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Wideband high-efficient linear polarization rotators
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We demonstrate a wideband polarization rotator with characteristics of high efficiency and large-range
incidence angle by using a very simple anisotropic reflective metasurface. The calculated results show
that reflection coefficient of cross polarization is larger than 71% over an octave frequency bandwidth
from ∼4.9 GHz to ∼10.4 GHz. The proposed metasurface can still work very well even at incidence
angle of 60◦. The experiment at microwave frequencies is carried out and its results agree well with
the simulated ones.

Keywords polarization, metasurface

PACS numbers 78.67.Pt, 78.20.-e

The arbitrary control of polarization states of electro-
magnetic (EM) waves is of great significance because
of its wide applications in liquid crystal display, an-
tenna radiation, spectroscopy, and optical instrumen-
tation, which always attracts intense interest [1–18].
Various physical mechanisms to control polarization
states from microwave to visible frequencies include wave
plates, dichroic crystals, Brewster effects, Faraday mate-
rials, and birefringence of anisotropic materials, and so
on [1, 2]. Some problems of conventional polarization-
control materials, such as the bulky thickness of the
structure, a narrow band, high losses, limited choice
of materials, and the expensive price, are still deserved
to be solved. Then there have been many attempts to
develop new theories, technologies, and experiments to
overcome these limitations. Recently, several different
devices of polarization control are presented based on
the concept of metamaterials (MMs) [3–21], which are
artificial materials with unusual EM responses that are
not unattainable with natural materials. So using MMs
becomes highly desirable to design polarization control
devices with high efficiency, large bandwidth, and sub-
wavelength dimensions.

Recently, many metasurface-based phase engineered
devices have been proposed for novel applications in
wavefront manipulation [11], holography [12], and polar-
ization control [13–18]. Yu et al. experimentally demon-
strated optically thin quarter-wave plates built with plas-
monic metasurfaces consisting of spatially varying phase

and polarization responses [13]. Their design generates
high-quality circularly polarized light with a high degree
of circular polarization (> 0.97) for arbitrary orienta-
tion of the incident linear polarization from λ = 5 µm to
12 µm. Hao et al. proposed to use reflective anisotropic
metasurfaces to manipulate polarization states of EM
waves, and showed that a complete conversion between
two perpendicular linear polarizations is realizable in the
microwave frequency regime by experiment and simula-
tion [14]. All possible polarizations (circular, elliptic, and
linear) are realizable via adjusting material parameters
in a narrow band. Grady et al. experimentally demon-
strated ultrathin, broadband, and highly efficient MM-
based terahertz polarization converters that are capable
of rotating a linear polarization state into its orthogonal
one [16]. Yang et al. experimentally presented an alter-
native approach to plasmonic metasurfaces by replacing
the metallic resonators with dielectric meta-reflectarray
for broadband linear polarization conversion with more
than 98% conversion efficiency over a 200 nm bandwidth
in the short-wavelength infrared band [18]. Replacing
plasmonic nanoantennae with their dielectric counter-
parts allow loss to be largely reduced so as to cause
increased efficiency. In this work, we propose an alter-
native structure of a wideband and wide-angle polariza-
tion rotator based on an artificially designed anisotropic
metasurface [11–34], which is composed of one dimen-
sional metallic grating placed on the top of a printed cir-
cuit board with a grounded metallic plane on the bottom.
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In polarization optics, the key ingredient to control the
states of polarization is to tailor the phase delay between
two orthogonal optical axes. The designed metasurface
introduces ∼ 180◦ phase difference between two orthog-
onal components of reflected wave. Polarization conver-
sion has been presented by using such a thin anisotropic
reflective metasurfaces from linearly-polarized wave to
its cross-polarized wave. Both numerical and experi-
mental results indicate that the proposed metasurface
owns broadband operation with the polarization conver-
sion coefficient larger than 71% from ∼4.9 GHz to ∼10.4
GHz. Moreover, the thickness of the designed system
is only about ∼ λ/7 at its center working wavelength
which is potentially feasible for some applications where
the space limitations are stringent, and takes favorable
advantage of little energy loss. Meanwhile, when the in-
cident wave is not polarized around 45◦ or 135◦, the con-
version ratio becomes very small which indicates that the
proposed metasurface has a polarization selective perfor-
mance.

