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ABSTRACT In order to improve the transmitted efficiency of metasurfaces, the three-layer unit cell
structure with coupling characteristics between layers was proposed. Using these Pancharatnam-Berry phase
element particles with three-layer structure, we constructed encoded metasurfaces with different sequences
to control the transmitted scattered waves. However, the manipulation of continuous transmission angle
requires the continuous change of encoding metasurface period. Since the size of encoding particles in
the coded metasurfaces cannot be designed to be infinitesimally small, it is impossible to obtain the
continuously changing period of coded metasurfaces. In order to obtain the continuous manipulation of
transmission scattering angles, we introduced the principle of Fourier convolution operation in digital
signal processing on encoding metasurface sequences. By performing the addition and subtraction operation
between two different encoding metasurface sequences, a new encoding metasurface sequence can be
obtainedwith different scattering angle. The transmission scattering angles can be obtained continuously, and
the terahertz wave can be manipulated freely. Moreover, by using the proposed three-layer highly efficient
Pancharatnam-Berry phase encoding meta-atoms, these coded particles with different rotation angles can be
precisely arranged to build the generators of the orbital angular momentum beam with different topological
charges.

INDEX TERMS Metamaterial, terahertz wave, transmission.

I. INTRODUCTION
The metasurface is an artificial layered material whose thick-
ness is less than the wavelength. Metasurface can flexibly
and effectively regulate the characteristics of electromagnetic
wave polarization, amplitude, phase, polarization mode and
propagation mode [1]–[5]. In terms of polarization regula-
tion, metasurface can realize polarization conversion, optical
rotation, vector beam generation and other functions [6]–[8].
Metasurface can realize asymmetric light transmission,
anti-reflection, enhanced transmission, magnetic mirror,
EIT-like effect, etc. [9]–[11]. By controlling the phase of
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electromagnetic wave, the metasurface can realize the func-
tions of beam deflection, hyperlens, hyperholography, vortex
light generation, coding, stealth and illusion [12]–[14].

In general, metasurface functional devices are divided into
reflection type and transmission type. At present, in order
to achieve high efficiency, most of the metasurface func-
tional devices focus on reflection mode. However, it is diffi-
cult to achieve high efficiency for transmissive metasurface
functional devices due to ohmic loss and impedance mis-
match. Although transmission metasurfaces exhibit unique
wavefront handling, most transmission metasurfaces suffer
from low efficiency. Furthermore, for transmissive metasur-
face functional devices to achieve phase transitions ranging
from 0 to 2π , the structure of the meta-atoms units in the
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metasurface requires precise control of electric resonance and
magnetic resonance. Based on Huygens’ principle [15], [16]
or all-dielectric structure [17], a few transmissive metasur-
faces have been proposed, which can show higher efficiency.
However, the operation of these metasurfaces may require
specific polarization added complexity in manufacturing, and
the thickness of dielectric metasurfaces are comparable to the
wavelength. In order to achieve the planar transmission type
metasurface, the original monolayer metasurface structure
was proposed, but the efficiency of this type of metasur-
face is only 5% [18]. Moreover, for the single-layer trans-
missible metasurface structure, the maximum theoretically
achievable efficiency of this metasurface is only 25%, since
only the electric response resonance effect can be obtained
in this structure [19]. Recently, using a double split loop [20]
and enclosed H-shape [21], several double-layered transmit-
tance metasurface structures were proposed. However, most
designs suffer from low efficiency.

