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Polarization angle manipulation has been a vital technic in radar applications. This paper
proposes and demonstrates a digital polarization programmable metasurface for
continuous polarization angle rotation and radar applications. By coding “0” and “1”
elements with the two orthogonally polarized waves having 180° phase difference, the
polarization angle of electromagnetic (EM) waves can be continually and arbitrarily
manipulated. The designed metasurface adopts a patch-transmission and line-patch
structure and integrates two polarization channels to carry out 1-bit coding. By
rotating the azimuth angle of the designed metasurface mechanically, a continuous
rotation of the polarization angle of the transmitted wave can be achieved. Moreover,
the transmission around 9.4 GHz can reach higher than 95%. The metasurface sample
with optimized structure parameters has been fabricated and tested, where the
measurement agrees well with the simulation results. In addition, a radar detection
experiment was implemented with an anisotropic target, demonstrating the practical
use of the proposed metasurface for polarimetric radar.
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INTRODUCTION

As an inherent characteristic of electromagnetic waves (Huard, 1996), polarization plays an essential
role in the fields of optical imaging (Dacheng et al., 2015), radar applications (Chen et al., 2014;
Greatbatch, 2012; Jia et al., 2017; Rahman et al., 2020), and multi-channel optical communication
(Nur-E-Alam et al., 2009; Jiang et al., 2016). Electromagnetic wave polarization angle rotation is
crucial for radar scanning (Pazmany et al., 2013) and target detection (Guan et al., 2015; Liu et al.,
2019). Therefore, it is imperative to rotate the polarization angle according to application
requirements. The traditional polarization rotation methods are realized using optically active
crystals (Elston et al., 1991; Yokoyama and Noda, 2003) and the Faraday effect (Argyres, 1955;
Meissner andWentz, 2006) These methods usually need a long transmission distance to obtain phase
accumulation, which results in bulky device volume, high manufacturing cost, and difficult
integration (Xu et al., 2011; Mutlu and Ozbay, 2012; Shi et al., 2012). A novel digital
polarization synthesis (DPS) method is developed to control polarization precisely (Zhang et al.,
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2018). This method, however, has a high cost. So, designing the
polarization rotating device with small thickness, lightweight, and
low cost attracts more attention.

The metasurface is a 2D artificial structure that has become a
hot topic because of its light and thin structure, simple
manufacturing process, and easy integration (Hsiao et al.,
2017). In addition, metasurfaces have the advantage of flexible
electromagnetic wave control. For example, the electromagnetic
wave’s amplitude, phase, and polarization state can be
manipulated by adjusting the geometric structure and size of
metasurface unit cells (Su et al., 2016; Overvig et al., 2019).
Consequently, it is a superior method to realize polarization
angle rotation.

In the past few years, noteworthy progress has been made in
controlling the polarization angle by metasurfaces (Wei et al.,
2011; Arikawa et al., 2012; Gao et al., 2015; Zhang et al., 2017;
Zhou et al., 2017; Li et al., 2019; Fei et al., 2020; Ilyas et al., 2020).
Chiral or anisotropic metasurfaces can rotate the polarization
angle without external magnetic fields (Wei et al., 2011; Gao et al.,
2015; Zhou et al., 2017; Fei et al., 2020; Ilyas et al., 2020).
However, these metasurfaces can only rotate the polarization
angle for a specific angle, which limits their practical applications.
A rotation-angle-based variable polarization rotator was
proposed and demonstrated using an all-dielectric metasurface
doublet (Li et al., 2019). Such a transmitting polarization rotator
can rotate the polarization angle of the incident light to any
desired angle by mechanically changing the relative angle of the
double metasurface layers. However, such a design requires two
layers of identical metasurfaces, and the frequency band is
unsuitable for radar applications. Arikawa et al. (2012)
reported a giant Faraday effect in an electron plasma within
n-InSb probed via polarization-resolved THz time-domain
spectroscopy, providing the possibility of realizing the
continuous polarization angle rotation with a metasurface. The
metasurface can rotate the polarization angle by 90° in a large
frequency band, however, depending on an external
magnetic field.

