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The digital coding metasurfaces need several kinds of meta-particle structures to obtain corresponding electromagnetic
wave responses and require time-consuming optimization. In this paper, we present train-symbol-shaped meta-particles
with various orientations utilizing Pancharatnam—Berry (PB) phase to achieve 1-, 2-, and 3-bit digital coding metasurfaces.
Terahertz wave scattering patterns of the coding metasurfaces with regular and random sequences are given and discussed.
They have strongly suppressed backward scattering with approximately —13.5 dB radar cross section (RCS) reduction in
a wide band range from 0.85 THz to 1.6 THz. The proposed digital coding metasurfaces provide a simple way and new
opportunities for manipulating terahertz wave scattering with polarization independence.

Keywords: terahertz metasurface, terahertz optics, terahertz polarization

PACS: 42.68.Mj

1. Introduction

Metasurface is an ultra-thin two-dimensional metamate-
rial composed of particles with different phases, it not only
overcomes the shortcomings of the metamaterial in control-
ling electromagnetic wave,!!"?) such as bulky thickness and
great loss, but also improves the ability of manipulating the
electromagnetic wave significantly. The metal-particles of the
metasurface provide phase discontinuities, thus electromag-
netic waves can be manipulated at will. By changing the phase
metasurface distribution and carefully designing the metasur-
face parameters, many applications can be achieved, includ-

(-5 jnvisibility skin cloak,®”
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ing polarization conversion,
quarter-wave plate,'8! focus,!”! and hologram.!'%!!] More re-
cently, coding metasurfaces have been studied widely and pro-
vided a new way to manipulate the terahertz wave. >~ How-
ever, most of these devices require several kinds of different
structural and different sizes meta-particle unit cells.

In this work, we utilize the train-symbol-shaped meta-
particles having a Pancharatnam—Berry (PB) phase as coding
elements, which have a co-polarization reflection characteris-
tic under circularly polarized wave incidence. The PB phase
is only related to the rotation angle and is independent of the
geometry structure. The PB phase meta-particles can be ob-
tained by a rotation of the metal pattern around the z-axis with
steps of 22.5° from 0° to 157.5°. The unit cells satisfy the
phase requirement and phase coverage of 360°. To generate
these PB coding metasurfaces, we consider a general metasur-
face with an N xN array of coding elements and each element
consists of a 5 x 5 array of unit cells. Based on the PB phase
meta-particles with various orientations, we design the cod-
ing elements to achieve 1-, 2-, and 3-bit coding metasurfaces.

DOI: 10.1088/1674-1056/ab33f5

Compared with other coding metasurfaces, the PB phase cod-
ing metasurfaces can manipulate the terahertz wave by coding
sequences without changing the meta-particle structure under
normal incidence of the left circularly polarized plane (LCP),
right circularly polarized plane (RCP), and linearly polarized
(LP) waves. Both theoretical analysis and numerical simula-
tion indicate that the proposed PB phase coding metasurfaces
have more flexibility in manipulating the terahertz wave and
radar cross section (RCS) reduction in a wide frequency band.

2. Theoretical analysis and simulation
2.1. Theory of RCS reduction

For an ordinary metal plate, when electromagnetic waves
are vertically irradiated to the surface, an induced current is ex-
cited on the surface, which causes backward scattering. Due to
in-phase of the induced currents on the surface, it will super-
impose in the backward direction to produce a large scatter-
ing peak, and the backward radar cross section is very large.
Thus, we use multi-bit coding metasurfaces to reduce RCS.
The multi-bit coding metasurfaces consist of eight unit cells
with a phase difference of 45°. The scattering field is gener-
ated by different unit cells and then the RCS can be reduced
effectively. However, the coding metasurfaces are not con-
sumable structures, and the energy of the incident electromag-
netic wave can not be absorbed by the coding metasurfaces.
We can find that the incident electromagnetic wave energy is
scattered to different directions. By optimizing the spatial dis-
tribution of the meta-particle unit cell, the backward scattering
field forms as many beams as possible. According to the law
of energy conservation, the RCS can be reduced effectively.
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2.2. PB meta-particle design

For a reflection meta-particle under the Cartesian coordi-
nate system, as shown in Fig. 1(a), the reflection matrix after
a rotation angle 3 can be given by

weoi o] [l ) o

where subscripts x and y denote the polarization of the inci-
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dence terahertz wave. The reflection matrix under the circu-
larly polarized (CP) wave can be calculated by

