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ABSTRACT In this paper, an ultra-broadband and high-efficiency polarization conversion metasurface is
presented in the terahertz region. The metasureface is similar to a sandwiched structure, which is composed
of the top Double Split Ring Resonator (DSRR), an intermediate dielectric layer and a bottom metal layer.
Both numerical simulation and theoretical calculation results demonstrate that the proposed metasurface
can convert linearly co-polarized waves into cross-polarized waves in the frequency from 2.04 THz to
5.33 THz with a relative bandwidth of 89% and the polarization conversion ratio (PCR) is over 90%.
Further simulation results show that the proposed metasurface is insensitive to the polarization angle, and
the physical mechanism is revealed in detail by the surface current distribution. In addition, two different
kinds of 2-bit codingmetasurfaces are designed based on the Pancharatnam-Berry (PB) Phase. The simulated
and calculated results show that the proposed PB-coding metasurface has excellent performance in flexibly
controlling terahertz wave reflection and low Radar Cross Section (RCS). A 10dB RCS reduction can be
achieved from 1.9 THz to 5.5 THz under normal incidence. It provides new degrees of freedom for studying
terahertz wave manipulation and reducing RCS.

INDEX TERMS Polarization conversion metasurface, ultra-broadband, Pancharatnam-Berry (PB) phase,
coding metasurface, RCS reduction.

I. INTRODUCTION
The polarization state of electromagnetic (EM) wave is one
of the characteristics that cannot be ignored in the theoret-
ical analysis and practical applications. Effectively manip-
ulating the polarization state of EM wave is an important
direction in scientific research, because it can be applied in
numerous electromagnetic applications such as polarizers,
beam focusing, vortex beam generation and electromagnetic
cloak [1]–[4]. Faraday effect and birefringent crystal are the
most principal means for traditional electromagnetic polar-
ization control technology [5], [6]. However, these meth-
ods are confronted with limited bandwidth, bulky volumes
and not conductive to integrate. In recent years, metasur-
face which is a two-dimensional metamaterial has attracted
increasing attention because its exotic subwavelength micron
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structure provides unprecedented opportunities to manipu-
late EM properties [7]–[10]. Since the birth of metasurface,
it opens a new technical route for the control of the amplitude,
phase, polarization and propagation mode of electromagnetic
waves [11]–[13]. Compared with the traditional polarizers,
the new polarizers based on the metasurface overcome the
shortcomings of the traditional way and exhibit a lot of
excellent performances in themanipulation and application of
electromagnetic waves [14]–[23], which has attracted exten-
sive attention of academia and industry.

Generally speaking, transmission mode and reflection
mode are the most common classification modes of polariza-
tion converters. For the transmission mode, chiral metasur-
face is identified as an effective way and many manipulations
of the polarization state have been reported, such as linear
to linear [24]–[27], linear to circular [28], [29], and circular
to circular [30]. However, narrow operating bandwidth and
complex designs extremely limit their practical applications.
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Reflective polarization converters have important advantages
in energy efficiency compared to transmission polarization
converters and many structures have been reported, such as
V-shaped [31], cut wire shaped [32], [33], L-shaped [34], [1],
double U-shaped [35], double W-shaped [36] and double
split ring [37]. However, up to now, only a small amount
of work can achieve the ultra-broadband, high-efficiency
and tractable geometry at the same time, especially in the
terahertz region. Radar Cross Section (RCS) is a physical
quantity to measure the scattering power of the target to the
incident electromagnetic wave in a specific direction. More
recently, coding metasurfaces for EMwave manipulation and
RCS reduction have been widely studied and many interest-
ing works have been proposed [38]–[41]. Some of them are
utilized to reduce the RCS, unfortunately, they have a fixed
phase difference once the size of the geometry structure is
determined, because the phase gradient in the above method
is obtained by gradually changing the size or shape of the geo-
metric. Now a new method is adopted, the reflected terahertz
wave can be easily controlled tomultiple beamswith different
degrees of polarization, and the low RCS can be achieved
by rotating the different orientation angles of structural unit
instead of changing its size.

