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Benefiting from the unprecedented superiority of coding metasurfaces at manipulating electromagnetic waves in the
microwave band, in this paper, we use the Pancharatnam—Berry (PB) phase concept to propose a high-efficiency reflective-
type coding metasurface that can arbitrarily manipulate the scattering pattern of terahertz waves and implement many
novel functionalities. By optimizing the coding sequences, we demonstrate that the designed 1-, 2-, and 3-bit coding
metasurfaces with specific coding sequences have the strong ability to control reflected terahertz waves. The two proposed
1-bit coding metasurfaces demonstrate that the reflected terahertz beam can be redirected and arbitrarily controlled. For
normally incident x-and y-polarized waves, a 10 dB radar cross-section (RCS) reduction can be achieved from 2.1 THz to
5.2 THz using the designed 2-bit coding metasurface. Moreover, two kinds of orbital angular momentum (OAM) vortex
beams with different moduli are generated by a coding metasurface using different coding sequences. Our research provides
a new degree of freedom for the sophisticated manipulation of terahertz waves, and contributes to the development of
metasurfaces towards practical applications.

Keywords: coding metasurface, Pancharatnam—Berry phase, multiple beams, radar cross-section (RCS) re-

duction, orbital angular momentum
PACS: 42.68.Mj, 81.05.Xj, 42.25.Ja, 78.67.Pt

1. Introduction

Terahertz (THz) waves, whose frequency range is be-
tween 0.1 THz and 10 THz, are on the cutting edge of new
technologies and have drawn enormous attention from world-
wide academia in recent years, because of their numerous po-
tential applications in biosensing, security imaging, and THz
high-speed communications.!'"%! The manipulation of tera-
hertz waves, especially their polarization, phase, and ampli-
tude, is important in terahertz application systems. Unfortu-
nately, most of the conventional materials in nature have great
difficulty in achieving effective control of terahertz waves,
which limits the development of terahertz technology and ap-
plications. Therefore, we need new and innovative ideas to
address the lack of natural materials that can be used in the
terahertz band.

A metasurface is a two-dimensional planar structure com-
posed of an array of subwavelength units, which provides un-
precedented capabilities for the flexible and effective manipu-
lation of the phase, amplitude, polarization, and various other

[7-171 The arrival

properties of incident electromagnetic waves.
of metasurfaces has made up for the shortage of electromag-

netic materials in the terahertz band, has provided an effec-
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tive way to realize functional devices in the terahertz band,
and is expected, in essence, to break through the bottleneck
of terahertz technology development. To date, many remark-
able achievements based on metasurfaces have been accom-
plished and demonstrated in the microwave band, including
high-gain antennas,!'® polarization conversion,!'*2!1 beam

22231 radar cross-section reduction,!>*26! vortex-

[27-30

focusing,!
beam generation, I and so on. In comparison with the
microwave band, terahertz waves are a new research topic,
and related technologies are still in the early stages of ex-
ploration. More recently, metasurfaces have been extended
to the terahertz region and have played an irreplaceable role
in the production of novel functionalities, such as near-perfect

absorbers, 317361 super-lenses,?”! holographic imaging, [33-3]

[40-43] Unfortunately, so far, most of the new

and sensing.
achievements with metasurfaces have had problems due to
their complex structure, low operating efficiency, and because
they can only afford one specific function within a limited fre-
quency range, which is a key challenge for terahertz technol-
ogy to be able to achieve multiple functionalities.

Digital coding metasurfaces are a significant branch of
metasurfaces that create a new bridge between the physical

world and digital information science. In this study, to the best
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of our knowledge, this is the first time that the proposed dou-
ble E-shaped structure has been combined with the PB phase
principle to generate a multi-bit coding metasurface, which
shows promise for many important applications in the tera-
hertz range. Using a 1-bit coding metasurface with specific
distributions of the coding sequences, the reflected terahertz
waves can be flexibly and independently manipulated. To re-
alize a low RCS in the terahertz band, we propose a simple
and high-performance reflective metasurface based on 2-bit
coding elements, which can achieve a > 10 dB RCS reduc-
tion within a wideband range from 2.1 THz to 5.2 THz. Apart
from the useful functionalities described above, we designed
two kinds of reflective metasurfaces based on 3-bit coding el-
ements, which were able to realize orbital angular momentum
waves with mode numbers of / = 1 and / = 2. The simulated
results prove that the designed scheme has great potential for
future practical application in the terahertz frequency range.