11— 1 -j]!
Rir== SR . . 2
LR = 5 {1 i ] { I } 2
By substituting Eq. (1) into Eq. (2), we derive the following
reflection matrix:

L= %[(rxx— ryy) = (Fxy +7yx)] e 128

TRR = % [(rex — 1ryy) +J (e +1yx)] el2B,

iR = 3 [(rec 1) +3 (ry = )] ©)
rRL = 3 (e 1yy) = § (ry = 1))

When |rxy| = |ryx| & 1, ryx & ryy = 0. In order to broaden the
operating bandwidth of the PB particle, the phase profile of the
designed PB particle has a similar slope at different frequen-
cies, and it can be written as

Jde(L,R) Jd¢(L,R) Jdo(L,R)
afn  — afi  af

where f] and f; are the lower and upper frequencies of the op-

“4)

erating band, respectively, f; indicates an arbitrary frequency
within the operating band, and ¢@(L,R) is the reflection phase
under LCP/RCP wave illumination.

We know that the scattering wave can be controlled flex-
ibly by specific pre-designed coding sequences formed by
several particles with different phase distributions. Gener-
ally, an N-bit coding metasurface requires 2V different meta-
particles with optimized geometries to achieve diverse phase
shifts for the incident terahertz wave. Specifically, the 1-bit
coding metasurface needs two different meta-particles with
180° phase difference. Similarly, the 2-bit coding metasur-
faces need four different meta-particles with 90° phase differ-
ence. The 3-bit coding metasurfaces need eight different meta-
particles with reflection phases of 0°, +45°, +90°, £135°,
+180°, £225°, £270°, and £315°, which correspond to the
digital bits of ‘000, ‘001°, ‘010°, ‘011°, ‘100’, ‘101’, ‘110°,
and ‘111°, respectively. A £2f reflection phase shift of the PB
meta-particle can be realized with a distinct rotation angle 3
of the top metallic pattern, where “+” and “—” represent the
LCP and RCP waves, respectively. The eight meta-particles
can be obtained by rotating different angles of the top metallic
pattern from 0° to 157.5° with steps of 22.5°. We firstly de-
sign a PB coding metasurface based on 50 x 50 super particles

for terahertz beams manipulation. Each super particle con-
sists of 5 x 5 basic unit cells. Figure 1 shows a meta-particle
unit cell, which is composed of a train-symbol-shaped metal-
lic pattern, an intermediate dielectric layer with permittivity
€ = 3.0 and loss tangent tané = 0.03, and a metallic ground
plate. The metallic pattern and the metallic ground plate are
made of copper with a conductivity of 5.8 x 107 S/m and a
thickness of 0.2 um. The period of the unit cell is P =75 pum,
and the optimized geometrical parameters marked in the graph
are listed as 4 =30 um, L; = 20 um, L, =20 um, w = 10 pm,
and R = 30 um.

a) (b)

Fig. 1. Illustration of the meta-particle geometries. (a) Top view, (b)
three-dimensional view of meta-particle.

The co-polarization (black curve) and cross-polarization
(red curve) reflection magnitudes of the PB particle from
0.6 THz to 2 THz under normal incidence of the LCP and RCP
waves are calculated by using the commercial software CST,
as shown in Fig. 2(a). The cross-polarization reflection mag-
nitude becomes larger than 0.9 (marked with a dotted line) in
the frequency from 0.85 THz to 1.6 THz (see the blue area in
the picture). On the contrary, the maximum reflection magni-
tude of co-polarization is lower than 0.2 in the frequency from
0.85 THz to 1.6 THz. Due to the multiple resonant modes,
the meta-particle has three different resonant frequencies of
0.88 THz, 1.23 THz, and 1.57 THz respectively. Figure 2(b)
shows the characteristics of the PB particle under normal in-
cidence of the x-polarized and y-polarized waves. From the
figure, one can see that the reflection amplitudes under nor-
mal incidence of the x-polarized and y-polarized waves are
larger than 0.85 (marked with a pink dotted line) in the fre-
quency from 0.8 THz to 1.6 THz (see the blue area). The re-
flected phases under normal incidence of the x-polarized and
y-polarized waves reach 7 (marked with a purple dotted line)
in the frequency from 0.8 THz to 1.6 THz.