A digital programmable metasurface (DPM) is a single
metasurface whose properties can be digitally controlled to
obtain distinctly different functionalities (Cui et al., 2014). The
DPM concept can be applied for realizing digital polarization
programmable metasurface to enhance the flexibility of
polarization angle rotations. Two metasurface unit cells with a
particular phase difference are used to mimic the “0” and “1”
elements under orthogonally polarized incidences. Thus, the
polarization angle can be rotated by tuning the arrangement
of the “0” and “1” elements according to digital theory (Yang
et al., 2016; Ma et al., 2020; Ke et al., 2021). However, the
previously mentioned DPMs that control the polarization
angle rotation are in reflection mode, limiting their
transmission systems applications. In transmission mode, we
also need to realize the flexible polarization control based on
digital principles.

To realize the digital polarization programmable metasurface
for continuous polarization angle rotation, a new metasurface
design is proposed, and experiments are done for demonstration.
In contrast to the previous designs, the unit cell structure

integrates two orthogonal polarization channels, and each
channel can be encoded by 1 bit with “0” and “1” elements.
The proposed metasurface can realize co-polarized and cross-
polarized transmission by encoding these polarization channels
independently. In addition, for the cross-polarized transmission
coding, the polarization angle of the transmitted wave can be
continuously rotated from 0 to 360° by mechanically rotating the
metasurface. A series of designs, simulations, and tests are
performed to verify our idea. The simulation and
measurement results show that our design can rotate the
polarization angle continuously.

MATERIALS AND METHODS

The Design of 1-Bit Coding Metamaterials
We start with 1-bit coding and consider a coding mode composed
of binary numbers: elements of “0” and “1”. We designed the ’0′
element for electromagnetic waves with φ0 phase and the “1”
element is intended for electromagnetic waves with φ1 phase,
where φ1 � φ0 + π. We designed two channels that can transmit
horizontally polarized waves and vertically polarized waves and
carry out the aforementioned 1-bit coding for these two channels.
Therefore, we got four types of codes. The first pair of codes are
the combinations of “0” and “1” for horizontally polarized wave
channels, “x0” and “x1”. The second pair of codes is the
combinations of “0” and “1” for vertically polarized wave
channels, named “y0” and “y1”. The electromagnetic wave
polarization vectors represented by these four codes are:

Ex0
��→ � Ax0e

−iφ0 · �x (1)
Ex1
��→ � Ax1e

−iφ1 · �x (2)
Ey0
��→ � Ay0e

−iφ0 · �y (3)
Ey1
��→ � Ay1e

−iφ1 · �y (4)
Where, Ax0 and Ax1 are the amplitude of the horizontally
polarized wave, Ay0 and Ay1 are the amplitude of the vertically
polarized wave. φ0 and φ1 are the phases of elements 0 and 1,
respectively, and φ1 � φ0 + π.

By arranging the four codes as “x/y,” four coding states of “0/
0,” “0/1,” “1/0,” and “1/1” are obtained, corresponding to the
combinations of two orthogonally polarized waves with different
phases.

The “0/0” is the superposition combination of horizontally
polarized wave and vertically polarized wave both with the
phase φ0 and the representative electric field vector is given
below.

E0/0
��→ � Ex0

��→+ Ey0
��→ � Ax0e

−iφ0 · �x + Ay0e
−iφ0 · �y

� (Ax0 · �x + Ay0 · �y) · e−iφ0 (5)

As arbitrary polarization can be decomposed into x and y
components, from the above equation, the polarization state of
the transmitted wave passed through the ’0/0′ coded metasurface
is the same as the incident wave’s polarization.
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The ’0/1′ code is the combination of the horizontally polarized
wave with φ0 phase and the vertically polarized wave with φ1
phase. The relative electric field vector is represented as follows.