In the applications of metasurfaces, the terahertz (THz)
spectrum is of particular research interest due to its unique
properties such as non-ionizing photon energy, spectral fin-
gerprinting of inter-molecular vibrations, high transparency
of certain optically opaque materials, making it highly desir-
able for applications in biological sensing, material analysis,
and imaging [22]. However, the lack of terahertz materi-
als and devices has seriously restricted the development of
terahertz field. The main reason is that most natural mate-
rials have no electromagnetic response to terahertz waves.
Recently, some Terahertz wave metasurfaces with metal and
dielectric material in transmission or reflection modes have
been proposed to realize various functions such as wave
plate, hologram, vector beam and nonlinear harmonic gen-
eration, and so on [23]–[31]. However, these terahertz meta-
surfaces are mainly focused on the realization of functions
and are generally inefficient. Moreover, these metasurfaces
are mainly composed of resonant meta-atoms, resulting in
strong dispersion characteristics of the metasurfaces. Here,
we propose a three-layer transmissive metasurface structure
with Pancharatnam-Berry geometric phase meta-atoms in
the terahertz band. It is expected that the coupling effect
between multiple layers can realize both electric resonance
and magnetic resonance effects, leading to higher efficiency
and phase change. Also, the phase change can be realized by
simply rotating the unit structure of the Pancharatnam-Berry
geometric phase meta-atoms, leading to the simplicity of
design.

In order to realize the free control of the beam, we encode
the designed three-layer metasurface unit cells to construct
the encoded metasurface. Coding metasurface is the concept
of using digital coding to describe the metasurface unit, and
it can control the electromagnetic wave by changing the
spatial arrangement of the coding unit [32]–[34]. Based on
the generalized Snell’s law and the principle of digital coding
metasurface, the transmitted scattered beam can be controlled
according to the particle arrangement of the coding unit.
In order to obtain the continuous control of scattering angle,

the periodic arrangement of the coded metasurface needs
continuous changes. However, it is impossible to design
infinitesimal coding unit particles, so the ordinary coded
metasurface arrangement cannot realize the free control of
scattering mode. In order to obtain the free control of the
transmitted scattered beam, we introduce the Fourier convo-
lution theory in digital signal processing, and carry on the
addition or subtraction operation to the coded metasurface,
and realize the free control of the angle of the scattered beam.

In this work, we propose to construct a high-efficiency
transmission-encoded metasurface with three layers of
Pancharatnam-Berry phase coding particles. Pancharatnam-
Berry geometric phase electromagnetic metasurface is a kind
of metasurface composed of the same artificial microstruc-
tures with different rotation angles. By simply changing
the rotation angle of the microstructure unit cell, the phase
mutation of the reflected (transmitted) wave can be real-
ized, and the phase gradient or distribution can be man-
ually controlled, thus greatly reducing the complexity of
designing and machining metasurfaces. Importantly, for
Pancharatnam-Berry geometric phase metasurface, we intro-
duce Fourier convolution theory in digital signal processing
to realize the addition or subtraction operation of encoded
metasurfaces, so as to achieve the free control of transmis-
sion scattering pattern. Furthermore, the proposed three-layer
Pancharatnam-Berry phase encoding meta-atoms can be used
to construct the orbital angular momentum beam generators
with different topological charges.

II. THEORY
A. PANCHARATNAM-BERRY PHASE OF ENCODING
METASURFACE PARTICLES
The Pancharatnam-Berry phase can be obtained by rotating
the angle of the unit structure. This convenient and flexible
method of phase control is also known as geometric rotation
phase. Next, we will use Jones matrix to analyze the principle
of producing geometric rotational phases by using encoding
metasurface particles. As shown in Fig.1, when the angle
between the meta-atom unit structure and the x-axis is ρ,
the scattering characteristic for this general unit cell can be

FIGURE 1. Pancharatnam-Berry geometric phase principle.
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expressed by

T (x, y) = M [ρ(x, y)]J (α)M−1[ρ(x, y)] (1)

where J (α) =
[
s1 0
0 s2eiα

]
, S1 and S2 are the scattering

coefficient along the axial direction of the structure, and α is

the phase delay. M (ρ) =
[

cosρ sinρ
−sinρ cosρ

]
is rotation matrix.