To address the problem of narrow bandwidth and low
efficiency of existing converters, an ultra-broadband and
high-efficiency linear polarization converter based on polar-
ization conversion metasurface is designed, which can con-
vert linear polarization to cross polarization in the terahertz
region. The results of numerical simulation and theoretical
calculation indicate that the converter operates in a wide
frequency range of 2.04 THz - 5.33 THZ with polarization
conversion rate is above 90%. Moreover, its physical mecha-
nism and insensitivity to the polarization angle were analyzed
by simulation. Different from the previous design methods
of digital coding metasurface, they manipulating EM wave
primarily by designing complex structures or adjusting geom-
etry size parameters. The advantage of PB coding metasur-
face [42], [43] is to control the terahertz wave flexibly through
regular design the rotation angle of the coding elements and
coding sequence. Two different kinds of 2-bit coding meta-
surfaces are proposed and investigated to flexible manipulate
terahertz wave reflection and achieve low RCS. It provides
a new method for studying terahertz wave manipulation and
has huge potential applications from microwave to optics.

II. MODEL DESIGN AND PRINCIPLE
Figure 1(a) illustrates a schematic diagram of the designed
linear-polarization converter, which is composed of three
parts: the upper layer is made up of the periodic array of the
anisotropic Double Split Ring Resonator (DSRR), an inter-
mediate dielectric layer and a bottom metal floor. Copper
is selected as the metallic material, with conductivity of
5.8 × 107S

/
m and thickness of 240 nm. The polyimide is

modeled as a dielectric layer with a thickness of t=11 µm,
relative permittivity of εr = 3 and loss tangent of tan δ =
0.001. The size of the top layer structure was optimized by

FIGURE 1. (a) The diagram of linear polarization converter, (b) The unit
structural parameter of polarization conversion metasurface, (c) The
design methodology flowchart of the polarization conversion metasurface
and the multi-bit coding metasurface to realize RCS reduction.

simulation method. The detailed geometric parameters of
unit-cell structure by optimized are shown in Fig. 1(b),
in which a=20 µm, b=14 µm, c=4 µm, w=6 µm. p=36 µm
represents the period of the structure cell. Our target of
this work is to realize an ultra-wideband and high-efficiency
manipulate terahertz wave and RCS reduction by using the
coding PB phase metasurface with the specifically arranged
coding sequences. Fig.1(c) gives the design methodology
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flowchart of a polarization conversion metasurface and
multi-bit PB coding metasurface to realize wide-band RCS
reduction. First of all, the key step is to satisfy the conditions
of reflection amplitude and phase difference, simultaneously.
Because obtain a reflection phase difference of 180◦ ± 37◦

is significant to achieve large bandwidth RCS reduction and
excellent polarization conversion ratio. Next in importance
is the polarization conversion metasurface should have a
higher polarization conversion rate. Finally, the simulated
results need to be optimized and analyzed to obtain a good
performance to accomplish our goal of low RCS in terahertz
band.

In order to analyse the polarization conversion perfor-
mance of our design, the design was simulated by using
the finite element method (FEM). Since our structure is
symmetrically distributed along an oblique 45◦ angle, they
have the same polarization conversion characteristics when
the direction of the incident wave electric field is in the
x direction or the y direction. The operating principle of
the polarization converter is illustrated in Fig. 2(a). For easy
to analyse, we only need to consider the y-polarized EM
wave normally incident on the polarization converter during
the simulation. The electric field vector can be break down
into two perpendicular components along u-axis and v-axis
directions, respectively. The incident electromagnetic wave
can be expressed as EEi = Eui

