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We propose to achieve wideband, high-efficiency polarization conversions of transmission waves with
the synergy of the waveguide and spoof surface plasmon polariton (SSPP) modes. High-efficiency trans-
missions based on SSPP mode coupling and waveguide mode coupling are designed in two orthogonal
directions, respectively. By designing the nonlinear dispersions of the SSPP and waveguide modes, the
required phase differences for polarization conversion can be obtained in a wide frequency range. To
verify this principle, two different polarization conversion metamaterials (PCMs) are designed and fab-
ricated for linear-to-circular (LTC) and circular-to-circular (CTC) polarization conversions, respectively.
It is found that the LTC polarization conversion transmittivity of the LTC PCM is greater than —0.5 dB
from 7 to 12.6 GHz, and the cross-polarization transmittivity of the CTC PCM for a circularly polarized
incidence wave is greater than —0.5 dB in the frequency range of 7-11 GHz, showing a wide band feature.
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I. INTRODUCTION

Polarization is one of the fundamental properties of elec-
tromagnetic (EM) waves [1,2]. It is of great significance
to have the capability of freely controlling polarization of
EM waves and researchers have devoted much time to the
realization of polarization manipulation. Polarization con-
version is the first step, including polarization rotation,
linear-to-circular, and circular-to-linear polarization con-
versions. In the visible spectrum, polarization conversion
has always been realized using waveplates made of bire-
fringent materials such as crystalline solids and liquid
crystals [3,4]. Bulky configuration and narrow working
bandwidths prevent such waveplates from being integrated
into micro-optical systems. In the microwave regime,
polarization conversions usually resort to ferrite phase
shifter and multilayered gating polarizers. With the rapid
development of EM metamaterials, polarization manipu-
lations can be also achieved using anisotropic or chiral
metamaterials [5,6], yet still with thickness limitations
for the wideband purposes. In recent years, metasurfaces,
the two-dimensional (2D) version of metamaterials, have
provided another way of polarization manipulation. With
the concept of phase “discontinuities” in the metasur-
faces, the phase shift desired for polarization conver-
sion can be easily achieved. The ultra-thin and low-loss
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metasurface-based polarization converters [7—24] have
attracted great interest from researchers. L. Zhou et al. pro-
posed an anisotropic ultrathin transparent metasurface for
polarization conversion and rotation within different trans-
mission mechanisms for the two incident polarizations
[20].In 2017, they demonstrated a microwave transmissive
Pancharatnam-Berry (PB) metasurface with a thickness of
approximately A/8 exhibiting a maximum photonic spin
Hall effect efficiency of approximately 91% [21]. Pfeiffer
and Grbic proposed and demonstrated Huygens’ meta-
surfaces composed of 2D arrays of polarizable particles
that provide both electric and magnetic polarization cur-
rents to generate prescribed wave fronts, which can realize
high-efficiency polarization manipulations of the trans-
mitted waves [22,23]. Bai et al. achieved high-efficiency
cross-polarization transmissions under circularly polar-
ized (CP) wave incidence based on Fabry-Perot reso-
nance using a multilayered metasurface [24]. However,
the wideband polarization conversion efficiency is not so
satisfactory, especially for the transmitted waves. In our
previous works, high-efficiency polarization conversion
transmissions were achieved based on spoof surface plas-
mon polariton (SSPP) modes [25-29] in which the desired
phase difference was produced between the SSPP mode
and the free-space wave [30,31]. Therefore, the thick-
ness of the polarization conversion metamaterial depends
entirely on the spatial dispersion modulation of the SSPP.
We propose to achieve wideband and high-efficiency
polarization conversion transmission with the synergy of
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a slow wave and a fast wave. In detail, high-efficiency
transmission based on SSPP mode coupling is designed for
one linear polarization component, which is a slow wave
mode transmission. For the orthogonal polarization com-
ponent, high-efficiency transmission as a fast wave mode
is achieved based on waveguide mode coupling. Compared
with other schemes of polarization conversion, our scheme
can be potentially thin because of the strong dispersion of
the SSPP and waveguide modes. Furthermore, wideband
and high-efficiency polarization conversion based on the
proposed device in transmission geometry can be achieved
due to the engineered dispersion cancellation of the two
nonlinearly dispersive modes.