E0/1
��→ � Ex0

��→+ Ey1
��→ � Ax0e

−iφ0 · �x + Ay1e
−iφ1 · �y

� (Ax0 · �x + Ay1e
−iπ · �y) · e−iφ0 (6)

Due to the existence of the additional phase term of e−iπ , the
polarization state of the transmitted wave is different. In
particular, when Ax1 � Ay0, the polarization angle of the
transmitted wave is out of phase by 90° counterclockwise with
respect to the incident wave polarization.

Similarly, the ’1/0′ is the combination of the horizontally
polarized wave with φ1 phase and the vertically polarized wave
with φ0 phase and electric field vector is mentioned below.

E1/0
��→ � Ex1

��→+ Ey0
��→ � Ax1e

−iφ1 · �x + Ay0e
−iφ0 · �y

� (Ax1e
−iπ · �x + Ay0 · �y) · e−iφ0 (7)

With this coding state, the polarization state of the transmitted
wave is once again different. Specifically, when Ax1 � Ay0, the
polarization angle of the transmitted wave is rotated 90° clockwise
with respect to the incident wave polarization angle.

The “1/1” is the superposition of horizontally polarized wave
and vertically polarized wave both with the phases φ1. The
corresponding electric field vector is given below.

E1/1
��→ � Ex1

��→+ Ey1
��→ � Ax1e

−iφ1 · �x + Ay1e
−iφ1 · �y

� (Ax1 · �x + Ay1 · �y) · e−iφ1 (8)

The transmitted wave’s polarization state is the same as the
incident wave polarization state from the above equation.

It can be seen that when “0/0” and “1/1” coding schemes are
used, the polarizations of the incident and transmitted
electromagnetic waves do not change. However, the
polarization of transmitted electromagnetic waves can be
controlled when “0/1” and “1/0” coding schemes are used. In
addition, since the polarization of the incident and transmitted
waves in “0/0” and “1/1” schemes remain unchanged and the
phase difference between them is π, if the two schemes can be
coded and arranged in the traditional coding method, they can be
used to control the wavefront of electromagnetic waves. In the “0/
1” and “1/0” schemes, the incident wave’s polarization is different
from the transmitted wave, and the phase difference between
them is π. So, if these two schemes are coded and arranged by the
traditional coding method, they can control the polarization of
electromagnetic waves and their wavefronts. So far, there is a lot
of research on the encoding for wavefront control, so we only
consider controlling the polarization state of
electromagnetic waves.

A polarization element is an optical element used to alter or
control light’s polarization state and transform light between
polarization states. The most common polarization elements are
polarizers and retarders. The linear retarder L � (δ, θ) has two
orthogonal eigenpolarizations, �L(θ) and �L(θ + 90°). The linearly

polarized state �L(θ) remains unchanged upon transmission
through the retarder. Only the phase of this eigenpolarization
changes. The retardance is the absolute value of the phase
difference between the two eigenpolarizations. When the phase
difference between the eigenpolarization states is 0, the
transmitted wave polarization is the same as the incident wave
polarization. When the eigenpolarizations have a retardance of π,
we call it a half-wave linear retarder, which can be used to rotate
the plane of linear polarization. If the angle between the
polarization direction of the incident polarized light and the
fast axis (or slow axis) of the retarder is α degrees, the polarization
direction of the resultant light turns 2α degrees in the direction of
the fast axis (or slow axis) (Chipman et al., 2018). The “0/1” and
“1/0” encoded metasurfaces we proposed are equivalent to two
fast axis orthogonal half-wave retarder. Thus, we can design
digital polarization programmable metasurface elements with
continuous polarization rotation by using the coding schemes
“0/1” or “1/0” mentioned earlier. We choose the “1/0” scheme
with an vertically polarized wave with initial phase and an
horizontally polarized wave with π phase advanced. The
phases of the two channels are shown in Figure 1B.