_eu + Evi
_ev and the reflected

electromagnetic wave can be expressed as EEr = Eur
_eu +

Evr
_ev = ruEui

_eu + rvEvi
_ev, in which ru means the reflected

coefficients along the u-axis, and rv means the reflected coef-
ficients along v-axis. Owing to the anisotropy of the proposed
metasurface, this will result in a phase difference 1ϕ exists
between ru and rv of the EM wave reflected by the metasur-
face. If ru = rv and the phase difference 1ϕ ≈ 180◦, the
direction of the electric field in the u-axis or v-axis direction
will be reversed, and the final synthetic fields for Eru and
Erv will be along x-axis direction. When the incident plane
electromagnetic wave is polarized along the u-axis and v-axis,
respectively, the reflection amplitude and phase difference
1ϕ are simulated, as depicted in Fig.2 (b). It is clear that the
amplitudes of the two reflection curves are nearly equal to
1.0 and the phase difference is approximately 180◦ ± 37◦ in
the frequency range of 1.9 THz-5.5 THz. The red solid line
in the Figure.2 (b) indicates a straight line with a phase of
180◦, which has four intersection points with the simulated
phase difference curve. The frequencies corresponding to
these four intersections are 2.11 THz, 2.78 THz, 3.98 THz
and 5.2 THz, respectively. At these four resonance points,
the phase difference is equal to 180◦, which means significant
polarization conversion efficiency can be achieved.

III. SIMULATION RESULTS AND DISSCUSSION
In order to investigate the polarization conversion characteris-
tics of the DSRR in more detail, we define the co-polarization
reflection coefficient ryy and the cross-polarization reflection
coefficient rxy as

∣∣Eyr∣∣/∣∣Eyi∣∣ and |Exr|/∣∣Eyi∣∣, respectively.
Fig. 3(a) gives the simulation analysis results of ryy and rxy,

FIGURE 2. (a) The schematic diagram of operating principle,
(b) Simulated reflection amplitudes and phase difference of ru and rv .

in which the co-polarization reflection coefficient ryy is less
than -10 dB and the cross-polarization reflection coefficient
rxy is greater than−1 dB in the frequency range from 1.9 THZ
to 5.5 THZ, which means that the incident y-polarized wave
in this frequency band can be effectively converted into
x-polarized wave. PCR is a standard used to assess the per-
formance of polarization converters, because it can more
intuitively show the level of polarization conversion, which
can be expressed as PCRy = r2xy

/
(r2xy + r

2
yy). Fig. 3(b) gives

the calculated PCR. Obviously, in the frequency range from
2.04 THz to 5.33 THz, the PCR ismore than 90% and the rela-
tive bandwidth is above 89%. Not only that, the PCR reached
almost perfect convert efficiency at the above mentioned
four resonance frequencies. The above results demonstrate
that the proposed polarization conversion metasurface has an
excellent polarization conversion performance as well as a
wide band.

To better comprehend the physical mechanism of the linear
polarization conversion, we then observed the surface cur-
rent distributions on the top layer structure cell and under-
layer metal floor at four resonant frequencies of 2.11 THz,
2.78 THz, 3.98 THz, and 5.2 THz, respectively. In Fig. 4, the
direction of the arrows in the figure indicates the direction of
the surface current distribution at four resonance frequencies.
It can be seen that the surface currents on the top layer of
the DSRR is anti-parallel to the underlayer metal floor at
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FIGURE 3. (a) Simulated reflection coefficients of ryy and rxy .
(b) Simulated PCR of the metasureface.

FIGURE 4. Distributions of the surface current on top layer structure
cell and underlayer metal floor at the four resonant frequency points.
(a) 2.11THz, (b) 2.78THz, (c) 3.98THz, (d) 5.2THz.

2.11 THz and 2.78 THz, respectively. Therefore, the reso-
nances at 2.11 THz and 2.78 THz are caused by magnetic
resonances. Different from above, the surface current of the
top structure unit is parallel to the underlayer metal floor
at 3.98 THz and 5.2 THz, respectively, which is known as
electric resonance. The polarization conversion efficiency of
broadband originates from the fourth-order electromagnetic
resonances of the metasurface. Because of its multiple res-
onances, these four resonance points play an import role
in achieving excellent performance polarization conversion.
By adjusting the relative position and quality factor of the

FIGURE 5. The simulated reflection spectra of co-polarization and
cross-polarization with the change of the frequency and the incidence
angle. (a) ryy (b) rxy .

resonance point, the linear polarization of ultra-broadband
can be achieved.

