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In this paper, we show that circular polarization-keeping reflection can be achieved using reflective metasurfaces. The
underlying physical mechanism of the polarization-keeping reflection is analyzed using a reflection matrix. A wideband
circular polarization-keeping reflector is demonstrated using N-shaped resonators. Both the simulation and experiment
results show that the polarization-keeping reflection can be achieved with a high efficiency larger than 98% over the fre-
quency range from 9.2 GHz to 17.7 GHz for both incident left- and right-handed circularly polarized waves. Under oblique
incidence, the bandwidth increases as the incident angle varies from 0° to 80°. Moreover, the co-polarization reflection is

independent of the incident azimuth angles.
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1. Introduction

Before 2011, meta-surfaces were considered as two-
dimensional versions of metamaterials or frequency selective
surfaces, which are composed of planar arrays of identical
metallic patterns. Correspondingly, the research on metasur-
faces focused mainly on their transmission/reflection perfor-
mances. In the last two years, the concept of metasurface
has been generalized to planar assembly of inhomogeneous
metamaterial unit cells.!!'=! Tt is considered as a single sur-
face with a negligible sub-wavelength thickness, rather than
frequency selective surfaces. Using metasurfaces, almost all
the basic properties of EM waves can be tailored, including
amplitude, phase, polarization and propagation modes, etc.
Many studies on applications of metasurfaces have been im-
plemented with distinct advantages over conventional meth-
ods, such as planar antennas, reflectarrays,[®! phase gradi-
ent metasurface,!’®! and polarization converter.[*-!°! Conven-
tional polarization manipulation at microwave frequencies is
always realized using chiral materials or multilayered metal-
lic structures and suffers from the bulky volumes, high losses,
and narrow bandwidth.?%->3 In this regard, metasurfaces were
proposed to implement polarization control. Light polar-
ization manipulation with an ultra-thin plasmonic metasur-
face using orthogonal elongated nanorods and complementary
nanoslits arrays was analyzed based on a simple impedance
model to describe the array interaction.!'”!' A light polariza-
tion converter using a silver film with array of perforated S-
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shaped holes was realized to freely modulate the polarization
angle.!"'"! Grady er al. demonstrated an ultra-thin, broadband,
and highly-efficient polarization converter that is capable of
rotating a linear polarization state into its orthogonal one.!!]
The polarization selectivity and convertibility were simultane-
ously achieved by integrating the asymmetric split-ring res-
onators with the S-shape resonators in Ref. [12]. A broad-
band circular polarization converter using gold helix structures
at optical frequencies was demonstrated in Ref. [13]. In mi-
crowave frequency range, a transmissive metasurface used to
convert the linearly polarized signal from a source antenna into
a circularly polarized signal is proposed and achieved.!'*! In
general, there are few papers on circular polarization (CP) con-
version, compared with the linear polarization (LP) conversion
and linear-to-circular polarization conversion. In particular,
for a circularly polarized wave incident on conventional re-
flective mirrors such as metal plates, cross-polarization reflec-
tion always occurs. That is to say, after reflection, left-handed
circularly polarized waves are converted into right-handed cir-
cularly polarized waves, and vice versa.

In this paper, we demonstrate that circular polarization-
keeping reflection can be achieved using reflective metasur-
faces. The metasurface is composed of N-shaped metal-
lic pattern array backed with a metal ground. The work-
ing mechanism is analyzed using the reflection matrix. Be-
cause of the anisotropy of this structure in the two in-plane
directions, the polarization state of reflected waves under left-
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handed circular polarization (LCP) waves and right-handed
circular polarization (RCP) wave incidence can be kept with
the co-polarization reflection larger than 98% over a wide-
band from 9.2 to 17.7 GHz. Under oblique incidences, the
co-polarization reflection stays over 95% and is independent
of the incident azimuth angles. The calculated axial ratio of
reflected waves is less than 3 dB. Experimental results have
good consistency with the simulated results.