2. Theoretical formulation

To achieve high-efficiency manipulation of incident elec-
tromagnetic waves, it is important to obtain 360° full-phase
coverage. In terms of controlling the geometric phase change,
the PB phase metasurface exhibits unique advantages, and can
simply obtain phase responses, just by a rotation of the metal-
lic pattern’s angle. In what follows, we first theoretically infer
the principle of the PB phase. For a double E-shaped unit un-
der the Cartesian coordinate system, when the optical axis is
rotated by an angle of 0 in the anticlockwise direction, the co-
efficients of reflection can be characterized by the reflective

44]
R, R,y
R= xx My ’ 1

|:R)’X RW:| =

Jones matrix!

in which the diagonal elements R, and Ry, denote the co-
polarized reflection coefficients under the normal incidence
of x- and y-polarization, whereas the off-diagonal elements,
R,y and Ry, denote the cross-polarized reflection coefficients
under the normal incidence of x- and y-polarization. In gen-
eral, for an anisotropic metasurface at an oblique incidence,
Ry, # Ry,. In the case of normal incidence, i.e., Ry, = Ry, =0,
the reflection matrix has the following relationship in the rect-
angular coordinate system:

Rbe=1(-0)-| 00 2 | .706)

 [Ruxcos?(8) +Ryysin?(8) (Ryy — Ryy)sin(6)cos(8) )
" | (Ryy — Ryy) 5in(8) cos(8) Ryysin®(0) + Ryycos?(8) |
cos@ —sin6

sin@ cos@
the rectangular coordinate system rotated by an angle 0 in the

where T'(0) = { } means the rotation matrix of

counterclockwise direction. In the case of incident circularly

polarized waves, the reflection matrix can be written as

11— 11!
RERzz[l j:|Rg)tate|:1 J} . (3)

By substituting Eq. (2) into Eq. (3), the reflection matrix un-
der the excitation of a circularly polarized wave can be derived

as
LR = % [(rxerr)y) +J(”xy r}x)]
TRL = % [(r)w"'ryy) (rx) ryx)]
1 29 (4)
L= j[(”xx—ryy) J(raytry)] e
'RR = %[(”xx Fyy) +J(ray+ ryx)] e2,

where 1, and rrr represent co-polarized reflection coeffi-
cients under the normal incidence of left and right circular
polarization, respectively, and r r and rgp represent cross-
polarized reflection coefficients under the normal incidence of
left and right circular polarization, respectively. From Eq. (4)
we find that there are two components, 71 and rrg, that carry
the PB phase e??, which is twice the metasurface coding
element rotational angle 0, while the other two components
rir and rge have no phase difference when |ryy| & |ry| & 1
and |ry| & |ryy| ~ 0. The above analysis shows that the phase
responses are easily achieved by regularly rotating the metal
patterns to different angles of orientation, which simplifies the
process of designing the coding metasurface.

Our target in this work is to achieve efficient manipula-
tion of terahertz waves, RCS reduction, and OAM generation
by appropriate arrangement of the coding sequence. The key
step is to achieve a phase shift that covers a broad range of
0°-360° while maintaining constant scattering amplitudes. To
accomplish our goal, the rotation angle 6 of each coding parti-
cle is changed from 0° to 157.5° in steps of 22.5°. The corre-
sponding phases of the eight coding particles are 0°, 45°, 90°,
135°, 180°, 225°, 270°, and 315°, respectively. Because each
coding particle has a specific rotational angle, there is an addi-
tional degree of freedom for manipulating terahertz waves that
offers many novel functionalities.