II. THEORY

The working principle diagram of the proposed polar-
ization conversion metamaterials (PCMs) is illustrated in
Fig. 1. It is composed of the metallic plate array (MPA)
along the y direction and a metallic fishbone array (MFA)
along the x direction. The incidence x polarized wave
propagates in the MPA as the waveguide mode with a
smaller &k as shown in Fig. 1(a). The propagation constant
of the waveguide mode along the z direction &, can be
expressed as

2
E=g- (). n=1a M
y

where ko is the propagation constant of the free-space
wave, the inner height of the planar waveguide is p,, and
n is the positive integer. Accordingly, the resulted phase
accumulation is A, = k.t. The dispersion diagrams of
the x polarized wave in the MPA with different repetition
periods, p, =22, 27, and 32 mm, are given in Fig. 2(a),
in which the red solid line is for the free-space wave. It
is found that the wave-vector component &, in the MPA

3
. © V
) X AU
N £4
4 \\ //
H . H

(b) YT
Feyyw®

(@)

A ALA N
paAAS &
Yyyrw®
aARAAS &

FIG. 1. Working principle diagram of the proposed PCMs.
(a) x polarized wave‘s incidence. (b) y polarized wave’s inci-
dence. (c) Front view of the proposed PCM.

for the x polarized incidence wave is less than the wave-
vector of the free-space wave ky. They are fundamental
modes of the waveguide corresponding to the mode num-
ber n = 1. The wave-vector component &, of the waveguide
mode increases with increasing repetition period p,. The
simulated transmissions of the MPA under the x polar-
ized wave’s normal incidence are given in Fig. 2(c). It is
observed that the x polarized wave is highly transmitted
above the frequencies f =4.7, 5.6, and 6.9 GHz, which
exactly correspond to the cut-off frequencies of the waveg-
uide’s fundamental mode. In addition, the transmissions
are suppressed above the frequencies of 13.4, 13.7, and
14.2 GHz. This is because at these frequencies, the phase
accumulations of the waveguide mode in the MPA £t are
exactly equal to 7. Thus, reflection enhancement results.
The MFA along the x direction can efficiently cou-
ple the y polarized incidence wave into SSPP on the
metallic blade structure with a larger & in the PCMs as
shown in Fig. 1(b). Thus, the resulting phase accumulation
is Ag,, = [ksspp(z)dz, where ksspp(z) is the propagation
constant of the SSPP mode. Figure 2(b) gives the disper-
sion diagrams of the metallic blade structure with different
blade lengths, #=2.2, 2.7, and 3.2 mm, for the y polar-
ized incidence wave, in which the red solid line represents
the free-space wave. The inset illustrates the proposed
metallic blade structure, which is sandwiched between two
0.6-mm-thick F4B (¢, = 2.65, tan§ = 0.001) dielectric sub-
strates. The metallic blade length is %, the blade width is w,
the blade repetition period is p, and the width of the metal-
lic ridge stripe along the z direction is w,. From the f~k
relations, the dispersion curves of the waves in the metal-
lic blade structure arrays are below the light line. The £ is
larger than that for the waves in free space at a fixed fre-
quency. This indicates that the metallic blade structure is
capable of confining electromagnetic waves on the surface.
Thus, the y polarized wave propagating in the metallic
blade structure array can be considered as the SSPP in GHz
frequencies. The dispersion curves include two branches
corresponding to the even and odd modes, respectively,
and the asymptotic frequencies of the two modes are quite
close to each other. Additionally, the SSPP modes will
be cut off as the frequency is greater than the asymp-
totic frequency. The asymptotic frequency together with
the propagation constant at a fixed frequency can all be
easily tailored by changing the metallic blade length 4. In
detail, the propagation constant of the SSPP increases with
increasing blade length %, and the asymptotic frequency
moves toward the lower frequency as the blade length 4
is increased. The simulated transmissions of the metallic
blade structure array with different blade lengths, 7 =2.2,
2.7, and 3.2 mm, under the y polarized wave’s normal
incidence are given in Fig. 2(d). The metallic blade struc-
ture consists of 44 metallic blades. It is observed that the
y polarized incidence wave can be transmitted below the
frequencies f =14.5, 17.2, and 21.2 GHz, which exactly

064002-2



WIDEBAND POLARIZATION CONVERSION...

