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A band-pass frequency selective surface with polarization rotation
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A band-pass frequency selective surface (FSS) with polarization rotation property is proposed. The proposed polariza-
tion rotating FSS (PR-FSS) is a two-dimensional periodic structure, its unit cell is an antenna-filter-antenna (AFA) module,
and the polarization directions of the upper and lower antennas in each AFA module are orthogonal to each other, so the
PR-FSS can achieve frequency selection and 90 degrees polarization rotation at the same time. The numerical simulation
demonstrate that the anticipated frequency selection and polarization rotation are realized by the PR-FSS in the frequency
band from 8.84 GHz to 10.30 GHz with a relative bandwidth of 15.26%, and the maximum insertion loss in the pass band
is only 0.17 dB. Finally, one effective experiment validation is carried out, a reasonable agreement is observed between the
experimental and simulated results except for a slight deviation caused by fabrication error and measurement tolerance.

Keywords: frequency selective surface (FSS), polarization rotation, band-pass

PACS: 42.25.Ja, 42.79.Fm, 78.20.Ci

1. Introduction

Frequency selective surface (FSS) is a two-dimensional
periodic structure,!!! which has been intensively studied for
several decades. It is similar to metasurface although the
concept of metasurface was proposed about a decade ago,
and many different properties of electromagnetic (EM) waves
can be tailored by various FSSs. A typical FSS can re-
alize frequency selection, which has become a widely-used
spatial filter.'-1°! In addition, a proper anisotropic or chiral
FSSs can change the polarization state of EM wave, in re-
cent years, a number of polarization converters have been pro-
posed based on various anisotropic or chiral FSSs.[!>2 Fur-
thermore, through reasonable design, some chiral FSSs can
not only be used as spatial filters to realize frequency selec-
tion, but also as polarization converters to change the polariza-
tion state of EM wave, and this kind of FSS has been named
as polarization-rotating FSS (PR-FSS). The first PR-FSS was
proposed by Winkler,!?!! it consisted of an array of substrate
integrated waveguide (SIW) cavity resonators with two slots
on the front and back surfaces, and the two slots were or-
thogonal to each other. So the polarization direction of all the
transmitted wave in the pass band can be rotated by 90°; how-
ever, due to the high Q-factor of the SIW cavity resonators,
the relative bandwidth of the first PR-FSS was only 4.6%. For
PR-FSS is very useful in some applications, it has garnered
much attention since the first one was proposed, and a number
of different designs have been proposed in recent years.[?>~%7]
However, the PR-FSSs proposed in Refs. [22-25] were still
based on SIW technology, and the relative bandwidths of these

PR-FSSs were all less than 8%. In Ref. [26], a V-shaped-
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slot-based PR-FSS was proposed, although it was not based
on SIW technology, its relative bandwidth was still only 8%.
Recently, an aperture-coupled-patch PR-FSS was proposed
in Ref. [27], and its relative bandwidth has been widened to
13.58%.

In this work, in order to further widen the bandwidth of
PR-FSS, a novel PR-FSS is proposed based on an aperture-
coupled-patch FSS. The unit cell of the PR-FSS is exactly
antenna-filter-antenna (AFA) module, and the polarization di-
rections of the upper and lower antennas in each AFA module
are orthogonal to each other. Thus, through proper design,
the PR-FSS can achieve frequency selection and 90 degrees
polarization rotation simultaneously. In addition, its relative
bandwidth is widened to 15.26%.

2. Design and analysis

Aperture-coupled-patch FSS is a widely used spatial
band-pass filter. The unit cell structure of a common aperture-
coupled-patch FSS is shown in Fig. 1(a). It is composed of
three patterned metal layers separated by two dielectric layers,
in which the upper and lower metal layers are two identical
square metal patches, and the middle one is a metal plate with
a circular hole. In Ref. [28], this kind of FSS has been inter-
preted as an array of antenna-filter-antenna (AFA) modules, in
which the two square metal patches have both been regarded
as a microstrip patch antenna. This explanation means that
the unit cell structure in Fig. 1(a) can be equivalent to the one
shown in Fig. 1(b). However, the aperture-coupled-patch FSS
can work under the incidence with arbitrary polarizations due

to the symmetry of its unit cell structure, but the equivalent
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FSS composed of the unit cell in Fig. 1(b) can only work un-
der the x-polarized incidence because the coaxial feed probes
of the two microstrip patch antennas in the unit cell structure
are biased to one side along the x axis for impedance match-
ing, and the two microstrip patch antennas are both x-polarized
ones. In addition, in the unit cell structure in Fig. 1(b), the cir-
cular hole on the middle metal layer adds a conductor via at
the center as the coaxial feed port of the two microstrip patch
antennas, its radius is reduced, thus the electromagnetic cou-
pling between the upper and lower microstrip patch antennas
is reduced, and the electromagnetic independence of the two
microstrip patch antennas is enhanced. So the operation band
of the equivalent FSS will move up a little.