3. Design of the unit and theoretical analysis

In the design of our PB coding metasurface, the basic cod-
ing particle unit is a classic sandwich structure, which consists
of three parts: a top-layer double E-shaped structure, an inter-
mediate dielectric layer, and a bottom metal layer, as shown
in Fig. 1(a). The double-E structure and the bottom metallic
film are made of copper, whose conductivity and thickness are
5.8 x 107 S/m and 240 nm, respectively. Polyimide is adopted
as the intermediate dielectric substrate with a thickness of
t = 11 um and the relative dielectric constant and loss tan-
gent are & = 3.0 and tan § = 0.001, respectively. The detailed
geometric parameters of the coding particle were optimized
by simulation software as follows: a =20 um, b = 15 pum,
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c=10 um, w = 2.5 pm, g =4 um. The period of the cod-
ing particle is py = p, = 36 um. Unit-cell simulation was
performed using the finite element method, in which the mas-
ter and slave boundary conditions were used in the x and y
directions and Floquet port excitation was adopted in the —z
direction.

To understand the polarization characteristics of the dou-
ble E-shaped designed metasurface in more detail, the co- and
cross- polarized reflection coefficients under the normal in-
cidence of circularly polarized waves were calculated using
the finite element method (FEM). Fig. 1(b) shows the calcu-
lated results for the cross-polarized ri g (rrr.) and co-polarized
riL (rrr) reflection coefficients in the frequency range from
2.1 THz to 5.2 THz, under the normal incidence of LCP and
RCP waves. It is obvious that over a broad frequency range
from 2.34 THz to 4.77 THz, the cross-polarized reflection co-
efficients are higher than —1 dB and the co-polarized reflection

3.0 3.6 4.2 4.8

Frequency (THz)

2.4

Phase (°)

coefficients are very low, reaching —45 dB under the normal
incidence of LCP or RCP waves. It is evident that our de-
sign can be used to achieve high-efficiency polarization con-
version. The polarization conversion ratio (PCR) is defined as
follows:*! PCR| = |rRL|2/(|rRL\2+ |rLL\2). We calculated
the PCRy, for incident LCP excitation, as shown in Fig. 1(c),
which shows that the PCRy is larger than 90% within a fre-
quency range from 2.3 THz to 4.65 THz. One important phe-
nomenon can be found in Fig. 1(d): the reflection amplitudes
of the coding particle are almost consistent over the entire fre-
quency range under the normal incidence of x- and y-polarized
waves. At the same time, within a wider frequency band, the
reflected phase difference between the x- and the y-polarized
incidences is almost a constant 180°, which ensures that mul-
tiple functions of the coding metasurface can be achieved at

the operating frequency.
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Fig. 1. (a) Design of the double Eshaped basic coding cell. (b) Simulated co- and cross-polarized reflection coefficients under the normal incidence
of LCP and RCP waves. (c) Simulated PCR under LCP wave excitation. (d) Simulated reflected phase and amplitude under the normal incidence

of linearly x- and y-polarized waves, respectively.

By adopting the concept of the PB phase, the required
phase can be more conveniently achieved and the scattering
patterns of the coding metasurface can be deflected in a spe-
cific direction. Figure 2(a) shows the particles of the 1-bit,
2-bit, and 3-bit coding metasurfaces and the corresponding re-
lationship between the particle and the rotation angle. For sim-

plicity, the numbers “0” to “7” represent the bit combinations

“000”, “001”, “010”, “011~, “100”, “101”, “110”, and “111”,
respectively. Figure 2(b) depicts the magnitude of the reflec-
tion response for cross-polarization of eight basic coding par-
ticles with different rotational angles under the incidence of
LCP or RCP waves. One can find that as the rotation angle
0 changes from 0° to 157.5° with steps of 22.5°, the ampli-

tude of the cross-polarization reflection coefficient for eight el-
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ements is greater than 90% over a broadband frequency range
from 2.4 THz to 4.7 THz. Figures 2(c) and 2(d) show the
phase responses of eight basic coding elements under the nor-
mal incidence of LCP and RCP waves, respectively. It is worth
noting that in the frequency range from 2.1 THz to 5.2 THz,
the phase difference between adjacent coding elements always

(a)

100 101 110 1

011

180 |
135 [ \

|

A

[S1 S ]

T T

Frequency (THz)

remains at about 45°, which not only ensures that our design of
PB coding metasurface can work over a wide frequency range
but also proves the corresponding relationship between the re-
flection’s phase difference and unit cell’s rotational angle is

426, where “+” corresponds to LCP wave incidence and “—

corresponds to RCP wave incidence.