PHYS. REV. APPLIED 10, 064002 (2018)

G

—_
(=)
-~

20 h=22mm|

N N

(ID I 16 h=2.7 mmy

\; Q, h=3.2mm

[8) o 12 1

c (o=

0} (0]

S S 8

g g

= = == cven mode

- L. o ol s == 0dd mode
‘ 0 X -~ = free-space wave

0 /4 /2 3n/4 T 0 47 87 127 167 207 247 287 327 367
k.t (rad) k.t (rad)

(c) 1 . SRS (d) 1 ,
P 77 " .é"‘-‘ = '\?‘(;l : !'\*‘J
ey ) 1 !

08¢ A’ [ . 08 ]

c 1/} 1420Hz0 § 1

S 1/ B I 213

Boo  Jf 1 £ 8 0° i :

£ 1/ Jo9cH: = % .

c 04} VAV 13.4 GHz 2 04 h=22mm & 1

© 1/ i = © — : i

o ’ - —22mm o - &

= Il R y = h=2.7 mm i ]

I i i = »
0.2 AR py—27mm 0.2 ——w=ph=3.2 mm i 1
7 -— =3 14 H y
0 ’47 GHZ H L 1 py \2mm 0 L L x §G z‘-_-.‘,
0O 2 4 6 8 10 12 14 16 4 6 8 10 12 14 16 18 20 22

Frequency (GHz)

FIG. 2.

Frequency (GHz)

(a) Dispersion diagrams of the x polarized wave in the nearly-zero-thick MPA with different repetition periods of p, =22,

27, and 32 mm. (b) Dispersion diagrams of the y polarized wave in the metallic fishbone structure array with different blade lengths of
h=2.2,2.7,and 3.2 mm. (c) Simulated transmissions of the MPA with different repetition periods of p, =22, 27, and 32 mm under the
x polarized wave’s normal incidence. (d) Simulated transmissions of the metallic blade array with different blade lengths of 7 =2.2,

2.7, and 3.2 mm under the y polarized wave’s normal incidence.

correspond to the asymptotic frequencies of the mediated
SSPPs. This indicates that the transmissions are achieved
based on SSPP mode coupling on the metallic blade struc-
ture. However, the achieved transmissions are not high,
especially close to the asymptotic frequencies. This is
mainly attributed to the mismatch of the wave-vectors
between the incidence wave and the coupled SSPP. Thus,
a tapered metallic blade structure with a spatially modu-
lated blade length called the metallic fishbone structure is
designed to achieve high-efficiency transmission.

As for the proposed PCMs illustrated in Fig. 1, the
phase difference between the copolarization transmissions
under y and x polarized waves’ normal incidence is
A = [kspp(z)dz — k.t. Since the dispersion relationships
are all nonlinearly dispersive, a fixed phase difference Ag
and thus the polarization converse may be realized in a
wide frequency band by designing their dispersions.

We assume that the electric field of the incidence wave is

2 ‘ ,
E; = %_Eo &+ epret, 2)

where 6 is the phase difference between the x and y com-
ponents of the incidence electric field. Thus, the incidence
wave is CP if the phase difference is § = 7/2, and linearly
polarized (LP) as the phase difference is § = 4+ or 0. In
detail, the incidence wave is left-handed circularly polar-
ized (LCP) as §=m/2, right-handed circularly polarized
(RCP) as § =—/2, u polarized as § =0, and v polarized
as § =£m. According to the Jones matrix, as the cross-
polarization transmissions (t,,, £) are ignored, the electric
field of the transmitted wave can be expressed as

E, 3

7 o
TE() (txxx 4 tyyel(6+AW)y)elkOr,

where Agp=¢,,—@, is the phase difference between
the copolarization transmission coefficients under the y
and x polarized waves’ incidence. The amplitude and
phase of the copolarization transmission coefficient under
vy (x) polarized wave incidence are #, (v and @,y ),
respectively. If #,, ~#,~ 1, we can conclude that under
CP waves’ incidence, the transmitted waves will be
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cross-polarized as the phase difference is Ap =+, and
under LP (CP) waves’ incidence, the transmitted waves
will be CP (LP) as the phase difference is Ap ==+m/2.
According to this principle, we design two PCMs, respec-
tively, for circular-to-circular (CTC) and linear-to-circular
(LTC) polarization conversions in the following sections.