2. Design of the reflective metasurface

Figure 1 shows the unit cell of the metasurface, where
the upper panel gives the front view and the lower panel gives
the side view. The unit cell of the metasurface is composed
of an N-shaped metallic pattern backed with a ground sheet.
The N-shaped pattern and the ground sheet are separated by
a dielectric spacer. The metal ground sheet makes the CP-
keeping reflective metasurface reflect the whole incident wave,
and the reverse of the propagation direction for the reflected
wave can convert the polarization of the CP wave. The high-
efficiency co-polarization reflection under CP wave incidence
results from the resonances of the resonator composed by the
N-shaped metallic wire and the copper ground sheet. The
wide operating bandwidth is produced by the superposition of
the three resonances. By delicate parameter sweep process,
the optimized dimensions are determined as: a = 5.2 mm,
d =3 mm, w=0.3527 mm, w, = 0.2 mm, w; = 0.36 mm,
[ =5mm, [, =3.4527 mm, t = 0.017, [, = 0.65. The dielec-
tric spacer is with the permittivity € = 2.65 and loss tangent
tand = 0.001.
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Fig. 1. (color online) Schematic view of the unit cell of the polarization
converter and the corresponding geometrical parameters.

To analyze the mechanism of co-polarization reflection
for LCP wave incidence, we decompose the incident CP waves

into two linear polarized (LP) waves in x and y directions.
Correspondingly, the incident electric field vector E; is de-
composed into two components in x and y directions perpen-
dicular to the propagation direction. For a given point in
space, the electric field components have the form E;, = XFE,
Eiy = ﬁEei”/z.
metasurface as shown in Fig. 2, a resonance is produced in

When these LCP waves illuminate on the

the N-shaped metallic structure with the action of the incident
electric field. The induced current is described in the green
arrowed line, and we have I} = I, = I3. Decomposing the cur-
rents /1 and /3 into x and y components is described in the red
arrowed dashed line. In y direction, the current I, can be con-
sidered as counter-balance y components of /; and /3. Thus,
the total net current is in the x direction. This N-shaped metal
wire can be considered as an electric dipole in x direction. This
tailors the phases of the scattering electric field in x and y di-
rections and results in different phase changes in the two di-
rections. Due to the different phase shifts in x and y direc-
tions, the polarization of the scattering fields is converted. For
this reason, the polarization of the reflected wave is in keep-
ing with the incidence wave because of the simultaneously
inversed polarization state and propagation direction and the
polarization of the transmitted wave is converted. The trans-
mitted wave is reflected by the metal backsheet and the polar-
ization is converted again. The highly efficient co-polarization
reflection can be achieved through the multi-reflection in the
Fabry—Perot like cavity resonator composed of the N-shaped
metal pattern and the metal backsheet.

e

Fig. 2. (color online) Schematic diagram for the induced surface current
on the N-shaped metallic structure at resonant frequencies.

3. Simulations and analysis

To verify the above design, we perform full-wave nu-
merical simulations using CST Microwave Studio in 5.0—
24.0 GHz. The boundary conditions are unit cell in x and y
directions and the input is the circularly polarized wave. The
calculated co-polarization reflection and cross-polarization re-
flection are given in Figs. 3(a) and 3(c). In addition, the co-
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polarization reflections under oblique incidence are also con-
sidered in Figs. 3(b) and 3(d). The inset in Fig. 3(b) is given to
describe the incident angle, where r g (rrr) denotes the ampli-
tude of the cross-polarization reflection coefficient under LCP
(RCP) wave incidence and rip, (rrr) is the amplitude of co-
polarization reflection coefficient under LCP (RCP) wave in-
cidence. From Fig. 3, we can find that 7y and rgr have the
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same magnitude under normal incidence. Over a wide fre-
quency band from 9.2 GHz to 17.7 GHz, the co-polarized re-
flected wave carries more than 98% of the incident energy,
and the cross-polarized component carries below 2%. These
results indicate that this metasurface is a wide-band and highly
efficient CP mirror over a wide incident angle range from 0°
to 80°.
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Fig. 3. (color online) Simulated co-polarization and cross-polarization versus frequency under CP wave incidence, (a) co- and cross-
polarization reflection under LCP wave incidence, (b) co-polarization reflection under LCP waves incident with different incident angles,
(c) co- and cross-polarization reflection under RCP incidence, (d) co-polarization under RCP waves incident with different incident angles.
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Fig. 4. (color online) The simulated co-polarization reflection versus
frequency with different incident azimuth angles at a fixed incident an-
gle 6, =45°.