Figures 3(a) and 3(b) depict the reflection magnitude
and reflection phase for cross-polarization with different ro-
tation angle 3 of the top metallic pattern under LCP or RCP
wave normal incidence. The reflection magnitude for cross-
polarization of eight meta-particles reaches about 0.9 (marked
with a red dotted line) in a wide band (from 0.85 THz to
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1.6 THz). Most importantly, one can see that the phase re-
sponse is parallel as expected within the frequency interval for
different rotation angles, where the phase variation is twice
of the rotation angle (see the blue area). When the phase in-
creases with 45° steps in the whole frequency from 0.85 THz
to 1.6 THz, the reflection magnitude and reflection phase shift
of the basic particles are insensitive to the incident angle.
Thus, the meta-particle satisfies the requirements of the re-
flection coefficient matrix and generates the phase shift under
LCP or RCP wave by rotating the train-sign-shaped structure.
The perfect phase as well as the high cross-polarized reflection
efficiency makes the meta-particle for reflective coding meta-

surface to realize in a wide working bandwidth. Figure 3(c) il-
lustrates the particles of the 1-bit, 2-bit, and 3-bit coding meta-
surfaces and their corresponding PB phases. One sees that the
rotation angle B gradually increases from 0° to 180° with a
fixed step. For the 1-bit, 2-bit, or 3-bit coding metasurface, the
rotation angle steps of the meta-particles are set as 90°, 45°,
or 22.5°, respectively. Figure 3(d) gives the particles of the
1-bit, 2-bit, and 3-bit coding metasurfaces and the relationship
between the particle and rotation angle 3. For simplicity, we
define the numbers 0-7 as ‘000’, ‘001°, ‘010°, ‘011°, ‘100°,
‘101°, ‘110, and ‘111°, respectively.
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Fig. 2. Characteristics of the basic PB unit cell. (a) Reflection magnitude of the basic unit cell under normal incidence of the LCP or RCP
wave. Here, Rrr (RrL) and Rrr (Rry) represent the reflection magnitudes of co-polarization and cross-polarization under vertical radiation of
LCP (RCP) wave, respectively. (b) Reflection amplitude and reflection phase under normal incidence of the x-polarized and y-polarized waves.
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Fig. 3. Spectrum information of the PB metasurface particles under normal incidence of LCP and RCP waves. (a) The reflection magnitude for cross-
polarization with different rotation angle f3. (b) The reflection phase for cross-polarization with different rotation angle f3. (c) The 1-bit, 2-bit, and 3-bit coding
metasurface unit cells and their corresponding PB phases.(d) The basic parameters of eight coding elements for the 1-bit, 2-bit, and 3-bit coding metasurfaces.
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2.3. Coding metasurface design
The coding metasurface consists of N x N super particles,

which is illuminated by a normal incident terahertz wave. The
far-field radiation pattern F(60,¢) is expressed as

Z Zexp{—l[(zf (m—1/2)sinBcos ¢

m=1n=
—I-ZTL(n— 1/2)sin65in(p) —I—(p(m,n)} }, )

where @ and 0 represent the azimuth and elevation angles, re-
spectively. @(m,n) is the reflection phase of the super particle,
and @(m,n) =0and @(m,n) =
respectively. L is the side length of the super-particle, and A is