In practical engineering applications, the polarization con-
trol of metasurface is often difficult to maintain the electro-
magnetic wave at normal incidence. Therefore, it is necessary
to take the polarizationmodulation characteristics ofmetasur-
face at different incident angles into account. We simulated
the reflection coefficients of ryy and rxy, when the angle of
incidence changes from 0◦ to 50◦ as shown in Figs. 5(a)
and (b). It can be observed that ryy can be well kept below
0.1 and rxy maintains a value close to 1.0, which means that
our design still has a high polarization conversion efficiency
when the incident angle is less than 50◦. From Fig.5 we can
find that the cross-polarized reflectance decreases slightly
at a specific frequency as the incident angle increases in
the working frequency band. The destructive interference of
metasurface is the main reason for this phenomenon under
oblique incidence. As the incident angle increases, the higher
the frequency is, the greater the influence of destructive inter-
ference is. It is worth noting that the cross-polarization reflec-
tivity decreases sharply with an increase in the incident angle
around 3.3 THz and offset to the low frequency band at near
5.3 THz, whichmeans a strong absorption. The reason for this
phenomenon may be that the co-polarized reflectance at the
corresponding frequency point increases and the absorption
of the incident wave increases. This kind of wide-angle and
insensitive to the incident angle can provide convenience for
practical engineering application.

IV. THEORY ANALYSIS
To further reveal the physical mechanism of the polariza-
tion converter, a theoretical analysis is performed. For easy
analysis, we only consider the case of normal incidence of
y-polarized EMwave. The electric field vector is decomposed
into two components in the u-axis and v-axis directions. The
incident wave and reflected wave can be described by the
following equation (1) and (2), respectively.

EEi = Eui
_eu + Evi

_ev =

√
2
2

(
_eu +

_ev
)
Eyi (1)

EEr = Eur
_eu + Evr

_ev = ruEui
_eu + rvEvi

_ev

=

√
2
2

(
ru
_eu + rv

_ev
)
Eyi (2)
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TABLE 1. Comparison with other broadband polarization converters in the terahertz region.

wherein _eu and
_ev mean the unit vectors in u-axis and v- axis

directions, ru and rv mean the reflected coefficients along
the u-axis and v-axis, respectively. The phases difference
between ru and rv are represented as 1ϕ. when 1ϕ = 0◦ or
(±180◦), the polarization state is liner. when 1ϕ = ±90◦,
the polarization state is circular polarization. The others
represent elliptical polarization. Owing to the anisotropy of
the metasurface, there is no polarization conversion in the
u-axis and v-axis directions. The relationship between the
reflection coefficients in the u-axis and v-axis directions can
be expressed as rv = ruej1ϕ , and the reflected wave can be
rewritten as

EEr =

√
2
2

(
_eu +

_eve−j1ϕ
)
ruEyi (3)

As the reflected wave satisfies the equation[
E2
u + E

2
v−2EuEv cos1ϕ = 0.5

∣∣Eyi∣∣2sin21ϕ] (4)

According to the electric field relationship of the u-v coor-
dinate system and the x-y coordinate system, Substituting the
relationshipEy =

√
2
/
2(Eu+Ev) andEx =

√
2
/
2(Eu−Ev),

the Eq.4 can be calculated as

E2
y∣∣Eyi∣∣2 (1+ cos1ϕ)

/
2
+

E2
x∣∣Eyi∣∣2 (1− cos1ϕ)

/
2
= 1 (5)

Equation (5) indicates that the magnitudes of the x-
polarized and y-polarized components in the reflected wave
are

|Exr | = |Ex |Ey=0 = |Eyi|
√
(1− cos1ϕ)/2 (6a)[ ∣∣Eyr ∣∣ = ∣∣Ey∣∣ ∣∣Ex=0 = ∣∣Eyi∣∣√(1+ cos1ϕ)

/
2
]

(6b)

respectively. According to the phase difference1ϕ, the even-
tually cross-polarized reflections rxy and co-polarized reflec-
tions ryy can be calculated as

rxy =
|Exr |∣∣Eyi∣∣ =

√
1− cos1ϕ

/
2 (7a)

ryy =

∣∣Eyr ∣∣∣∣Eyi∣∣ =
√
1+ cos1ϕ

/
2 (7b)

The phase difference 1ϕ of polarization conversion meta-
surface is simulated by the finite element method as shown
in Fig.2 (b). The reflection coefficients rxy and ryy were
calculated using the Eq (7a) and (7b). Fig. 6(a) and (b) present
the simulated and theoretical calculated results of reflection
coefficients and polarization conversion ratio, respectively.