1.0
0.8
0.6

0.4 [

Reflection amplitude

0.2

180

\N

90
45

Phase (°)
o

—-90

—135
NN

Frequency (THz)

Fig. 2. (a) The design of the coding elements for 1-, 2-, and 3-bit coding metasurfaces. (b) The corresponding reflected amplitude of cross-
polarization with different rotation angles. The simulated reflection phase responses of the basic element with different rotation angles for (c) LCP

and (d) RCP incidences.

By designing appropriate coding sequences, the multi-
bit coding metasurface provides new opportunities for the ef-
fective manipulation of terahertz-wave scattering patterns and
may offer widespread applications. In the next sections, we
will give a few examples to illustrate that multi-bit coding
metasurfaces have the ability to achieve highly efficient ma-
nipulation of terahertz waves and that they can implement dif-
ferent functions.

3.1. The 1-bit coding metasurface

For a 1-bit coding metasurface, the basic coding elements
are composed of two digital states, “0”” and “1”, and their cor-
responding reflection phases are 0° and 180°, respectively. It
is well known that lots of interesting physical phenomena of
electromagnetic regulation mechanisms can be generated by
arranging specific coding sequences. In other words, we can
control the scattering characteristics of coding metasurfaces

by changing the corresponding “0” and “1” coding sequences.
As an example, two kinds of 1-bit coding metasurfaces are em-
ployed with different coding sequences to verify that the cod-
ing metasurface has properties that can control far-field scat-
tering patterns more freely. For the 1-bit coding metasurface
M|, the simulated three-dimensional scattering patterns under
the normal incidence of an LCP wave at 3 THz are shown in
Fig. 3(a). It should be noted that when the coding sequences
“00001111---” of the metasurface M are arranged in the x-
axis direction, two symmetrical main beams with angles of
6. = 20.3° are generated. According to a generalization of
Snell’s law, the anomalous reflection angle for normal inci-
dence can be predicted by the following equation: 46!

6, = arcsin(A/I), )

in which A is the free-space wavelength of the incident wave
at 3 THz and I = 4 x 144 um represents the period of the cod-
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ing sequence. Similarly, we also design the M, coding meta-
surface with the ”010101---/101010---” coding sequence, as
displayed in Fig. 3(b). In this case, each lattice consists of
3 x 3 units of the same ”0” or ”’1” coding elements. It can be
observed that the scattered energy for a normally incident LCP
wave at 3 THz is equally split into four symmetrical oblique
beams with the same elevation angle. The elevation angle 6
and the azimuthal angle ¢ of the four oblique beams can be

predicted by the following equations: 47481

0 = arcsin (\/ sin 0 + sin® 92> , (6)

sin 6,
= arct 7
(0} arcan(sin61>, )

in which 6; and 6, are the beam deviation angles correspond-
ing to the two periodic coding sequences that vary along the x

and y directions, respectively. Under such conditions, 6; and
6, as calculated by Eq. (5) are both 27.6°, and thus, the new
beam deviation angle is calculated to be 40.5°. The azimuthal
angles ¢ of the four oblique beams are 45°, 135°, 225°, and
315°, respectively. The numerical simulation and theoretical
calculation are in excellent agreement, which proves the out-
standing performance of the proposed schemes. To further
verify this interesting phenomenon, the near-field distributions
of the two proposed coding metasurfaces are analyzed, as de-
picted in Figs. 3(c) and 3(d). In addition, the two-dimensional
scattering patterns are also studied, as illustrated in Figs. 3(e)
and 3(f). The above research results demonstrate that our de-
signed coding metasurface has good performance when used
to manipulate the energy of the main lobe of normally incident
terahertz waves, which can be used to realize many interesting
applications such as terahertz beam splitters.
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Fig. 3. The simulated 3D and 2D far-field scattering patterns of the 1-bit coding metasurface. (a), (c), (e) The far-field scattering pattern and
near-field energy distributions of the 00001111--- sequence at 3 THz. (b), (d), (f) The far-field scattering pattern and near-field energy distributions

of the 010101---/101010- - - sequence at 3 THz.