The above description shows that the equivalent FSS is
slightly different from the aperture-coupled-patch FSS. How-
ever, through detailed analysis, it is found that using the po-

larization sensitivity and enhanced electromagnetic indepen-
dence of the two microstrip patch antennas in the unit cell
structure of the equivalent FSS, we can make the polarization
directions of the two microstrip patch antennas perpendicular
to each other, and thus the equivalent FSS will work as a PR-
FSS. According to this idea, a PR-FSS is designed, and one
of its unit cells is shown in Fig. 1(c), in which the upper and
lower microstrip patch antennas are x- and y-polarized anten-
nas respectively. In addition, the width of the two microstrip
patch antennas is reduced, and thus, the polarization sensitiv-
ity and electronic independence of the two microstrip patch
antennas are further enhanced, which means that the operation
band of the PR-FSS will continually move up a little, but the

anticipated frequency selection and polarization rotation can

be realized simultaneously by the PR-FSS.

Fig. 1. Unit cell structure of the aperture-coupled-patch FSS (a), equivalent FSS (b) and PR-FSS (c).

In order to verify the correctness of the above design, the
designed PR-FSS, together with the aperture-coupled-patch
FSS and the equivalent FSS, has been simulated by using An-
soft HFSS. Through the repeated simulations, the structural
parameters of the unit cells in the three FSSs are determined.
The structural parameters of the three unit cells are basically
the same, the unit period is P = 11.00 mm, and the two dielec-
tric layers are both chosen as PTEF with a relative permittivity
of 2.65 and a thickness of 7 = 1.20 mm; the side length of
the two square metal patches is / = 9.00 mm. However, in the
PR-FSS’s unit cell, the two square metal patches are replaced

by rectangular ones with a length of / = 9.00 mm and a width
of w = 7.00 mm; in addition, the radius of the circular hole
on the middle metal plate is » = 2.8 mm in the unit cell of the
aperture-coupled-patch FSS, but in the unit cell of the equiva-
lent FSS and PR-FSS, the radius of the circular hole is reduced
to r = 1.20 mm. Furthermore, a conductor via with a diameter
of d = 0.5 mm is added at the center of the circle hole, which,
as the feed probe of the two microstrip patch antennas, devi-
ate from the center of the two metal patches, and the deviation
value in the unit cell of the equivalent FSS is p = 2.6 mm, but
that in the PR-FSS’s unit cell is reduced to p = 2.5 mm.
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Fig. 2. Simulated results of the aperture-coupled-patch FSS (a), equivalent FSS (b) and PR-FSS (c) under the x-polarized normal incidence.

The simulated results of the three FSSs under the x-
polarized normal incidence, as shown in Fig. 2, indicate that

the three FSSs all have a good bandpass performance, but

their operation frequency bands gradually move up. The fre-
quency band of the aperture-coupled-patch FSS is between
7.04 GHz and 8.44 GHz, and that of the equivalent FSS is
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between 8.45 GHz and 9.56 GHz. For the final-designed PR-
FSS, the frequency band moves up to 8.84-10.30 GHz, in ad-
dition, the transmitted wave in the pass band is almost com-
pletely changed to a y-polarized one, the magnitude of the
cross-polarized transmission coefficients Ty, is much close to
0.0 dB, and the minimum value in the pass band is still only
—0.17 dB. It is indicated that these simulated results are fully
consistent with the above theoretical prediction, and the PR-
FSS can realize anticipated frequency selection and polariza-
tion rotation in a wide frequency band with a relative band-
width of 15.26%. In addition, through its operation band has
moved up a little, its unit cell size is still only 0.354, wherein
Ao is the central wavelength of the FSS. Compared with the
previous PR-FSSs proposed in Refs. [22-25], the unit cell size
is much smaller, and the PR-FSS structure is still very com-
pact, but the operation frequency band has been widened ex-
ponentially, which means the designed PR-FSS has excellent
performance, and it is a very proper design.
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Fig. 3. Simulated results of the PR-FSS under TE- (a) and TM-polarized
(b) oblique incidences.