FIGURE 6. Comparison between simulated and calculated results
(a) reflection coefficients (b) Polarization conversion ratio.

In Fig. 6(a) the magenta five-pointed starred and the red
solid line with a hollow dot indicate the calculated reflection
coefficients are rxy and ryy, and the blue triangle and the
green solid lines with square marks indicate the simulated
reflection coefficients are rxy and ryy. In Fig. 6(b) the solid
blue and green dashed lines indicate the simulation and theo-
retical calculation results of the polarization conversion ratio,
respectively. It’s clear that the theoretical calculated results
are well consistent with the numerical simulations, which
further demonstrate that our design has an ultra-broadband
and high efficiency in the terahertz region.

Table 1 exhibits the comparison of polarization conversion
performance between our study and other recently reported
polarization converters in the terahertz regime [43]–[47]. The
comparison indicates that our work has an ultra-broadband
and high convert efficiently, in which PCR is above 90% in
this paper, implying a high performance.
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V. DESIGN AND SIMULATION OF CODING
METASURFACES
Many researches have confirmed that the PB phase metasur-
faces have great potential in electromagnetic wave manipu-
lation and low RCS. The PB phase plays a significant role
in the manipulation of circularly polarized (CP) wave. In the
case of CP incident, the phase can be controlled by simply
controlling the optical axis direction of the structural unit. For
brevity, the phase difference 1ϕ of CP reflection is closely
related to the structure unit rotation angle β, which can be
expressed as 1ϕ = ±2β, where ‘‘+’’ indicates that the
incidence wave is right-handed circularly polarized (RCP)
and ‘‘−’’ indicates that the incidence wave is lift-handed
circularly polarized (LCP). β is the different rotation angle
of the top DSRR as presented in Fig. 7(a). Fig. 7(b) gives
the phase relationship of the top DSRR with a different
rotation angle β under the incidence wave is LCP. With the
increasing of the rotation angle β from 0◦ to 157.5◦ with
a 22.5◦ step width, the phase responses gradually increase
with a 45◦ step width and the coverage range is 360◦ in the
operating frequency region. Fig. 7(c) depicts the simulated
amplitude for cross-polarization reflection coefficient with
different rotation angles under LCP wave normal incidence,
respectively. It can be seen that the reflection amplitudes are
all remains in a high efficiency for 95% in a wide frequency
region 1.9 THz-5.5 THz. The relationship between the eight
coding particles and the digital elements of the 1-bit, 2-bit and
3-bit coding PB phase metasurfaces as shown in Fig.7 (d).
When the 1ϕ of the coding particles is 0◦ and ±180◦,
we define such the 0◦ phase is ‘‘0’’ digital state and the 180◦

phase is ‘‘1’’ digital state as the 1-bit coding metasurface.
For 2-bit coding metasurface, its can produce 0◦, 90◦, 180◦,
270◦ four reflection phase difference and the corresponding
basic digital elements are ‘‘00’’, ‘‘01’’, ‘‘10’’ and ‘‘11’’,
respectively. Based on this derivation method, the encoding
metasurface can be extended to higher bits, which make the
coding sequence more diverse and achieve a wider range of
applications.