3.2. The 2-bit coding metasurface

For a 2-bit coding metasurface, the basic coding parti-
cles are composed of four digital states: “0”, “2”, “4”, and
“6”, whose reflection responses have the same amplitudes and
where the phase difference between adjacent digital states is
fixed at 90° .
mentioned above, this metasurface offers more abundant phase

Compared with the 1-bit coding metasurface

conditions and higher flexibility for the design of coding se-
quences. To evaluate the performance of the 2-bit coding
metasurface for RCS reduction, a new coding metasurface
Ms; is optimized and elaborately arranged using 2-bit ele-
ments, as shown in Fig. 4. To start with, the key step is to
arrange four “07, “2”, “4” and “6” elements as an S; coding
sequence in the x-axis direction. Secondly, we rotate the de-
signed S; coding sequence by 90° around the geometric cen-
ter, as depicted in Fig. 4(a). Finally, the Ms; coding meta-
surface is composed of four arrays, as sketched in Fig. 4(b).
In order to observe the scattering behavior, the Ms; coding

metasurface is simulated using the finite element method. The
three-dimensional (3D) scattering patterns of the Ms; coding
metasurface under plane wave excitation at 4 THz are shown
in Fig. 4(c). From the calculated (3D) scattering patterns, one
can see that most of the incident electromagnetic energy is
distributed in multiple different directions, which has poten-
tial applications for stealth. The monostatic RCS is contrasted
with the same size of metal ground in Fig. 4(d). It is obvious
that the coding metasurface array has better RCS reduction.
In order to further validate the reduction efficiency of RCS
over a wide band, the relationship between RCS and frequen-
cies ranging from 2.1 TH to 5.2 THz was calculated under
normally incident x- and y-polarized waves, as illustrated in
Fig. 4(e). The black solid line is the theoretical monostatic
RCS of a metallic plate with the same size as the coding meta-
surface Mg;. The result is calculated using the formula:[4”]
RCS = 10 x logo (47L*/A?), where L is the physical length

of the square metallic plate and the A is the working wave-
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length. Compared with the simulated results for the metal-
lic plate, one can note that a tiny deviation exists between
the theoretical results for the metal-plate RCS and the simu-
lated value, and that the deviation increases with an increase
of frequency. The purple and blue dot—dashed lines denote the

simulated results for Ms; under normally incident x- and y-
polarized waves, respectively. It can be observed that the RCS
is reduced by more than 10 dB over the whole working fre-
quency band, which demonstrates that the designed Mg can
offer good RCS reduction.
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Fig. 4. Schematic diagram of a 2-bit coding metasurface. (a) 8 x 8 coding sequences. (b) Ms; coding array. (c) Simulated 3D scattering patterns of
Ms; under normally incident plane wave excitation at 4 THz. (d) Simulated monostatic RCSs of Ms; and a metal plate at 4 THz for ¢ = 0. (e) The
monostatic RCS reduction curves for Ms; and the equal-sized metal plate under normally incident x-and y-polarized waves.

3.3. The 3-bit coding metasurface

In this section, similarly to the design methods mentioned
above for the 1-bit and 2-bit coding metasurfaces, we further
introduce a 3-bit coding metasurface, whose basic digital ele-
ments are “17, “27, 37, “4” “57 “6”, “7”, “8”, corresponding
to phase responses of 0°, 45°, 90°, 135°, 180°, 225°, 270°, and
315°, respectively, which can provide more abundant phases
to manipulate terahertz waves. To demonstrate the versatil-
ity of the 3-bit coding metasurface for terahertz modulation,
two different reflective metasurfaces are employed to generate
terahertz vortex beams under the illumination of plane tera-
hertz waves at 3 THz. The numerical calculation is performed
by the finite-element method. A typical characteristic of a
vortex beam is that it has a spatially distributed spiral phase
term e!/?, where [ denotes the designed OAM mode num-
ber, also known as the number of topological changes, and
¢ denotes the azimuthal angle.’%?! The overall size of the