Figure 4 gives the simulated co-polarization reflection
versus frequency with different incident azimuth angles un-
der LCP wave incidence, in which the inset is used to describe
the incident azimuth angles. The incident angle is fixed to be
45°. Tt can be found that in the considered frequency range
9.2 GHz-17.7 GHz, the co-polarization reflection is indepen-
dent of the incident azimuth angles. The highly efficient co-
polarization reflection can be achieved under arbitrary incident

azimuth angles. This is the most important advantage com-
pared with the conventional method.
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Fig. 5. (color online) Phase differences between the co- and cross-
polarization reflections under CP wave incidence.

The wide-band performance results from the super-
position of multiple polarization conversion peaks around
9.6 GHz, 12.1 GHz, and 16.5 GHz corresponding to the three
resonant frequencies. Figure 5 gives the phase differences be-
tween the co- and cross-polarization reflections under LCP
and RCP wave incidence. We can find that at these reso-

nant frequencies, the phase shifts of co-polarization reflections
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with respect to cross-polarization reflections have a @ phase
jump. Under oblique incidence, the co-polarization reflec-
tions are almost consistent with that under normal incidence
except a tiny fall-down at f = 11.0 GHz. The bandwidth in-
creases with increasing incident angles. Figure 6 gives the
axial ratio of the reflected waves under LCP illumination from
8.5 GHz to 19.0 GHz, which is calculated from the co- and
cross-polarization reflections for both x- and y- polarized wave
incidence. From the calculated results, the axial ratio in the
range of whole frequency is mostly below 3 dB. This indicates
that the reflected waves can be viewed as actual CP waves. In
fact, the axial ratio of the reflected wave has something to do
with the co-polarization reflectivity. The axial ratio decreases
with increasing co-polarization reflection, which will be 0 dB
if the co-polarization reflection is 100%. Therefore, the three
axial ratio dips correspond well with the three co-polarization
peaks in Fig. 3. Figure 7 gives the polarization ellipses of the

f=9.6 GHz

f=12.1 GHz

reflected waves at the three co-polarization peaks under LCP
wave illumination. From the figure, we can find that the three
ellipses can be approximately regarded as circles at the three
resonant frequencies.

1.6

Axial ratio/dB
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Fig. 6. (color online) Calculated axial ratio versus frequency for re-
flected wave under LCP wave incidence.
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Fig. 7. (color online) The polarization ellipses for the reflected waves under LCP wave incidence at the three co-polarization reflection
peak frequencies, the axes represent the normalized magnitude of the electric fields at any two orthogonal directions. (a) f = 9.6 GHz,

(b) f =12.1 GHz, (c) f = 16.5 GHz.
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Fig. 8. (color online) Spatial view of polarization for incident and reflected waves, (a) for incident LCP wave, (b) for reflected RCP

wave by metal plate, and (c) for reflected LCP wave by metasurface.

In order to observe the polarization state more clearly, we
draw the tracking curve of the end of the electric field vector
and obtain the spatial view of the polarization for incident LCP
waves and the reflected waves at the frequency f = 16.5 GHz
as shown in Fig. 8. Figure 8(a) is for incident LCP wave,

which is propagating along the —z direction of the black ar-

row shown. Figure 8(b) is for the reflected wave reflected by
a metal plate, which is propagating along the +z direction of
the black arrow shown. It is right-handed circularly polarized.
Figure 8(c) is for the reflected waves reflected by the designed
metasurface, which is LCP wave propagating also along the