When |R〉 = (1, 0)T is a right-hand circularly polarized light,
and |L〉 = (1, 0)T is a left-hand circularly polarized light, the
emitting light field can be expressed as

|Eout 〉 = hE |Ein〉 + hRexp[i2ρ(x, y)] |R〉

+ hLexp[−i2ρ(x, y)] |L〉 (2)

where

ηE =
1
2
[e1 + e2 exp(iα)],

ηR =
1
2
[e1 − e2 exp(iα)]〈Ein |L 〉,

ηL =
1
2
[e1 − e2 exp(iα)]〈Ein |R〉,

〈Ein | R〉 indicates coupling efficiency, e1 represents the
amplitude of the electric field perpendicular to the direction
of the metal strip, and e2 represents the amplitude of the elec-
tric field parallel to the direction of the metal strip in Fig.1.
Therefore, it can be obtained that the emitted light field
contains circularly polarized light with geometric phases.
If the rotation angle from 0◦ to 180◦ can be implemented,
the transmitted light wave can be obtainedwith phase changes
from 0◦ to 360◦.

B. FAR FIELD SCATTERING PRINCIPLE OF CODED
METASURFACES
Figure 2 shows the far field scattering diagram of 1-bit coded
metasurface in transmission mode. The yellow block and
the black block represent the ‘‘0’’ and ‘‘1’’ digital encoding
units, which correspond to the phase changes of 0 and π ,
respectively. And dx and dy respectively represent the length
of each coding unit in the x and y directions, and they are
scalars. 0x and 0y respectively refer to the super period of
encoding metasurface in the x and y directions. The coded
metasurface consists of an M × N square grid. Based on
the traditional phased array antenna theory [35], when a
plane wave is incident on the coded metasurface, the far-field
scattering can be expressed as

F(θ, ϕ)

=

∑M

m=1

∑N

n=1
Tm,ne−i(kdx (m−

1
2 )sinθcosφ+kdy(n−

1
2 )sinθsinφ)

(3)

where k is the wave number, Tm,n denotes the transmission
coefficient of unit structure (m, n), and θ and ϕ is the eleva-
tion angle and azimuth angle of scattering. For 1-bit coding
metasurface, the transmission coefficient of coding unit is
assumed to be approximately 1, and the phase difference of

FIGURE 2. Conceptual illustration of the transmission-type coding
metasurface to refract the normal incidence in anomalous direction.
Far-field scattering diagram of coded metasurface in transmission mode.

each coding unit is 0 or π , and ϕ0 = 0. Eq.(3) can be further
simplified as

F(θ, ϕ)∑M

m=1
e−i(kdx (m−

1
2 )sinθcosφ+mπ)

∑N

n=1
e−i(kdy(n−

1
2 )sinθsinφ+nπ )

(4)

Thus, the far-field scattering strength can be expressed as

|F(θ, φ)| = MN sin c(mπ )(p+
1
2

−
m
2
kdx sin θ cosφ) sin c(nπ (q+

1
2
)

−
n
2
kdy sin θ sinφ (5)

where p, q = 0, ±1, ±2 . . .. It can be obtained from Eq. (5)
that |F (θ, ϕ)| reaches its first extreme value, when it satisfy
the following conditions as

φ = ±tan−1
dx
dy
, φ = π ± tan−1

dx
dy
, (6)

θ = sin−1
(
π

k

√
1
d2x
+

1
d2y

)
(7)

When 0x = 2dx , 0y = 2dy, and k = 2π
/
λ, Eq.(7) can be

simplified as

θ = sin−1
(
λ

√
1
02
x
+

1
02
y

)
(8)

For the encoding metasurface, where the phase gradient
changes along one direction, such as 0x →∞, or 0y →∞,
Eq.(8) for the elevation angle θ of the anomalous beam can
be simplified as

θ = sin−1
(
λ

0

)
(9)

It should be noted that these functions also can be applicative
for coding metasurface with multiple bits or the reflection
coding metasurface.
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C. CONVOLUTION OPERATION PRINCIPLE OF ENCODING
METASURFACES
In digital signal processing system, the time domain signal
and frequency domain signal are Fourier transform pair. One
can convert the product of two signals in the time domain into
the convolution of two signals in the frequency domain, and
then invert it. So, this calculation can be expressed as

f (t) · g(t) FFT⇔ f (w) ∗ g(w) (10)