1. LINEAR-TO-CIRCULAR PCM

The designed LTC PCM is illustrated in Fig. 3(a).
The MPA consisting of nearly-zero-thick metallic plates
periodically placed along the y direction is employed to
work as the planar waveguide array. The thickness of the
metallic waveguide wall is d. The height between adjacent
inner walls of the planar waveguide is p,.. The metallic fish-
bone structures placed in the y-z plane are used to couple
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FIG. 3. (a),(b) Structural views of the LTC PCM: (a) perspec-
tive view of the designed LTC PCM (=12 mm, p, =26.7 mm,
py=15 mm, a=13.5 mm, d=0.3 mm, and ~2=0.6 mm). (b)
Photograph of the fabricated LTC PCM sample. (c),(d) Sim-
ulated copolarization transmission coefficients for the y and x
polarized waves’ normal incidence onto the designed LTC PCM
together with the copolarization transmission coefficients for the
x polarized wave’s normal incidence onto the LTC PCM with
the MPA being removed. (c) Amplitude of the simulated copo-
larization transmission coefficients. (d) Phase of the simulated
copolarization transmission coefficients. (¢) Simulated PCTs for
the u polarized wave’s normal incidence onto the designed LTC
PCM. (f) Measured LTC PCTs for the u polarized wave’s normal
incidence.

and guide SSPPs, which are sandwiched between two 0.6-
mm-thick F4B (e, =2.65, tan§ = 0.001) dielectric boards.
The repetition period of the metallic fishbone structure
along the x direction is p,. The metallic fishbone struc-
ture consists of 44 blades with the blade length spatially
modulated by A(z). The corresponding propagation con-
stant of the mediated SSPP kgpp(z) grows from the smallest
value to the highest value first, and then drops back to
the smallest value. This specific design is just for wave-
vector matching at the air-dielectric and dielectric-air inter-
faces. It guarantees high conversion efficiency between the
SSPP and the free-space wave. Thus, the transmittivity
based on SSPP coupling can be greatly enhanced. In the
y-z plane, the repetition period of the fishbone structure
along the y direction is a. The thickness of this PCM
is ¢. The photograph of the fabricated LTC PCM sample
(size: 240 x 240 mm?) is shown in Fig. 3(b). The fishbone
structures are fabricated using a print circuit board (PCB)
technique first. Then the final PCM sample is achieved by
assembling the fishbone structure array and the metallic
plate array in orthogonal directions.

To analyze this LTC PCM, the copolarization trans-
mission coefficients for x and y polarized waves’ nor-
mal incidence are simulated. The simulated copolarization
transmission coefficients for the x polarized wave’s nor-
mal incidence when the consisted MPA is removed are
also given in Figs. 3(c) and 3(d). Figure 3(c) gives the
amplitudes of the copolarization transmission coefficients,
and the phases are depicted in Fig. 3(d). It can be found
that the amplitude of the copolarization transmission coef-
ficient under the x polarized wave’s normal incidence is
approximately equal to 1 above the cut-off frequency of
the planar waveguide . =5.7 GHz. For the y polarized
wave’s normal incidence, the amplitudes of the copolar-
ization transmission coefficients are nearly 1 below the
asymptotic frequency of SSPP mediated on the highest
metallic blade f;sp,, = 13 GHz. While the MPA is removed,
the x polarized incidence wave will be highly transmitted
in the whole frequency range. From the simulated copo-
larization transmission phases given in Fig. 3(d), we can
find that the copolarization transmission phases ¢,, and ¢,
for the waves’ normal incidence onto the designed PCM
are all nonlinearly dispersive as a function of frequency,
and the phase difference between the copolarization trans-
mission phases under the y and x polarized wave inci-
dence Ap =@, —@,, is approximately equal to 77/2 over a
wide frequency range from 5 to 12.6 GHz. However, if the
MPA in the designed PCM is removed, the copolarization
transmission phase ¢., will be linearly dispersive, thus the
phase difference will be equal to 7/2 only at a single fre-
quency. According to the polarization conversion principle
of the PCM given in section 2, we can conclude that high-
efficiency LTC polarization conversion transmission will
be achieved under « and v polarized waves’ incidence in a
wide frequency range from 7 to 12.6 GHz.
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at 10 GHz

FIG. 4. Simulated electric field distributions in the x-o0-y plane
for the u polarized wave’s normal incidence onto the LTC
PCM from the +z direction at the frequencies f =8 and
10 GHz.