+z direction as the black arrow shown.
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The simulated surface current distributions on N-shaped
pattern array are shown in Figs. 9 and 10 for LCP and RCP
wave incidence, respectively. Figures 9(a) and 10(a), fig-
ures 9(b) and 10(b), and figures 9(c) and 10(c) correspond to
f=9.6 GHz, f =12.1 GHz, and f = 16.5 GHz, respectively.
The surface current distribution agrees well with our analysis
in Fig. 3. The equivalent currents in x and y directions are

different. The surface current resonates with the incident elec-
tric fields and produces reflected and transmitted electric fields
which have phase changes with respect to the incident electric
fields. The phase changes in x and y directions have different

values owing to the different equivalent currents in these two

directions as described in Fig. 3.

Fig. 10. (color online) Surface current distributions under RCP waves incident, (a) f = 9.6 GHz, (b) f = 12.1 GHz, (¢) f = 16.5 GHz.

Supposing that the reflected electric fields in x and y direc-
tions under LCP wave incidence are E,, and E,, respectively.
They can be expressed as

En=frEe'™, En=yrEe ™"

For the y-polarized incident LP waves, the reflected waves can
be divided into two parts (Ry,, Ryx) , and the reflected waves for
x-polarized incident LP waves also have two parts (Ryy, Ryy),
where Ry, and Ry,, denote the complex reflected coefficient of
y-polarized and x-polarized reflected waves under y-polarized
wave incidence. Similar definitions are for Ry, and R,,. The
amplitudes of the reflection coefficient are represented by ry,,
Fyx» Txx, and ryy, respectively. Denoting the phases of the re-
flection coefficient by @yy, ¢y, ¢, and @y, respectively, the
electric field of the reflected waves can be described in the fol-
lowing reflection matrix:

E. o rxxei%"x ryxei%C E; (1)
Ery B Ty € gy Tyy€ iyy E,' )
Then, the reflected electric field can be written as

E, = (rxinxei% + ryinyei¢yX) x

+ (rxyEix e 4y Eie i‘ﬂ’w) 3. )

From the above expression, there are four cases: ry.e Wup, £+
rxye‘%E,-x)? + ryerWE,-y)?, rxxe‘¢XXE,-x)€ +
€ O Ep %, 1y € 99 E i+ 1y €19 E 9. For convenience, they

i A
ry € EL,

are expressed as Ry R)y, Ry Ry, RiRyx, and RyRy,, respec-
tively. The latter two cases R, Ry and R,yRy, express the
reflected LP wave under CP wave incidence, while Ry R,
and Ry Ry, are the theoretically possible co-polarization terms
for CP wave incidence. By analysis of the necessary condi-
tions for co-polarization reflection under CP wave incidence,
the 90 degree phase delaying relationship between the elec-
tric field components in x and y directions can be converted
mutually under conditions ¢y, — ¢y = £ or @y — ¢y = 0.
Under these conditions, the circular polarization-keeping re-
flection is realized due to the reversed propagation direction.
To confirm this interpretation, numerical full-wave simula-
tions are carried out to calculate the amplitudes and phases
of the co- and cross-polarization reflections for both x- and
y-polarized wave normal incidence. The calculated results
are given in Fig. 11(a), in which the left axis denotes the
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Fig. 11. (color online) (a) The simulated amplitudes and phases of the
co- and cross-polarization reflections for both x- and y-polarized waves
incidence, (b) phase differences of the co-polarization reflection coeffi-
cients under x- and y-polarized waves incidence.
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amplitudes and the right axis represents the phase. From the
figure, it is revealed that the cross-polarization reflection is
considerably larger than the co-polarization reflection. Thus,
this proposed CP-keeping metasurface works both in Ry Ry,
case and RyyRy, case and RyR,, dominates the CP-keeping
reflection. It is easily found that the phase difference of the
cross-polarization reflections under x- and y-polarized wave
incidence is zero. In addition, the phase differences of the co-
polarization reflections for x- and y-polarized wave incidence
onto the metasurface with and without the N-shaped metallic
array are given in Fig. 11(b). From the figure, ¢,, has an ap-
proximate m-phase-shift to ¢, over the frequency range from
9.2 GHz to 17.7 GHz when the metasurface is illuminated. At
the three tips for the co-polarization reflection (f = 9.6, 12.1,
and 16.5 GHz), ¢y, — ¢, = 7, the co-polarization-keeping re-
flection is up to 100%. In contrast, there is no phase change
between ¢,, and ¢, when the N-shaped metallic pattern array
is removed. Therefore, the results simulated are in accordance
with that of theoretical analysis.