Similarly, the near-field distribution and far-field scattering
pattern of the coded metasurface sequences are also Fourier
transform pairs. Thus, an encoding metasurface sequence can
be equivalent to the time domain signal as t → xλ = T

/
λ,

where xλ is electric length. The far field scattering pattern
of encoding metasurface can be equivalent to the frequency
domain signal as ω → sinθ , where θ is scattering angle.
The time signal t and frequency signal ω in digital signal
processing can be similarly replaced by the coding sequence
and the far-field scattering mode respectively as

f (xλ) · g(xλ)
FFT
⇔ f (sin θ ) ∗ g(sin θ ) (11)

When g (ω) is the Dirac function, Eq.(10) can be further
derived as

f (t) · eiω0t FFT⇔ f (ω) ∗ δ(ω − ω0) (12)

Similarly, Eq.(11) can be further deduced as

f (xλ) · ei sin θ0xλ
FFT
⇔ F(sin θ − sin θ0) = F(sin θ − sin θ0),

(13)

where ei sin θ0xλ represents a coded sequence with unit ampli-
tude and gradient phase. The left-hand side of Eq.(13) rep-
resents the addition operation of two coded hypersurface
sequences, and the right-hand side of the formula represents
the addition operation of the corresponding scattering mode.
The new encoding sequence f (xλ) · eisinθ0xλ can be obtained
by adding the original encoding sequence f (xλ) to a gradient
phase encoding sequence eisinθ0xλ . At the same time, we can
obtain a new encoding sequence f (xλ) · e−isinθ0xλ by sub-
tracting a gradient phase codedmetasurface sequence eisinθ0xλ

from the original encoding sequence f (xλ). The negative
sign in the coding sequence e−isinθ0xλ indicates that it is the
opposite of the coding sequence eisinθ0xλ . It should be noted
that the scattering angles of the new encoding sequence after
Fourier convolution operation cannot be obtained by adding
or subtracting the scattering angles of the two encoding
sequences. The scattering angle of the new coded sequence
should be calculated by θ ′ = sin−1 (sinθ1 ± sinθ2), where
θ1 and θ2 represent the scattering angles of the two coded
metasurface sequences, respectively, and sinθ1 + sinθ2 < 1.

III. DESIGN OF ENCODING METASURFACE
Firstly, we need to design the unit structure encoding parti-
cles that encode the metasurface. It is known that both the
magnetic and electric resonances should be precisely con-
trolled for the transmissive metasurfaces. For a single layer

metasurface structure, the low efficiency can be predicted
due to only electric response realized in such structures.
Both electric and magnetic resonances can be achieved in a
multilayer system. Themagnetic response can be achieved by
interlayer coupling effect. The presence of both electric and
magnetic responses provides more freedom to tune the trans-
mission characteristics of meta-atoms. Also, the crucial role
of magnetic response is to achieve the impedance matching,
resulting in high efficiency of designed devices. Considering
the difficulty of preparing a metasurface, we hope to design
metasurface unit structure with as few layers as possible. The
metasurface structures with more layers are more difficult
to prepare. However, several double-layered transmittance
metasurface structures suffer from low efficiency [20], [21].
So, we propose a three-layer meta-atom unit structure, which
is expected that high efficiency can be achieved.

After precise optimization and design, we obtained the
transmission-based coding metasurface coding particle struc-
ture as shown in Fig.3. The top double bar metal structure
and its lower medium layer are regarded as one layer, and
the middle metal structure is considered as one layer. The
lower medium and double bar metal, which are symmetric
with the uppermost structure, are regarded as the third layer.
For the unit cell of encoding metasurface in Fig.3, the two
metal bars in each layer have exactly the same structure and
are arranged symmetrically. The copper material is used for
metal structure with the thickness of 100nm. The dielectric
layer uses polyimide material with the permittivity of 3.5.
In Fig.3(c)(d), a = 84 µm, w1 = 7µm, w2 = 18µm, L =
100µm, d = 88µm, and h = 30µm.