To validate the polarization conversion transmissions of
this LTC PCM, the LTC polarization conversion trans-
mittivities (PCTs) under u and v polarized waves’ normal
incidence are calculated by full-wave numerical simulation
as shown in Fig. 3(e). The measured LTC PCTs under the
u polarized wave’s normal incidence are given in Fig. 3(f).
Obviously, the measured LTC PCTs are consistent with
the simulated results in the whole frequency range. Both
the simulated and measured results demonstrate that the
LTC PCTs are greater than —0.5 dB over a wide frequency
range from 7 to 12.6 GHz.

To visualize the coupled SSPP mode and waveguide
mode in the LTC polarization conversion process, the elec-
tric field distributions under the u polarized wave’s normal
incidence are simulated at frequencies of 8 and 10 GHz.
Figure 4 shows the distributions of the electric field x, y,
and z components in the x-0-y plane for the u polarized
wave’s normal incidence. It is found that the waveguide
mode with the larger wavelength is coupled in the PCM
for the incidence electric field x component. And the inci-
dence electric field y component is efficiently coupled into
SSPP with a smaller wavelength on the fishbone struc-
ture, which can be further confirmed by the distribution
of the electric field z component. The electric field z com-
ponent is entirely confined near the fishbone structure in
the PCM. By comparison, we can find that the phase
differences between the phase accumulations for the inci-
dence electric y and x components are all 7/2 at the two
frequencies.

IV. CIRCULAR-TO-CIRCULAR POLARIZATION
CONVERSION METAMATERIAL

The perspective view of the designed CTC PCM is
shown in Fig. 5(a). In the same way, the MPA placed
along the y direction is employed as a planar waveg-
uide array to couple and guide the waveguide mode (fast
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FIG. 5. (a),(b) Structural views of the CTC PCM: (a) perspec-
tive view of the designed CTC PCM (=18 mm, p, =25.2 mm,
py=10 mm, a=8.5 mm, d=0.3 mm, and #=0.762 mm). (b)
Photograph of the fabricated CTC PCM sample. (c),(d) Sim-
ulated copolarization transmission coefficients for the y and x
polarized waves; normal incidence onto the designed CTC PCM
together with the copolarization transmission coefficients for the
x polarized wave’s normal incidence onto the CTC PCM with
the MPA being removed. (c) Amplitude of the simulated copo-
larization transmission coefficients. (d) Phase of the simulated
copolarization transmission coefficients. (e) Simulated co- and
cross-polarization reflectivities and transmittivities for the LCP
wave’s normal incidence onto the designed CTC PCM. (f) Mea-
sured co- and cross-polarization transmittivities for the LCP
wave’s normal incidence.

wave mode). The thickness of the metallic waveguide
wall is d. The distance between the waveguide inner
walls is p,. The metallic fishbone structures placed in
the y-z plane are employed as the SSPP-supporting struc-
tures, for which the repetition period in the x direction
is py. The metallic fishbone (consisting of 60 metallic
blades) structure is sandwiched between two 0.762-mm-
thick dielectric substrates (€, =6.15, tané = 0.0009) with
the repetition period a along the y direction. The thickness
of this CTC PCM is t. The photograph of the fabri-
cated CTC PCM sample (size: 240 x 240 mm?) is shown
in Fig. 5(b).