two designed reflective metasurfaces is set to 720 x 720 pmz,
and they consist of an array of 20 x 20 cells. For the OAM
mode [ = 1, the metasurface consists of eight sectors, and the
phase gradient increment between adjacent sectors is 45°, as
shown in Fig. 5(a). For the OAM mode [ = 2, the metasurface
also consists of eight sectors, and the phase gradient incre-
ment between adjacent sectors is 90°, as shown in Fig. 5(e).
Figures 5(b), 5(f) and 5(c), 5(g) give the simulated results and
schematic diagrams of the vortex intensity and phase distri-
bution of / = 1 and / = 2, respectively. As can be seen from
Figs. 5(b) and 5(f), the center point of the light field is a dark
field, in other words, the intensity at the vortex’s center is
zero. As can be seen from the near-field phase distribution
of Figs. 5(c) and 5(g), for the [ = 1 mode, the wave-front’s
phase exhibits a single spiral state; for the [ = 2 mode, the
wave-front’s phase exhibits a double spiral state. It is worth
noting that the rotational center of the phase distribution of
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the vortex beam is slightly separated, which is caused by the
discontinuity of the array’s arrangement. The simulated 3D
far-field scattering patterns of OAM vortex beams with mode
numbers / = 1 and / = 2 are shown in Figs. 5(d) and 5(h). In
addition, the two-dimensional scattering patterns correspond-
ing to the two modes in the radar coordinate system and the

% i magnitude
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s

Normalized scattering patterns (dB)

Cartesian coordinate system are shown in Figs. 5(i) and 5(j).
The above simulation results reveal that the vortex beam with
orbital angular momentum is produced using the proposed re-
flective metasurface, which proves that our design has great
potential for next generation ultra-high-speed wireless com-
munication systems.

phase

T — dB

f-50

‘ |7100

mode L =1

—e—mode L =2

30 90

0 ()

Fig. 5. (a), (e) A schematic diagram of the digital phase distribution used to generate OAM vortex beams with topological charges of / =1 and [ = 2.
(b), (f) The simulated amplitude distributions. (c), (g) The simulated near-field phasedistribution diagram. (d), (h) The simulated 3D far-field scattering

patterns. (i), (j) The 2D scattering patterns of the two modes / = 1 and [ = 2.

Finally, although this article is a theoretical and sim-
ulative work, and not experimental, the fabrication of cod-
ing metasurfaces and experimental demonstration is to be ex-
pected: the proposed coding metasurface sample can be man-
ufactured by standard photolithography techniques, electron-
beam evaporation equipment, and a lift-off process. The pro-
duction process is as follows: firstly, a copper film is deposited
onto a polyimide film by an electron-beam evaporation coating
machine, then a homogenizer is used to evenly apply photore-
sist to the surface of the sample to be etched. Next, choosing
the appropriate temperature and baking time is very important,

because the photoresist film can be fully dried after baking the
photoresist-spin-coated sample. Secondly, a lift-off process is
used to form the metasurface pattern on top of the polyimide
layer. Thirdly, the sample is immersed in acetone to remove
any excess photoresist. Finally, the sample can be measured
by a terahertz time-domain spectroscopic test system.

4. Conclusions

In summary, we have successfully proposed 1-bit, 2-bit,
and 3-bit reflection coding metasurfaces to manipulate electro-
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magnetic scattering and radiation and to implement different
functions, respectively. In our study of the 1-bit coding meta-
surface, by designing appropriate coding sequences we found
that the reflected terahertz wave can be split into two or four
main beams, which can be used to realize beam splitting and
beam scanning. For RCS-reducing applications, a 2-bit coding
metasurface was elaborately designed, which was able to scat-
ter the reflected terahertz energy in more directions. The sim-
ulation results showed that the proposed metasurface achieved
a > 10 dB RCS reduction over a wide frequency band ranging
from 2.1 THz to 5.2 THz. In addition, we designed two dif-
ferent kinds of 3-bit coding metasurface for generating mul-
timode OAM beams. The proposed metasurfaces offers new
possibilities for terahertz wave control and pave the way for
the development of novel functionalities in the future.
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