FIGURE 3. Schematic diagrams of designed meta-atom encoding unit cell.
(a) Separated three-layer structure. As the metal layer is relatively thin,
the first metal layer and the lower medium layer are regarded as one
layer, and the bottom metal layer and the medium layer are regarded as
one layer. The metal structure of the third layer is located below the
medium layer. The middle metal layer is a key layer, and the middle metal
layer is regarded as one layer. The whole meta-atom unit structure can be
regarded as a three-layer structure. (b) Schematic diagram of three-layer
unit structure designed. (c) Schematic diagram of the metal structure of
the first and third layers. The metal structure of the first layer is the same
size as the metal structure of the third layer. (d) Schematic diagram of the
intermediate metal layer.

164798 VOLUME 8, 2020



X. Jing et al.: Manipulation of Terahertz Wave Based on Three-Layer Transmissive Pancharatnam-Berry Phase Metasurface

When a beam of light is incident on the metasurface, there
will be four beams, normal reflection, abnormal reflection,
normal transmission and abnormal transmission as

Tn ≡
∣∣txx + tyy∣∣ 2/4

Rn ≡
∣∣rxx + ryy∣∣ 2/4

Ta ≡
∣∣txx + tyy∣∣ 2/4

Ra ≡
∣∣rxx − tyy∣∣ 2/4

(14)

In order to obtain high efficiency abnormal transmission,
other beams should be suppressed. Based on Eq. (14), it can
be seen that if themetasurface element structuremeets the fol-
lowing conditions, higher abnormal transmission efficiency
can be obtained as

rxx = ryy = 0,

| txx | =
∣∣ tyy∣∣ = 1,

arg(txx) = arg(tyy)± π (15)

By using the finite integral method, we obtain the initial unit
structure of the coded metasurface after optimization design.
The amplitude and phase of transmission are shown in Fig.4.
It can be seen that the higher transmission above 0.89 can
be achieved, and the phase difference of π can be obtained
for the two cross polarization incidence at 0.737THz. These
amplitude and phase conditions basically satisfy Eq.(5), and
the Pancharatnam-Berry phase encoding particles can be
obtained by rotating this designed unit structure when the
circularly polarized wave is incident.

FIGURE 4. (a) The co-polarized transmission magnitude, (b) The
co-polarized transmission phase shift.

Next, we will construct four 2-bit coded particles by rotat-
ing the unit structure as shown in Table 1. When α = 0◦,
α = 45◦, α = 90◦, and α = 135◦ in Table 1, we can
define respectively them as encoding particles ‘‘0’’, ‘‘1’’,
‘‘2’’, ‘‘3’’. The phase variations of the four coded particles
for the cross-polarized wave are shown in Fig.5 when the
left-handed circularly polarization wave is incident. It can be
seen that at 0.737THz a phase change of nearly 90 degrees
can be obtained between the four coded particles. Thus, these
four coded particles can accurately construct 2-bit coded
metasurfaces by rotating at different angles.

IV. FOURIER CONVOLUTION OPERATION OF ENCODING
METASURFACE SEQUENCES
Next, we will construct three basic coding metar-
surface sequences by using four coding particles as

TABLE 1. Four 2-bit encoding particles.

FIGURE 5. The phase variation of the four coded particles with the
different rotation angle of the initial structure.

S1(00112233 . . . . . .), S2(000111222333 . . . . . .) and
S3(0000111122223333 . . . . . .). Figure 6(a) show respec-
tively the schematic diagram of three basic sequence cod-
ing metaurfaces. The corresponding scattering angle for the
cross-polarization wave is shown in Fig.6(b) and Fig.6(c)
when the left-handed circularly polarization wave is inci-
dent. It can be seen that the transmitted scattering angles of
27◦, 19◦, and 14◦ for the encoding sequences S1, S2, and
S3, respectively, can be obtained by numerically simulation.
For the encoding metasurfaces S1, S2, and S3, the phase
gradient changes are along x-direction with 0y → ∞. For
S1, S2, and S3, the corresponding super-periods of encoding
metasurfaces are of Tx = 8L,Tx = 12L and Tx = 16L,
respectively, with L= 100µm. Based on Eq.(9), the scattering
angles can be calculated theoretically as

θS1 = arcsin
λ

Tx
= arcsin

300÷ 0.737
8× 100

= 30.59

θS2 = arcsin
λ

Tx
= arcsin

300÷ 0.737
12× 100

= 19.83

θS2 = arcsin
λ

Tx
= arcsin

300÷ 0.737
16× 100

= 14.73.