As schematically shown in Fig. 1, the proposed wide-
band polarization conversion metasurface under study is
composed of a layer of one dimensional metallic grat-
ing and a continuous grounded metallic film, and both
of them are separated by a homogeneous printed cir-
cuit board (FR4) with the relative permittivity of ε =
4.6+ i0.023. Figure 1 gives the schematic of the designed
[Fig. 1(a)] and fabricated [Fig. 1(b)] configurations. The
width of metallic strips is sized 2.0 mm, and the pe-
riodicities of the array are 10.0 mm along x direction.
The thicknesses of metallic strips, dielectric layer, and
metallic film are 0.035 mm, 5.3 mm, and 0.035 mm. All
materials are assumed to be non-magnetic (µ = µ0). In
our simulation, a unit cell is used with periodical bound-
ary conditions assigned to approximate an infinite ar-

Fig. 1 (a) Three dimensional view of the geometry of the
designed polarization rotator, which is composed of one di-
mensional metallic grating, an intermediate dielectric spacer,
and a bottom continuous metallic layer. The yellow parts
(strip and bottom layer) are metal modeled as copper, which
can be treated as perfect electric conductor (PEC) in mi-
crowave region. The cyan part (spacer) is the 5.3 mm-thick
substrate made of printed circuit board (FR4). (b) A top-
view picture of part of the fabricated anisotropic reflective
metasurface.

ray along x direction, and the extremely fine mesh is
adopted to discretize the space and ensure the conver-
gence of the calculated results. Floquet ports are added
on the top and bottom faces of the simulation domain to
obtain reflection and transmission coefficients of a plane
wave illuminating the structure at an arbitrary angle of
incidence. The distance between the receiver and the de-
signed structure is 200 mm, which is enough long so as
to only get the propagating information of the reflected
wave. Thus, the near-field effect of the reflected light
is not included. Under normal incidence case or oblique
incidence case, transverse electric (TE) wave with an in-
cident angle θ can well satisfy the condition of the lin-
early polarized wave with electric field Ei only in the xy
plane. Within prescribed polarization case, an incident
plane wave with incident angle θ (between the z-axis
and k) and polarization angle ϕ (formed by the x-axis
and the projection of k on the xy plane) is illuminated
on the deigned structure. As a result of the interaction
between incident waves and the designed structure, the
subsequent reflected wave typically includes co-polarized
component E// (parallel to Ei) and cross-polarized com-
ponent E+ (perpendicular to Ei) due to the anisotropy
of the meatsurface. In order to understand the princi-
ple of polarization conversion, the designed structure can
be treated as a homogenous anisotropic MM layer with
relative permittivity ε and dispersive relative permeabil-
ity

↔
µ , which can be expressed by diagonal elements.