The principle of manipulating electromagnetic wave
by coding metasurface can be explained by the the-
ory of traditional phased array antennas. In the case
of plane wave normal incidence, the far-field direction
function of the coding metasurface can be described
as [49]

F(θ, ϕ) = fe (θ, ϕ)
∑M

m=1

∑N

n=1

× exp

−i

ϕ (m, n)+ kDx

(
m−

1
2

)
sin θ cosϕ

+kDy

(
n−

1
2

)
sinϕ cosϕ



(8)

whereinDx andDy represent the length and width of the cod-
ing elements along x direction and y direction, respectively.
The elevation angle is θ and the azimuth angle is ϕ, k is the
wave-vector in free space, ϕ (m, n) is the reflection phase of

FIGURE 7. (a) The coordinate system and the definition of rotation
angle β. (b) Simulated reflection phase of cross-polarization with
different rotation angle β under LCP wave incidence. (c) Simulated
reflection amplitude of cross-polarization with different rotation angle β

under LCP wave incidence. (d) The relationship between the eight coding
units and 1-, 2- and 3-bit coding metasurface.

coding element. Due to the destructive interference between
the coding units, the direction function of grid array fe (θ, ϕ)
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FIGURE 8. (a) 16× 16 Coding sequences (b) Structures of M1 metasurface (c)Simulated 2D far-field scattering patterns of the M1
metasurface under normal incidence of LP wave at 4THz. Simulated 3D scattering patterns of the coding metasurface under normal
incidence of (d) RCP. (e) LCP and (f) LP.

is eliminated. Then, the Eq. (8) can be expressed rewritten as

F(θ, ϕ)

=

∑M

m=1
exp−i

(
kDx

(
m−

1
2

)
sin θ cosϕ + mπ

)
×

∑N

n=1
exp−i

(
kDy

(
n−

1
2

)
sinϕ cosϕ + nπ

)
(9)

where θ and ϕ can be rewritten as
ϕ = ± arctan(

Dx
Dy

) and ϕ = π ± arctan(
Dx
Dy

)

θ = arcsin

(
λ

2

√
1
D2
x
+

1
D2
y

)
 (10)

When the designed PB coding metasurfaces are arranged
with regularly coding sequence in the same direction, the ele-
vation angle can be simplified as θ = sin−1(λ

/
0). In which

λ is the free space wavelength of the incident terahertz
wave, and 0 is the physical length of a period of the
frequency coding metasurface. The elevation angle θ can
be used to check the performance of the designed coding
metasurface. By orderly designing the coding sequences of
the coding metasurface, the incident energy is redirected
to multiple directions and suppresses the energy of each
beam, so that the RCS of the metasurface can be effectively
reduced.

A. FOR 2-BIT CODING METASURFACE(M1)
Compared with the 1-bit coding metasurface, the 2-bit coding
metasurface has more abundant coding sequences and can be
used in a broader range of applications. In order to certify
the effectivity of our strategy flexibly manipulate terahertz
wave and realize low RCS, two different kinds of 2-bit
metasurfaces coding sequences M1 and M2 are established.
Fig.8 (a) and (b) show the 16 × 16 coding sequences and
the structure of M1 coding metasurface, which is generated
with the regularly digital sequence of ‘‘00, 01, 10, 11’’
along y-axis direction. Figure .8 (c) displays the simulated
two-dimensional (2D) electric-field scattering patterns under
normal incidence of LP wave at the frequency of 4 THz. In
the Fig.8 (d)-(f), one can see that the three dimensional (3D)
far-field scattering patterns under RCP, LCP, and LP waves
normal incidence at the same frequency of 4 THz, respec-
tively. It can be observed that the reflected angles of reflected
EM wave at normal RCP and LCP incidences are equal but
the direction are opposite. Furthermore, when the LP wave
normal incidence the reflected terahertz waves are symmet-
rically divided into two main lobe beams in the x-z plane,
which has the same reflection angle θ = sin−1

(
±λ
/
0
)
.