7 denote “0” and “1” elements,

the free-space wavelength of the working frequency. As the el-
evation angle 0 and the azimuth angle ¢ satisfy the following
relations: ¢ = *arctan (I3/I3), ¢ = m+arctan(I;/I;), and
0 = arcsin (JL 1/I2+1/I2), the function |F(6,¢)| will
achieve the maximum value, where I and I are the physical
periodic lengths of the phase gradient coding sequence along
the x and y directions, respectively. In this section, we design
multiple PB coding metasurfaces consisting of 40 x 40 super-
particles. Each super-particle consists of 5 x 5 basic unit cells,
and the size of the super-particle is D =5 x 75 = 275 pm.
The scattering field pattern of the PB phase coding meta-
surface can be achieved by the pre-designed coding sequence.
Here, we design 3-bit regular coding metasurfaces (8 x 8 su-
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LCP wave
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per particles) generated by the pre-designed coding sequence
to verify the scattering field pattern. Figure 4 shows the three-
dimensional (3D) and two-dimensional (2D) far-field scatter-
ing patterns under normal incidence of the LCP, RCP, and LP
waves at 1.2 THz by coding metasurface 1, which is gener-
ated with the pre-designed coding sequence of 0, 1, 2, 3, 4, 5,
6, 7 along x-direction while invariant along y-direction. Due
to the phase distribution of the coding metasurface 1 having
exactly the opposite constant gradient between the LCP and
RCP waves, a main lobe appears on either side of the z axis at
the elevation angle of 6° under the illumination of the LCP or
RCP incident wave. There are two beams of mirror side-lobe
with the elevation angle 6; = 6° and azimuth angle ¢ = 0° or
180° under the illumination of the LP wave, as displayed in
Fig. 4(b). The elevation angle is given by 6, = arcsin(A/I3),
where A is the wavelength in free space at 1.2 THz, I] = 8%
275 pm is the physical period length of the coding metasurface
1. Meanwhile, we also design coding metasurface 2 with the
pre-designed coding sequence of 0, 1, 2, 3, 4, 5, 6, 7 along
y-direction while invariant along x-direction. As shown in
Fig. 4(b), the normal incident LP wave is reflected into two
symmetrical orientations. The azimuth angles of the two re-
flected beams change from ¢ = 0° or 180° to ¢ = 90° or 270°,
while the elevation angle is still 6, = 6; = 6°. The simulated
2D far-field radiation patterns are in good agreement with the
theoretical predicted results.

2D far-field scattering patterns under

60

0
0 60 120 180 240 300 360
®/(%)

I
LP wave | LP wave
| dBV/m
| S
| 30
I 60
I
o
i ©/(%)
' dBV/m
I
I
I
I
I
I
I

Fig. 4. The 3D and 2D far-field scattering patterns of coding metasurfaces 1 and 2 at 1.2 THz. (a) Coding metasurface 1 with pre-designed
coding sequence of 0, 1, 2, 3, 4, 5, 6, 7 along x-direction while invariant along y-direction. (b) Coding metasurface 2 with pre-designed coding
sequence of 0, 1,2, 3, 4, 5, 6, 7 along y-direction while invariant along x-direction.

We design four kinds of coding metasurfaces to analyze
the far-field scattering patterns of these coding metasurfaces,
as illustrated in Figs. 5 and 6. As shown in Figs. 5(a) and 5(b),
the coding metasurfaces are arranged with the pre-designed
coding sequences of 0, 1, 2, 3,4,5,6,7/4,5,6,7,0,1,2,3
along x-direction and y-direction, which are denoted as cod-
ing metasurfaces 3 and 4, respectively. Figure 5(a) depicts the
coding metasurface 3 with a constant phase gradient along x-
direction and 7 phase difference along y-direction. From the

figure, it can be noted that the normal incident LCP terahertz
wave is reflected into two beams with directions (03 = 24.6°,
¢ =76°) and (03 = 24.6°, ¢ = 284°). For RCP terahertz
wave normal incidence, the elevation angles of the reflected
two symmetrical orientations become (63 = 24.6°, ¢ = 104°)
and (63 = 24.6°, @ = 256°). One can also find that the nor-
mal incident LP wave is reflected into four symmetrical direc-
tions with the elevation angles of (63 = 24.6°, ¢ =76°), (63 =
24.6°, @ = 104°), (603 = 24.6°, ¢ = 284°), and (63 = 24.6°,
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@ = 256°), where 6; = arcsin(A/I3), A is the wavelength in
free space at 1.2 THz, I3 =4 x 275 um is the physical period
length of the coding metasurface 3. For coding metasurface 4,
as shown in Fig. 5(b), the normal incident LP wave is reflected
into four symmetrical directions with the elevation angles of
(64 = 03 =24.6°, ¢ = 14°), (64 = 63 = 24.6°, ¢ = 166°),
(04 =03=24.6°, ¢ =194°), and (04 = 03 =24.6°, ¢ =314°).
While the two symmetrical directions have the elevation an-
gles of (64 = 63 =24.6°, ¢ = 194°) and (64 = 63 = 24.6°,
¢ = 314°) for the LCP wave and (64 = 63 = 24.6°, ¢ = 14°)
and (64 = 63 = 24.6°, ¢ = 166°) for the RCP wave. From
Fig. 5, the simulation results of these two coding metasurfaces
in the 2D far-field radiation patterns are in good agreement
with the theoretical predicted results.