The complex reflection coefficients associated with the
polarization-dependent response of the structure can be
analytically derived from a 4 × 4 transfer matrix model
[14]. In our simulation, reflection coefficients of the co-
polarized and cross-polarized waves are respectively de-
fined as r// and r+. Figure 2 illustrates the calculated
reflection coefficient r+ as red solid line under normal
incidence case with polarization angle ϕ = 45◦ (or 135◦)
for Ei. Considering the normal incidence case (θ = 0◦),
the direction definition of Ei is absolutely dependent on
ϕ while the direction definition of wave vector k is com-
pletely independent of it. Obviously, the cross-polarized
reflection coefficient is close to ∼100% from ∼6.0 GHz to
∼10.0 GHz, demonstrating a 90◦ conversion of the lin-
early polarized wave after reflection and an outstanding
half-powered bandwidth from ∼4.9 GHz to ∼10.4 GHz.
The near perfect conversion band performs as an ideal
pass-band filter and divides different polarizations into
different frequency bands. Such a broadband polariza-
tion modulation demonstrated by our designed matede-
vice is hard to be achieved in natural crystal-based wave
plates, which are restricted by the limitation of operat-
ing frequency and bandwidth on the thickness and dis-
persion. It is worth mentioning that the entire thickness
of this metasurface is ∼5.37 mm which is over 7 times
less than the center working wavelength.
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Fig. 2 Calculated (red solid line) and measured (blue hol-
low circle) reflection magnitudes of the cross-polarized r+
waves with incident angle θ = 0◦ and polarization angle
ϕ = 45◦ (or 135◦).

To investigate the underlying physics behind this phe-
nomenon, the intuitively interpreted mechanism of the
designed system is shown in the inset of Fig. 3(a). It is
assumed that a normally linear-polarized wave with po-
larization angle ϕ = 45◦ illuminates the metasurface, and
its electric field Ei can be decomposed to two orthogonal
electric field vector of Eix and Eiy. Also the electric field
E+ of the reflected wave can be decomposed into two
independent polarizations of E+x and E+y, and the re-
flection amplitude (phase) for normally x-polarized and
y-polarized incident components is defined as rx and ry
(φx and φy). Then, polarization conversion as the role of
a classical half-wavelength plate can be realized if coeffi-
cients of x-polarized and y-polarized components of the
reflected waves are the same and the reflection phase dif-
ference for these two directions is ∼ 180◦. Figure 3 shows
the amplitude and phase of reflection under normal in-
cidence. It clearly tells that a nearly 100% reflection
band for rx and ry are realized over the range of ∼6.0
GHz to ∼10.0 GHz providing the possibility of achiev-
ing high efficient polarization conversion. In fact, due to
the existence of a continuous metal film with thickness
0.035 mm on the back, the entire system for EM waves
is always completely reflective, independent of their in-
cidence angles and polarizations. So it is easy to sat-
isfy rx = ry. The calculated reflection phases (φx and
φy) are illustrated in Fig. 3(b). We find in Fig. 3(c)
that the phase difference |φx − φy| between two reflec-
tion coefficients approaches ∼ 180◦ within wide spectral
range 6.0–10.0 GHz, which is the key point to achieve
wideband metasurface-enabled polarization conversions.
Coincidentally, it is consistent with the frequency range
where the r+ peak is found in Fig. 2.

Furthermore, the dependence of cross polarization re-
flection r+ of the proposed rotator on the thickness of
dielectric layer is investigated. To briefly present this
property, we only discuss cross polarization reflection

Fig. 3 Calculated reflection magnitudes (a) and reflection
phases (b) for x-polarized (red line) and y-polarized (blue
dot) waves on the designed metasurface for normally incident
wave. Inset: An illustration of the working mechanism of the
designed system. (c) Reflection phase difference |φy − φx|
as a function of frequency. There are two points of |φy −φx|
approaching to 180◦, which corresponds to the two conversion
extrema in Fig. 2.

under normal incidence. Figure 4 illustrates the relation
between cross polarization reflection r+ and the thick-
ness of dielectric layer with other structure parameters
unchanged. The calculated results tell that r+ of the de-
signed system under normal incidence is closely depend
on the thickness of dielectric layer. As the thickness of
dielectric layer increases from 1 mm to 7 mm, perfor-
mance of r+ firstly become improved and then a little
worsened.