The “1/0” elements were arranged as shown in Figure 1A by
ensuring that the horizontally polarized wave channel
corresponds to the fast axis of the optical path, and the
vertically polarized wave channel corresponds to the slow axis
of the optical path. We define the vertical polarization direction is
the direction perpendicular to the ground plane. As shown in
Figure 1C, when the angle between the polarization direction of
the incident wave and the vertical polarization direction is α
degrees, the polarization direction of the transmitted wave turns
2α degrees in the direction of the vertically polarized wave.
Suppose the wave source is fixed, as shown in Figure 1D,
rotating the azimuth angle of the designed metasurface from 0
to 90° mechanically; a continuous rotation from 0 to 180 degrees
of the polarization angle of the transmitted wave can be achieved.
Hence, we can convert a linearly polarized wave to any other
desired linearly polarized wave.

The Proposed Continuous Polarization
Angle Rotation DPM and Its Performance
In order to reduce the area of the metasurface and improve
utilization, we integrate two orthogonal linear polarization wave
channels in the same unit. Each unit has two channels,
representing the horizontal polarization wave with phase φ1
and the vertical polarization wave with phase φ0, i.e., encoding
“1/0”.

The element is designed as the transmission-control structure.
The proposed functions can be achieved by sandwiching two
patches with a transmission-control stripline. The element’s
structure is illustrated in Figure 2, comprising five metallic
layers (yellow parts) with the thickness of 0.035 mm, and
separated by four dielectric substrate layers (grey parts) with
the thicknesses h1 and h2 with values of 1.524 and 0.508 mm,
respectively. The substrates (Rogers 4350B) have a relative
permittivity εr of 3.48 and a loss tangent tan δ of 0.0037. The
top and bottom patches of the unit are shown in Figure 2A. The
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two layers of patches are the same except for the position of the
feed point. Figures 2B,D show two grounds, each with two
isolation holes to avoid the direct connection with the metallic
via-holes. The diameter d of the metallic via-holes is dg = 1 mm.
The unit has two groups of metallic cylinders, which transmit

x-polarized waves and y-polarized waves. The metalized cylinder
transmitting the y-polarized wave is directly connected to the
upper and lower patches encoded by the ’0′ element. At the same
time, the other metallic cylinder is encoded by the “1” element,
transmitting an x-polarized wave, and is connected with the

FIGURE 1 | A 1-bit digital metasurface and coding metasurface. (A) The 1-bit digital metasurface is composed of the “1/0” elements. (B) The “0” and “1” elements
in the “1/0” element and the corresponding phase responses in a range of frequencies. (C) The polarization angle of the transmitted wave is rotated by rotating the
polarization angle of the incident wave. (D) The polarization angle of the transmitted wave is rotated by rotating the azimuth angle of the designed metasurface.

FIGURE 2 | The geometry of the proposed continuous polarization angle rotation DPM unit. (A) The top patch and its feed points. (B) The ground layer; (C) The
middle layer of stripline. (D) The ground layer; (E) The bottom patch and its feed points. (F) The side view of the DPMs unit.
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upper and lower patches through the middle layer stripline. The
unit’s period p affects the working frequency band of the device.
Wemake the metasurface work in the X-band, so the period is p =
11.05 mm. When the size of the top and bottom patches L
matches the position of the metallic cylinders, transmission
can be carried out at the specified frequency. The geometric
dimensions of the device are L = 7.22mm, fx = 2mm, fy = 1.93mm,
d = 0.5 mm. The middle layer stripline of the metasurface unit is
shown in Figure 2C, and its length controls the transmission
phase of the transmitted x-polarized wave. It will be discussed in
more detail later. Figure 2F shows the side view of the DPM unit,
making each layer’s structure clearer.

The design of the middle layer stripline is shown in Figure 2C.
The transmission line is carefully designed to have good
impedance matching with the top and bottom layers because
its total length controls the transmission phase of the x-polarized
wave. The metalized cylinders at both ends of the stripline
connect the top and bottom patches through isolation holes
on the grounds. The transmission line is bilaterally
symmetrical along the central axis of the unit; the parameters
of the middle layer are set as w = 0.6 mm, s1 = 4.3 mm, s2 =
2.1 mm, s3 = 3.6 mm, s4 = 1.8 mm, where s3 is a variable to control
the phase difference between x-polarized wave and
y-polarized wave.