Substituting λ = 75um(4 THz) and0 = 144um, the reflected
deviation angle θ can be calculated as 31.38◦. Compared with
the simulation results in Fig. 8(c), the numerical simulation
results agree well with the calculation results. Therefore,
by optimizing the coding arrangement sequence of the coding
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FIGURE 9. (a) 16× 16 Coding sequences. (b) Structures of M2 metasurface. The simulated results of coding metasurface M2
under normal incidence of the LP wave (c) Simulated 3D scattering patterns. (d) Simulated monostatic RCS of coding
metasurface M2 and metal plate at 4THz for phi=0. (e) The values of RCS.

metasurface, the incident terahertz EM wave can be sim-
ply and flexibly manipulated. In addition, according to the
Eq. (10), when the coding sequence is ready, we can also
effectively control the terahertz wave radiation energy with
different angles only by changing the working frequency
without redesigning the coding sequence of the coding meta-
surface. All above results confirm that the proposed metasur-
face has an excellent electromagnetic manipulation capabil-
ity, which will open a new route to implement multi-beam
generation and stealth technology.

B. FOR 2-BIT CODING METASURFACE(M2)
Based on the above analysis, the incident terahertz wave can
be split into multiple directions when the PB coding meta-
surface is encoded in a specific sequence, which has great

potential to achieve low RCS. A new 2-bit coding
metasurface(M2) by optimizing the coding sequence is pro-
posed for low RCS. The coding sequence is illustrated
in Fig. 9(a) and the simulated model illustrated in Fig. 9(b).
Fig. 9(c) depicts the 3D far-field scattering pattern is sim-
ulated under normally incident linearly polarized waves at
4 THz. It clearly presents that the coding metasurface(M2)
diffusely reflects normal incident terahertz waves into numer-
ous different directions in space, and the main lobe energy
is dispersed by the side lobe. In order to test whether our
design has the ability of reducing RCS, the monostatic RCS
of coding metasurface (M2) and a metal plate with the same
size at 4Thz under the normal incidence of LP wave are
simulated. The simulation results as shown in Fig. 9 (d). It is
worth noting that the RCS reduction is larger than 22.5 dB

116682 VOLUME 8, 2020



Y. Qi et al.: Ultra-Broadband Polarization Conversion Meta-Surface and Its Application

within the angle from−15◦ to 15◦. This phenomenon occurs
because the PCR of RCS is highly dependent on the incident
angles. To further verify the reduction efficiency of RCS,
the RCS of metal plate and coding metasurface(M2) with the
same size are simulated under linearly polarized wave normal
incidence, as shown in Fig. 9(e). The solid black line means
the theoretical RCS of the metallic plate with equal size of
the coding metasurface (M2). The formula for calculation is
as follows [50], [51]: RCS = 10× log10(4π l

4
/
λ2), wherein

l is the length of the square metallic plate, λ is the free space
wavelength of the incident terahertz wave. The blue dotted
line and chain dotted red line indicate the simulated result of
M2 under normally incident linearly polarized wave. From
Fig. 9 (e), it can be observed that there is a slight error exist
between the simulation results and the theoretical values of
the metal plate, and the deviation gradually increases as the
increase of frequency. Compared with metallic plate, the RCS
is reduced more than 10 dB from 1.9 THz to 5.5 THz, which
proves our designed 2-bit coding metasurface(M2) has an
excellent capacity of RCS reduction.

VI. CONCLUSION
A terahertz broadband polarization conversion metasurface
is proposed and its two application cases are demonstrated
by simulation and theory in this paper. Both the numerical
simulation and theoretical calculation results indicate that
the polarization converter can convert the x- or y-polarized
incident wave into cross polarized wave in a wide frequency
range of 2.04 THz to 5.33 THz with a relative bandwidth of
89% and the PCR is higher than 90%. Furthermore, its phys-
ical mechanism of polarization conversion and insensitivity
to the polarization angle are analyzed by simulation. Com-
pared with previous studies, the highlights of the proposed
polarization converter are ultra-wideband, high-efficiency
and simple geometry. In addition, two different kinds of 2-bit
coding metasurfaces are designed based on the PB phase. The
simulation results demonstrate that the proposed PB coding
metasurface has 22.5 dB RCS reduction, which provides a
simple way and more freedom degrees to efficiently control
reflected terahertz wave and RCS reduction. We believe that
coding metasurfaces will have broad development prospects
and huge application potential in microwave, terahertz, and
even the visible light.
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