um thickness. The measured
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results were good agree with the simulated results, showing
that this frequency-selective polarizer have the characteris-
tics of the minimum transmission loss for TE-polarization
incidence wave is 0.75dB at 10.24GHz, but 19.05dB for
the TM-polarization incidence wave with an extinction ratio
of 18.3dB. The bending and oblique incidence tests show
that this CSRR-FSS polarizers have acceptable deterioration
to bending behavior and big angles incidence. The works in
this paper may provide a useful guide for designing of the
new structure polarizer covering the microwave to terahertz
frequency range for the future non-planar and conformal
applications.
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