Figure 3 shows some simulation results of units with different
s3. Txx represents the x-polarized transmitted wave due to an
incident x-polarized wave. Tyy represents the y-polarized

transmitted wave due to an incident x-polarized wave. Figures
3A–D sketch the relationships between the amplitude/phase of
the transmitted wave and different s3, respectively. It can be
claimed that changing the length of s3 makes no difference in the
transmission of y-polarized waves. The amplitude and phase of
y-polarized waves almost have no fluctuation. Furthermore, the
transmissivity is always above 0.9. Conversely, by controlling the
length of s3, the transmission phase of x-polarized waves can be
adjusted separately, while the amplitude of x-polarized waves
remains approximately constant.

To meet both the “0” and “1” coding and the rotation of the
polarization angle, we select the unit with s3 = 3.6 mm, which
makes the phase difference between x-polarized waves and
y-polarized waves 180°.

RESULTS

The Simulations and Measurements of
Continuous Polarization Angle
Rotation DPM
In order to explore the continuous polarization angle rotation
function of the designed DPM unit, we simulated the unit in the
CST Microwave Studio.

Firstly, the initial emission of y-polarized waves is assessed,
which is shown in Figure 4A,B. Tyy represents the y-polarized

FIGURE 3 | Simulation results for different s3. (A) Emitting the y-polarized wave and the amplitude of the transmitted y-polarized wave with different s3. (B) Emitting
the y-polarized wave and the phase of the transmitted y-polarized wave with different s3. (C) Emitting x-polarized wave and the amplitude of the transmitted x-polarized
wave with different s3. (D) Emitting x-polarized wave and the amplitude of the transmitted x-polarized wave with different s3.
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transmitted wave due to an incident y-polarized wave. Txy

represents the x-polarized transmitted wave due to an incident
y-polarized wave. When emitting y-polarized waves with an angle
of 0° with the fast axis, as shown in Figure 4A, the transmitted
wave is y-polarized, and the transmissivity at 9.4 GHz can reach
95%. When the metasurface rotates at 45°, the angle between the
incident wave and the fast axis is 45°. As shown in Figure 4B, the
polarization of the transmitted wave turns to the x polarization.
Compared with the incident wave in the previous step, the
polarization angle is rotated by 90°, meeting the twofold of the
DPM’s rotation angle.

The simulation result of an emitting x-polarized wave is shown
in Figure 4C,D. Txx represents the x-polarized transmitted wave
due to an incident x-polarized wave. Tyx represents the
y-polarized transmitted wave due to an incident x-polarized

wave. As Figure 4C shows, when the x-polarized wave with
an angle of 0° to the fast axis is emitted, the transmitted wave is
x-polarized, and the transmittance at 9.4 GHz can reach up to
95%. Rotating the metasurface by 45°, as shown in Figure 4D, the
transmitted wave turns into the y-polarized wave. The
polarization angle is rotated by 90°, which meets the twice
as much.

These simulation results indicate that by rotating the azimuth
angle of the designed metasurface mechanically, a continuous
rotation of the polarization angle of the transmitted wave can be
achieved.

In addition, we also explored whether oblique incidence affects
the function of the proposed DPM. we defined the incident angle
of an electromagnetic wave as θ and tested θ= 0°, 15°, 30°, and 45°

separately. The simulation results are shown in Figure 5. Figures

FIGURE 4 | (A,B) are the results when the initial emission is a y-polarized wave; (C,D) are the results when the initial emission is an x-polarized wave. (E,F) are the
measurement results when the initial emission is an x-polarized wave. (A) The co-polarized transmissivity (Tyy) and the cross-polarized transmissivity (Txy) without rotating
the DPM. (B) The co-polarized transmissivity (Tyy) and the cr-polarized transmissivity (Txy) with the DPM rotating 45°. (C) The co-polarized transmissivity (Txx) and the cr-
polarized transmissivity (Tyx) without rotating the DPM. (D) The co-polarized transmissivity (Txx) and the cr-polarized transmissivity (Tyx) with the DPM rotating 45°.
(E) The co-polarized transmissivity (Txx) and the cr-polarized transmissivity (Tyx) without rotating the DPM. (F) The co-polarized transmissivity (Txx) and the cr-polarized
transmissivity (Tyx) with the DPM rotating 45°.
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5A,B show the transmission when TE polarized waves oblique
incidence, and Figure 5C,D show the transmission when TM
polarized waves oblique incidence. The simulation results display
that the transmission curve of oblique incidence is the same as
that of vertical incidence. Therefore, the oblique incidence will
not affect the continuous polarization angle rotation ability of the
designed DPM.