The copolarization transmission coefficients under the y
and x polarized waves’ normal incidence onto the designed
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CTC PCM are simulated and the results are given in Fig. 5.
The copolarization transmission coefficient for the x polar-
ized wave’s normal incidence onto the PCM with the MPA
being removed is also depicted in Fig. 5 using the red
solid line. Figure 5(c) gives the amplitudes of the simulated
copolarization transmission coefficients. It can be seen that
the incident y polarized wave can be highly transmitted
below the cut-off frequency of the mediated SSPP on the
longest metallic blade f;,, = 13 GHz, and that the incident
x polarized wave is highly transmitted above the cut-off
frequency of the waveguide mode f. = 6 GHz. The x polar-
ized incidence wave is also highly transmitted in the whole
frequency regime as the MPA in the PCM is removed.
Figure 5(d) gives the phases of the simulated copolar-
ization reflection coefficients. It is observed that the two
copolarization transmission phases for the y and x polar-
ized wave’ normal incidence onto the CTC PCM (¢,y,, ¢1)
are all nonlinearly dispersive about the frequency, and the
phase difference A¢ = ¢,, —@y, is approximately equal to
7 over a wide frequency range from 4 to 11 GHz. Accord-
ing to the polarization conversion principle in Section
2, high-efficiency CTC polarization conversion can be
achieved in a wide frequency range of 7.0-11 GHz. How-
ever, if the MPA in the designed PCM is removed, the
copolarization transmission phase under the x polarized
wave’s normal incidence is linearly dispersive and the
phase difference Ag = ¢@,, —¢@., is not a constant of 7 vs
frequency. In this case, the CTC polarization conversion
cannot be achieved in a wide frequency range.

To verify the high-efficiency CTC polarization con-
version of the designed CTC PCM, the co- and cross-
polarization reflectivities and transmittivities for the LCP
wave’s normal incidence are simulated and measured.
Figure 5(e) gives the simulated co- and cross-polarization
reflectivities and transmittivities for the LCP wave’s nor-
mal incidence, and Fig. 5(f) shows the measured co- and
cross-polarization transmittivities under the LCP wave’s
normal incidence. We find that the measured results agree
well with the simulated results. Both the simulated and
measured results indicate that the cross-polarization trans-
mittivities are all greater than —0.5 dB under the LCP
wave’s normal incidence over a wide frequency range from
7 to 11 GHz. This is completely consistent with the pre-
vious theoretical analysis. The electric field distributions
under the LCP wave’s normal incidence at the frequen-
cies f =8 and 10 GHz are simulated as shown in Fig. 6.
The distributions of the electric field x, y, and z compo-
nents in the x-o-y plane are all depicted in Fig. 6. The
simulated electric field distributions demonstrate that the
waveguide mode with the larger wavelength is coupled in
PCM for the x component of the incidence electric field.
The electric field’s y component distributions in the x-0-y
plane indicate that the SSPP mode with the smaller wave-
length is excited in PCM for the incidence electric field’s
y component. The coupled SSPP on the metallic fishbone

at10GHz

at8GHz

= 1

n
0
-0.5

FIG. 6. Simulated electric field distributions in the x-o0-y plane
for the LCP wave’s normal incidence onto the CTC PCM from
the + z direction at the frequencies f =8 and 10 GHz.

structure is obviously visualized from the distribution of
the electric field’s z component. The phase differences
between the phase accumulations of the SSPP mode and
the waveguide mode observed from the electric field dis-
tributions are all approximately equal to 7 at the two
frequencies.

V. CONCLUSION

In summary, high-efficiency polarization conversions
for transmitted waves achieved by the synergy of fast wave
and slow wave modes are proposed and demonstrated
in this paper. The required phase differences between
two orthogonal directions are realized via aligning the
SSPP mode and waveguide mode in the two directions.
Owing to the nonlinear dispersions of the SSPP mode
and waveguide mode, the phase difference can be fixed
at a certain value in a wider frequency regime by design-
ing the dispersions of the SSPP mode and the waveguide
mode. As a result, wideband polarization conversion may
be achieved. To validate this method, two PCMs are
designed, respectively, for LTC and CTC polarization con-
versions. The simulated and measured results indicate that
the LTC PCTs are greater than —0.5 dB over a wide
frequency range from 7.0 to 12.6 GHz, and the cross-
polarization transmittivities under the CP wave’s incidence
are greater than —0.5 dB in a wide frequency range
of 7.0-11.0 GHz.
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