After calculation, the transmitted scattering angles of
30.59◦, 19.83◦, and 14.73◦ for the encoding sequences S1,
S2, and S3, respectively, can be obtained. The numerical sim-
ulation results are in agreement well with that of theoretically
calculations. Equation 9 presents a relation between super
period and scattering angle at a fixed wavelength. In designed
sequences S1, S2, and S3, each element is repeated two, three
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FIGURE 6. (a) Encoding metasurface sequences S1, S2, and S3,
(b) transmitted three-dimension scattering for three encoding
metasurface sequences, respectively. (c) The corresponding two
dimensional angle of scattering.

and four times adding another periodicity. If we use the PB
cell structure to design the coding sequences as S1, S2 and
S3 with the same period and without the repetitions of unit
cells, the far field scattering angle of the coded metasurface
sequences does not change according to Eq.(9). However,
the scattering efficiency may be improved because of the
momentum matches between the particles.

Based on the generalized Snell’s law and far field scattering
characteristics of encoding metasurface, the scattering angle
mainly depends on the period of the coded metasurface.
However, the period of the coded metasurface cannot change
continuously due to the size limitations of the coded particles.
If one wants the transmission scattering angle to be freely
controlled, one needs to use the addition and subtraction
operation of the coded metasurface sequences. Analogous
to the Fourier convolution operation in digital signal pro-
cessing, the coded metasurface sequences can be added or
subtracted to obtain a new coded metasurface sequence, real-
izing the free control of scattering angle. For example, for
the basic gradient encoding sequences S1(00112233. . . . . . ),
S2(000111222333. . . . . . ) and S3(0000111122223333. . . . . . ),
the four-bit operation can be performed based on these basic
sequences and Fourier convolution principle, such as 0+0 =
0, 0+3 = 3, 2+2 = 0, 3+2 = 1, 3+3 = 2, and so on. Also,
the four-bit operation can be used to the subtraction manip-
ulation of Fourier convolution principle for two encoding
sequences. So, the new encoding sequences S4 and S5 can be
obtained as S4 = S1− S3 = 3300001111222233 . . . . . . and
S5 = S1 + S3 = 0011220022331122 . . . . . . .., respectively.
The addition and subtraction operations for the two basic
coding sequences S1 and S3 are shown in Fig.7. Two new
coded metasurface sequences of S4 and S5 can be obtained.

FIGURE 7. (a) Subtraction operation for two basic coding sequences
S1 and S3, a new sequence S4 is obtained. (b) Addition operation for two
basic coding sequences S1 and S3, a new sequence S5 is obtained.

For the new encoding metasurface sequences of S4 and S5,
the scattering pattern is indicated in Fig.8. The transmitted
scattering angles of 14◦ and49◦ can be obtained by numer-
ically simulation for the encoding metasurface sequences
S4 and S5, respectively. According to Fourier convolution
principle of encoding metasurfaces in Eq.(13), the theoreti-
cally scattering angles can be calculated as 14.74◦ and 49.74◦

for the encoding sequences S4 and S5, respectively. It can be
seen that the numerical results are in good agreement with the
theoretical results. The addition and subtraction principles of
coded metasurface sequences are further proved.

FIGURE 8. (a) 3D scattering pattern for S4 and S5, respectively, (b) The
corresponding 2D scattering angle for S4 and S5, respectively.