To demonstrate that our designed DPM has continuous
polarization angle rotation, we further made a circular
metasurface with DPM units for an actual measurement.
The physical map of the metasurface is shown in
Figure 6A. Continuous polarization angle rotation DPM
consists of 1065 units with a total size of 425 mm diameter
circle. The measurement setup for the continuous rotation
polarization angle capability of the metasurface is shown in
Figure 6B–D. We use two standard horn antennas of X-band
as the transmitting (Tx) and receiving (Rx/Ry) antennas,
respectively. Tx transmits an x-polarized wave, and Rx and
Ry receive an x-polarized wave and a y-polarized wave
separately. The switching between Rx and Ry is realized by
rotating the same horn antenna by 90°. A hollow absorbing
material plate is utilized to support the DPM since it can
reduce the disturbance caused by clutters. The center of the
DPM is in direct line with that of the receiving and
transmitting horn antennas (Tx and Rx/Ry). First, we

calibrated the measuring device, which makes the amplitude
of co-polarized transmission (Txx) to 1 and the amplitude of
cross-polarized transmission (Tyx) to 0 when the metasurface
is not placed. Next, the DPM is placed in the empty space of the
absorbing material so that the fast axis of the metasurface (the
axis where the “0” element is located) is aligned with the
amplitude direction of the wave emitted by the transmitting
antenna. When the receiving antenna is parallel to the
transmitting antenna, the measured S21 can be regarded as
the co-polarized transmission amplitude of DPM. While
rotating the receiving antenna 90° to make sure it is
perpendicular to the transmitting antenna, the measured S21
will be regarded as the cross-polarization transmission
amplitude of DPM.

Figure 4E shows the polarization of the transmitted wave
when the DPM is not rotating. The co-polarized transmission is
higher than −1 dB while the cross-polarized transmission is lower
than −10 dB, whichmeans that if the angle between the amplitude
direction of the incident wave and the fast axis of the metasurface
is 0°, the polarization angle of the transmitted wave does not
rotate. For the 45 degrees of rotation of the DPM, the cr-polarized
transmission is higher than −1 dB while the co-polarized
transmission is lower than 10 dB, which is given in Figure 4F.
It is pretty evident that if the angle between the amplitude
direction of the incident wave and the fast axis of the

FIGURE 5 | (A,B) are the continuous polarization angle rotation ability of the designed DPM unit at TE polarized waves oblique incidence. (C,D) are the continuous
polarization angle rotation ability of the designed DPM unit at TM polarized waves oblique incidence. (A) The co-polarized transmissivity (Tco) and the cross-polarized
transmissivity (Tcr) without rotating the DPMwith different incident angle θ. (B) The co-polarized transmissivity (Tco) and the cr-polarized transmissivity (Tcr) with the DPM
rotating 45° with different incident angle θ. (C) The co-polarized transmissivity (Tco) and the cr-polarized transmissivity (Tcr) without rotating the DPM with different
incident angle θ. (D) The co-polarized transmissivity (Tco) and the cr-polarized transmissivity (Tcr) with the DPM rotating 45° with different incident angle θ.
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metasurface is 45°, the amplitude direction of the transmitted
wave rotates twice of the angle, and the polarization angle rotates
by 90°. Our measurement is consistent with the simulation result.