4. Experimental verification

In order to verify this designed circular polarization-
keeping reflective metasurface, a sample with dimensions
312 mmx312 mm is fabricated using the conventional print
circuit board (PCB) technique. The photograph of the sample
is shown in Fig. 12(a), in which the inset is a zoom view of a

sample (b)

receiver

transmitter

—— d’my — ¢yz e ¢yy
12 14 16 18

Frequency/GHz

Fig. 12. (color online) (a) The photograph of the fabricated sample (size: 312 mmx312 mm), (b) schematic program of measure-
ment setup, the measured amplitudes (c) and phases (d) of the cross- and co-polarization reflections under x- and y-polarized waves

incidence.
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8% 8 unit cells. A 3-mm thick F4B substrate was used and the
copper pattern surfaces were tinned in order to protect them
from being oxidized. Figure 12(b) gives the schematic illustra-
tion of the reflection measurement setup. The sample is irradi-
ated by one of the two linearly polarized horn antennas while
the other antenna is worked as a receiver to receive the re-
flected linearly polarized waves. The separation angle between
the two antennas is set to be 8° in order to carry out the normal
incidence measurement in the experiment. The horn antenna
is capable of transmitting or receiving both x- and y-polarized
waves by placing the antenna on its shorter and longer sides,
respectively. Firstly, a metal ground sheet with the same size
as the reflective metasurface is measured for the sake of nor-
malization. Then, the amplitudes and phases for both the co-
and cross-polarization reflections can be measured. In this
Way, Tve, Tays Fyxs Tyys Oxxvs @xys Qyxs @yy are measured in the
frequency range from 8 GHz to 18 GHz. The measured am-
plitudes and phases are, respectively, given in Figs. 12(c) and
12(d). The measured co- and cross-polarization reflection un-
der LCP illumination is given in Fig. 13, which is calculated
from the measured amplitudes and phases of the co- and cross-
polarization reflections under both x- and y-polarized waves
incidence. It can be seen in the figure that the co-polarization
reflection is up to 97% over the frequency range from 9.8 GHz
to 16.8 GHz. The measured co-polarization reflection is in
good accordance with the simulation results.

1.0
0.8}
0.6

0.4

Reflection

ih Ap M‘
0.2b U, e ]
UG IVY ;Mw.,w.rff‘ff
W IR
8 10 12 14 16 18
Frequency/GHz

Fig. 13. (color online) The measured co- and cross-polarization reflec-
tions for CP wave incidence.

5. Conclusions

In this paper, a circular polarization-keeping reflection
base on reflective metasurface with sub-wavelength thickness
is proposed and designed using the N-shaped electric dipole-
like resonator. This reflective metasurface can realize wide-
band and highly efficient polarization-keeping reflection under
LCP and RCP waves incidence. The polarization manipulation
using this metasurface is produced by different abrupt phase

changes in x and y directions. The simulated results indicate
that under normal incidence, the co-polarization reflection for
CP waves is larger than 98% from 9.2 GHz to 17.7 GHz and
the band-width is expanded as the incident angle increases.
Most importantly, the co-polarization reflection is independent
of the incident azimuth angles. The experimental results have
good consistency with the simulated results. Because of easy
realization and ultra-thin thickness, this metasurface provides
a convenient way of achieving wide-band and highly efficient
circular polarization-keeping reflection under CP wave inci-
dence. The proposed CP-keeping reflection metasurface could
be used to achieve high-efficiency reflective CP phase gradient
metasurface. Some applications in target tracking and circular-
polarization detecting can be envisaged.
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