Similarly, as shown in Fig. 6(a), for the coding metasur-
face 5 with the coding sequence of 0, 1, 2, 3, 4, 5, 6, 7/0, 1,
2,3,4,5,6,7/4,5,6,7,0, 1, 2, 3 along x-direction, the re-
flected waves with the elevation angles of (8; = 6°, ¢ = 0°),
(0s = 16.1°, @ = 69.4°), and (65 = 16.1°, ¢ = 290.6°) or
(6 =6°, ¢ =180°), (65 = 16.1°, ¢ = 110.6°), and (05 =
16.1°, ¢ = 249.4°) appear on both sides of the z axis under
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(b)

the normal incident of the LCP and RCP waves, respectively.
Thereby, the normal incident LP wave is reflected into six
symmetrical directions with (8; = 6°, ¢ = 0°), (65 = 16.1°,
¢ =69.4°), (65 = 16.1°, ¢ = 290.6°), (6; = 6°, @ = 180°),
(65 =16.1°, @ = 110.6°), and (65 = 16.1°, ¢ = 249.4°). Fig-
ure 6(b) shows the 3D far-field scattering patterns of coding
metasurface 6 with the coding sequence of 0, 1, 2, 3, 4, 5,
6, 700, 1, 2, 3, 4, 5, 6, 714, 5, 6, 7, 0, 1, 2, 3 along y-
direction. The normal incident LCP terahertz wave is reflected
into 3-bundle side-lobe with the elevation angles of (6; = 6°,
@ =90°), (6g =65 =16.1°, p =20.6°), and (6 = 05 = 16.1°,
¢ = 159.4°). Similarly, the RCP terahertz wave normal inci-
dence is reflected into 3-bundle side-lobe with the elevation
angles of (6) = 6°, ¢ =270°), (6 = 05 = 16.1°, ¢ =200.6°),
and (0 = 05 = 16.1°, ¢ = 339.4°). Therefore, the normal in-
cidence LP wave is reflected into six symmetrical directions
with the angles of (6; = 6°, @ = 90°), (65 = 05 = 16.1°,
¢ =20.6°), (65 = 65 = 16.1°, ¢ = 159.4°), (6 =6°, ¢ =
270°), (8 = 65 = 16.1°, ¢ = 200.6°), and (65 = 65 = 16.1°,
¢ = 339.4°), as shown in Fig. 6.
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Fig. 5. The 3D and 2D far-field scattering patterns of coding metasurfaces 3 and 4 at 1.2 THz.(a) Coding metasurface 3 with pre-designed
coding sequence of 0, 1, 2, 3,4, 5,6,7/4,5,6,7,0, 1, 2, 3 along x-direction.( b) Coding metasurface 4 with pre-designed coding sequence of

0,1,2,3,4,5,6,7/4,5,6,7,0, 1, 2, 3 along y-direction.
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Fig. 6. The 3D and 2D far-field scattering patterns of coding metasurfaces 5 and 6 at 1.2 THz. (a) Coding metasurface 5 with pre-designed
coding sequence of 0, 1, 2, 3,4, 5,6,7/0,1,2,3,4,5,6,7/4,5,6,7,0, 1, 2, 3 along x-direction. (b) Coding metasurface 6 with pre-designed
coding sequence of 0, 1, 2, 3,4,5,6,7/0,1,2,3,4,5,6,7/4,5,6,7,0, 1, 2, 3 along y-direction.
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2.4. Bi-static RCS reduction

To verify the suppressing backward scattering character-
istics, we design 1-bit, 2-bit, and 3-bit coding metasurfaces
with random coding sequences and calculate the bi-static radar
cross section under LCP-, RCP-, and LP-wave normal inci-
dence. Each random coding metasurface consists of 8 x 8
super particles with coding sequence which is generated by
MATLAB. Due to the phase of these coding metasurfaces is
randomly distributed, it redirects the incident terahertz wave
to numerous directions and generates a lot of side-lobes with
smaller energy which greatly suppresses backward scattering.