Furthermore, we have implemented a radar detection
experiment under the vertical incidence with an anisotropic
target to demonstrate the continuous polarization angle
rotation function of the DPM and its practical use for
polarimetric radar. Figure 7 gives the outline of the

anisotropic grating we prepared to simulate polarization-
sensitive targets. Metal strips evenly arrange the gratings
with a width of n at an interval of m. The geometric
dimensions of the grating are m = 8 mm, and n = 4 mm. Its
working frequency band is about 9.4 GHz. The grating has
different reflectivity for different linear polarization waves at
9.4 GHz, with the highest reflection for y-polarized waves and
almost no reflection for x-polarized waves. The reflection of

FIGURE 6 | Transmission coefficients measurement setup for DPM. (A) The proposed circular metasurface with DPM units. (B) The measurement configuration.
(C,D): The switching between Rx and Ry is realized by rotating the same horn antenna by 90°.

FIGURE 7 | (A)The anisotropic grating unit works at about 9.4 GHz. (B) The real picture of the anisotropic grating.
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the anisotropic grating is overly sensitive to the polarization of
the incident wave.

The radar detection experiment is depicted in Figure 8. We
use two standard horn antennas of X-band as the transmitting
(Ty) and receiving (Ry) antennas, respectively. Ty transmits a
y-polarized wave, and Ry receives a y-polarized wave. Firstly,
we put the grating on the absorbing material to reduce the
influence of surrounding clutter on the experiment and
calibrate the co-polarized reflection amplitude of the
anisotropic grating without metasurface as 1. Next, we
placed the DPM on the anisotropic grating, ensuring the
DPM center was directly aligned with the center of the
transceiver horn antenna (Ty and Ry). Similarly, the fast
axis of the DPM is aligned with the long axis of the

anisotropic grating. By rotating the DPM counterclockwise,
the measured S21 can be regarded as the reflection amplitude of
the anisotropic grating after covering the DPM. Figure 9
shows that reflectivity decreases from the highest point to
the lowest point and rises to the top point again by rotating the
azimuth angle of the DPM from 0 to 90°. Because the
anisotropic grating has the highest reflectivity for
y-polarized waves and the lowest reflectivity for x-polarized
waves, the measurement result implies that with the
mechanical rotation of the DPM by 90°, the polarization of
the transmitted wave rotates continuously by 180°. The ability
of our designed DPM to continuously rotate the polarization
angle has been verified once again.

Moreover, by rotating our proposed DPM, the grating can
either entirely reflect electromagnetic waves or not. In the
application of radar, the anisotropic target can be detected
by rotating the azimuth angle of the designed metasurface
mechanically, which is outstandingly practical. In practical
engineering applications, metasurface and radar are always
used together, and the position is fixed, so we only carried
out the radar detection experiment under the vertical
incidence.

DISCUSSION

In conclusion, a method of realizing continuous polarization angle
rotation by polarization coding is proposed and experimentally
verified. Unlike the previous designs, the structure unit integrates
two polarization channels, and each channel is encoded by 1 bit with
“0” and “1” elements. It can rotate the polarization angle of the
transmitted wave continuously from 0 to 360° by mechanically
rotating the metasurface. The transmitted wave of the designed
DPM at different angles of mechanical rotation is numerically
simulated, and the results show that our design is feasible. On
the basis of which, the circular DPM is fabricated and measured. It
shows that the continuous rotation of the transmitted wave

FIGURE 8 | The radar detection experiment. (A) The measurement configuration. (B) The DPM is placed on the anisotropic grating, and only the DPM is rotated.

FIGURE 9 | The reflection coefficient of anisotropic grating when rotating
the DPM counterclockwise.
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polarization angle from 0 to 180° can be realized by mechanically
rotating the azimuth angle of the designed DPM from 0 to 90°, and
there is a double relationship between the polarization angle of
rotation and the azimuth angle. The transmittance about 9.4 GHz is
higher than 95%. In addition, a radar detection experiment was
implementedwith an anisotropic target, which further demonstrated
the continuous polarization angle rotation function of the DPM we
presented. The proposed metasurface has the advantages of
continuous polarization rotation, simple structure, and easy
integration. It has excellent practical use in the field of radar
application. In addition, the polarization and wavefront of
electromagnetic waves can be controlled simultaneously according
to our proposed coding method.
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