Furthermore, to analyze the angular stability of the de-
sign, the PR-FSS has been simulated under different oblique
incidences. Because the upper microstrip patch antenna in the
unit cell of the PR-FSS is a x-polarized one, in order to ensure
that the incident wave can be accepted by it, the azimuth angle
¢ of the TE-polarized incident wave is chosen as 90°, but that
of the TM-polarized incident wave is changed to 0°. When the
incident angle 0 is set to different values, the obtained simu-

lated results are shown in Fig. 3. In Fig. 3(a), it is shown that

when the incident angle 0 is increased to 30°, the magnitude
of the co-polarized reflection coefficient under TE-polarized
oblique incidence can still be kept lower than —10 dB in the
whole pass band; in addition, Fig. 3(b) indicates that the simu-
lated results under the TM-polarized oblique incidence are al-
most the same as those under TE-polarized oblique incidence,
which illustrates that the proposed PR-FSS has a certain angu-
lar stability under both TE and TM-polarized incidences.

3. Experimental validation

Finally, to experimentally verify the performance of
the proposed PR-FSS, one laboratory sample was fabricated
by using the standard print circuit board (PCB) technique,
which consists of 25 x 25 unit cells with a total area of
275 mmx275 mm as shown in Fig. 4(a). The PR-FSS sam-
ple has been measured by using free-space measurement tech-
niques, and the measurement was carried out in a microwave
anechoic chamber by using an Agilent E8363B network an-
alyzer and two identical standard-gain horn antennas. The
schematic of the transmission measurement setup is shown in
Fig. 4(b), in which the PR-FSS sample, together with the trans-
mitting and receiving antennas, is just located on the z-axis,
and the polarization of the transmitting and receiving antenna
are in the x- and y-axis directions, respectively. In addition,
for the co-polarized reflection measurement, the transmitting
and receiving antennas are placed adjacently in the same direc-
tion. The laboratory samples have been measured under the
x-polarized normal incidence and TE, TM-polarized oblique
incidences with an incident angle of 30°. In the measurement
under TE oblique incidence, the PR-FSS sample has been ro-
tated by 30° around its vertical axis (i.e., the x-axis), and the
receiving antennas has been rotated by 60° around the x-axis
when measuring the co-polarized reflection. In addition, in the
measurement under TM oblique incidences, the PR-FSS sam-
ple and two horn antennas have all been rotated by 90° around
the z-axis at first, and then repeated the measurement process
under TE oblique incidence.The measured results under the
x-polarized normal incidence and TE, TM-polarized oblique
incidences are shown in Figs. 4(c) and 4(d), respectively, and
it is shown that the PR-FSS can realize frequency selection
and polarization rotation under all the incidences; in addition,
except for a slight deviation caused by fabrication error and
measurement tolerance, the measured results are in reasonable
agreement with the simulated results.

Table 1 lists a comparison of the proposed PR-FSS with
previous works proposed in Refs. [21-27], and it is shown that
the PR-FSS has a significant advantage in the bandwidth ex-
pansion. Moreover, it has a better bandpass performance, and
the insertion loss in its pass-band is only 0.17 dB, which illus-
trates that the proposed PR-FSS is more practical.
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Fig. 4. Photographs of the laboratory sample (a), the schematic of the measurement setup (b), and the measured results under normal incidence

(c) and under oblique incidence with incident angle of 30° (d).

Table 1. Comparison of this work with previous works.

Ref. Periodicity Thiness & Relative bandwidth Insertion loss (dB)
[21] 0.661 0.182 22 4.6% 0.2
[22] 0.661 0.182 22 7.2% 1.35
[13] 0.72 0.172 22 5.6% 3
[24] 0.78 0.122 44 2.55% -
[26] 0.284 0.052 22 8 % 0.5
[27] 0.284 0.061¢ 22 13.58% 0.8

This work 0.3514 0.0814 2.65 15.26% 0.17

4. Conclusions References

In this paper, a novel PR-FSS is proposed based on an
aperture-coupled-patch FSS. Because the unit cell structure of
the PR-FSS is an AFA module and the polarization directions
of the upper and lower antennas in each unit cell are orthog-
onal to each other, the numerical simulations show that the
PR-FSS can achieve frequency selection and polarization ro-
tation simultaneously in the frequency band from 8.84 GHz to
10.30 GHz with a relative bandwidth of 15.26%. Finally, one
effective experimental verification is carried out, and a reason-
able agreement has been observed between the simulated and
experimental results.
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