Based on above analyses, the designed polarization ro-
tator is fabricated and measured in the microwave fre-
quency. The proposed wideband polarization conversion
metasurface is fabricated with a size of 500 mm × 500
mm. Figure 1(b) shows the photograph of the fabricated
polarization rotator. In our experiments, the metasur-
face is shined by one horn antenna placed 50 cm away
from the sample, and another identical horn antenna is
used to receive the reflected signal. It should be noted
that the center of the two linearly polarized horn an-
tennas should be placed at the same height. By con-
necting them to an Agilent vector network analyzer via
cables, both the magnitudes and phases of the reflected
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Fig. 4 Thickness dependence of cross polarization reflec-
tion r+ under normal incidence with other structure param-
eters unchanged.

signals can be obtained. A copper plate with the same
size has been measured for comparison in each experi-
ment. When one of the two antennas is perpendicular
to another, the cross-polarized reflection r+ is measured.
Through the comparison of available results, measure-
ments (blue hollow circles in Fig. 2) are nearly consis-
tent with simulations. Here are some main reasons which
cause the difference between experiment and simulation:
(i) uncertain factor and random error in the process of
fabrication and measurement (shape, size, height, etc.);
(ii) size of the whole sample is finite and not enough
big; (iii) radiation of the horn antennas is not a perfect
plane wave; (iv) measurements are performed at a small
incident angle (10◦); (v) the existence of oscillation is
possibly due to multiple reflections between horn anten-
nas.

To better understand polarization and angular depen-
dence of this phenomenon, the numerically calculated
reflectance r+ is plotted in Fig. 5(a) as a function of
polarization angle (ϕ) for Ei and frequency (f) with in-
cidence angle θ = 0◦. With the anisotropy tuned on,
r+ could take a nonzero value, and the polarization con-
version effect depends strongly on the polarization an-
gle. When ϕ = 45◦ and θ = 0◦, reflection coefficient
of polarization conversion r+ is maximized. Different to
that, we get r+ = 0 under the condition of ϕ = 0◦ and
ϕ = 90◦, indicating that polarization conversion effect
vanishes. It looks very reasonable because of direction
of normally incident E(H) field is parallel to x(y) coor-
dinate axis when ϕ = 0◦, or direction of normally inci-
dent E(H) field is parallel to y(x) coordinate axis when
ϕ = 90◦. To find out the dependence of the conversion
performance on incident angle, we calculate the reflec-
tion coefficient r+, depicted in Fig. 5(b), as a function of
θ and f with ϕ = 45◦ for k and Ei along the polarization
angle 135◦ in xy plane. The results in Fig. 5(b) are cal-
culated in the TE case, where its E field is always in xy

Fig. 5 (a) The variation of reflection coefficient r+ with
polarization angle (ϕ) and frequency (f) under the condition
of incidence angle θ = 0◦. (b) The variation of reflection
coefficient r+ with θ and f under the condition of polarization
angle ϕ = 135◦ in xy plane.

plane varying the incidence angle. At small incident an-
gles, perfect polarization conversion is almost achieved
in a wide frequency range of 6.0–10.0 GHz. When in-
cident angle is increased larger than 60◦, the conversion
intensity presents a rapid decreasing trend, which clearly
demonstrates the wide-angle operation characteristic of
the proposed device. So it can provide great convenience
in practical applications. This is beneficial because there
is not necessary to strictly measure the sample under
normal incidence, which is not easy to achieve in exper-
iment.

In conclusion, we design a very simple anisotropic re-
flective metasurface to control polarization of EM waves
in microwave frequency, and demonstrate that high-
efficiency polarization rotator can be achieved by tai-
loring the spectral phase. The simulated and measured
results are in good agreement, and both of them show
that the proposed metasurface with a thin thickness can

137803-4
Zheng-Yong Song, et al., Front. Phys. 13(5), 137803 (2018)



Research article

efficiently achieve the polarization conversion in an oc-
tave frequency band. The advantages of the proposed
polarization rotator are wide angle and high efficiency
in a broad bandwidth. Therefore, this designed system
is suitable for many potential applications in microwave
instrumentation, wavefront manipulation, and polariza-
tion components.
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