The radar cross sections of the bare metallic plate and 1-bit, 2-
bit, and 3-bit random coding metasurfaces with the same size
are shown in Figs. 7(a)-7(c) under LCP, RCP, and LP wave
normal incidence within the frequency range from 0.85 THz to
1.6 THz. The maximum RCS reductions of the 1-bit, 2-bit, and
3-bit random coding metasurfaces are —24.1 dB, —20.7 dB,
and —22.8 dB, respectively. As the RCS under the LP wave
normal incidence is almost identical compared with those of
the LCP and RCP waves, it has no influence on the RCS reduc-
tion for the 1-bit, 2-bit, and 3-bit random coding metasurfaces.
This proves that the coding metasurfaces have polarization in-

sensitive property in RCS reduction.
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—8— meta plate (a) 1-bit —&— meta plate (b) 2-bit —&—meta plate (c) 3-bit
—8— LP wave —@— LP wave —0—LP wave
—A— LCP wave —A— LCP wave —A— LCP wave
—20F -¥- RCP waye —20F -w- RCP wave —20f -w- RCP wave
g 8 £
iz 2 iz
T 30 T 30 B —30
3 8 o
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~ ~ ~
—40 —40 —40
—50 N N N N L L —50 ! ! ! 1 ! —50 ! L L L ! L
0.6 08 10 12 14 16 1.8 20 0.6 0.8 1.0 1.4 16 1.8 20 06 08 10 12 14 16 1.8 2.0
Frequency/THz Frequency/THz Frequency/THz

Fig. 7. RCS for (a) 1-bit, (b) 2-bit, and (c) 3-bit random coding metasurfaces under normal incidence of the RCP, LCP, and LP waves.
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Fig. 8. The (a)—(c) 3D and (d)—(f) 2D far-field scattering patterns of 1-bit, 2-bit, 3-bit random coding metasurfaces under LP wave normal

incidence at 1.2 THz.

In addition, we simulate the 3D and 2D far-field radiation
patterns of the 1-bit, 2-bit, and 3-bit random coding metasur-
faces in a vertical plane at 1.2 THz under the normal illumi-
nation of the LP wave, as depicted in Fig. 8. Form Figs. 8(a)-
8(c), one sees that the incident terahertz LP wave is reflected
into numerous directions by the PB coding metasurfaces. Fig-
ures 8(d)—8(e) show the energy scattering patterns in numerous
directions. The bi-static RCS distributions of the 1-bit, 2-bit,

and 3-bit random PB coding metasurfaces and the same size
bare metal plate have been simulated under the LP wave verti-
cal incidence at 1.2 THz, as depicted in Fig. 9. It is obviously
that the RCS reduction of the random PB coding metasurfaces
is larger than 13.5 dB. This phenomenon can be explained by
the law of energy conservation that the scattered energy of
each reflected wave beam is low because the terahertz wave is
reflected into numerous directions. Figure 10 depicts the near-
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field energy distribution of the random coding PB metasur-
faces at 1.2 THz in vertical-plane patterns, by which the RCS
reduction is further verified. Here, we provide the calculation
of the RCS of a coding metasurface for 45° oblique incidence
angle, as shown in Fig. 11. Compared with the normally
incident radiation condition (see Fig. 7), the bi-static RCS
distributions of the 1-bit, 2-bit, and 3-bit random PB coding

metasurfaces decrease slightly in the frequency from 0.85 THz

—20
—a— metal plate
—o— 1-bit
—30} —A— 2-bit
g
M —40
o
~
8
= —50
—60
—70

/()
Fig. 9. RCS distribution for the coding metasurfaces and bare metal
plate under normal incidence of the LP wave at 1.2 THz.

) 2 o

(a) metal plate (b) 1-bit

ot

(c) 2-bit ) 3-bit

Fig. 10. Near-electric-field energy distributions of (a) bare metal plate,
(b) 1-bit, (c) 2-bit, and (d) 3-bit coding metasurfaces in vertical plane
under normal incidence of the LP wave at 1.2 THz.

oblique incidence at 45°

-
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Fig. 11. RCS distribution for 1-bit, 2-bit, 3-bit random coding metasur-
faces under oblique incident at 45°.

to 1.6 THz. The PB coding metasurface significantly reduces
RCS for incidence angles between 0° and 45° in a spectral
working range from 0.85 THz to 1.6 THz.

3. Conclusion

We theoretically analyzed and demonstrated the RCS re-
duction properties of the PB metasurface for 0°-45° obliquely
incident radiation in a spectral working range from 0.85 THz
to 1.6 THz. The designed 1-bit, 2-bit, and 3-bit PB coding
metasurfaces generated by random coding sequences can pro-
duce scattering waves in all directions and suppress backward
scattering strongly. The designed PB coding metasurface has
13.5 dB RCS reduction and is polarization-insensitive. It pro-
vides the ability of the wide-band RCS reduction and a flexible
way to manipulate the terahertz wave.
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