Moreover, the addition and subtraction operation for
two basic coding sequences S1 and S2 can be imple-
mented, and the two new encoding metasurface sequences
S6 and S7 can be obtained in Fig.9. S6 = S1 + S2 =
001233112300223011330122, and S7 = S1 − S2 =
330300001011112122223233. Four-bit Fourier convolution
operation of S1 and S2 is verified to obtain a different
deflection angle under the left-handed circularly polarization
wave as shown in Fig.9. Figure 9(b) and Fig.9(c) show the
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FIGURE 9. (a) Encoding metasurface sequences for S6 and S7,
respectively. (b) The corresponding 3D transmitted scattering pattern.
(c) 2D scattering pattern.

far-field scattering patterns of S6 and S7. The abnormal
deflection angles of the encoding sequences S6 and S7 are
57◦ and 10◦, respectively, which is basically consistent with
the theoretical results of 58◦ and 9.76◦. Fourier convolution
addition and subtraction for different basic coding sequences
(S1, S2, and S3) can be performed. Next, we will add and
subtract the coded metasurfaces of non-basic sequences. For
the non-basic encoding sequences S6 and S7, the addition
operation can be made as S8 = S6+ S7 = 33113311 . . . . . ..
However, the sine of theoretical scattering angle is larger
than 1 according to Eq.(9). As shown in Fig.10, some energy
is emitted along the horizontal plane. The subtraction cal-
culation of the Fourier convolution principle for S6 and S7
can be performed as S9 = S6 − S7 = 333111333111.
Figure 11 shows the new encoding sequence S9 and the
corresponding scattering pattern. The theoretical scattering
angle is 42.72◦, which is in good agreement with that of
numerical simulation.

To further demonstrate that Fourier convolution can be
applied to general checkerboard coding sequences, we will
give the addition operation of checkerboard encoding and
phase gradient encoding sequence S1. The chessboard coding

pattern can be expressed by matrix M as M =

(
0 2
2 0

)
,

where each digit consist of 3∗3 identical encoding parti-
cles. The whole chessboard encoding metasurface is shown

FIGURE 10. (a) The new encoding metasurface sequence S8, (b) the
corresponding scattering pattern.

FIGURE 11. (a) Encoding metasurface sequence S9, (b) the corresponding
scattering pattern, (c) 2D scattering pattern.

in Fig.12(a). Four beams with equal angle of θ with respect
to the z-direction are indicated in far-field scattering pat-
tern. Next, we introduce a gradient coding sequence S1
(00112233. . . . . . ) along the horizontal direction as shown
in Fig.12(b). After addition operation between the chess-
board encoding metasurface and S1, the new chessboard
encoding metasurface sequence can be obtained in Fig.12(c).
The corresponding transmitted scattering pattern is shown
in Fig.12(c), and it can be seen that the whole pattern is tilted
away from the z-direction.

FIGURE 12. Fourier convolution operation of addition for checkerboard
encoding metasurface sequences, (a) the checkerboard encoding
metasurface sequence, (b) Phase gradient variation encoding metasurface
sequence S1, (c) the new checkerboard encoding metasurface sequence.

V. VORTEX BEAM GENERATION OF ENCODIN
METASURFACES
Orbital angular momentum (OAM) beam carries the orbital
angular momentum with a helical phase, and the light field
expression contains the phase factor e−jlφ associated with
azimuth angle φ and integer topological charges l. Because of
its unique properties, the orbital angular momentum beam has
awide range of applications inmicro-manipulation [36], [37],
communication [38], [39], biomedicine [40] and information
storage [41], [42], and many other fields [43]–[45]. Here,
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we designed an encoding metasurface phase plate consisting
of an array of 20∗20 scatters that constructed by dividing the
whole surface into eight consecutive segments. The phase
increments between two adjacent segments are π /4 for OAM
mode l = 1 in Fig.13(a). Figure 13(b) shows corresponding
far-field scattering intensity distribution of the whole vortex
beam. The corresponding phase distribution of transmission
is indicated in Fig.13(c). The broadband far-field scattering
characteristics of vortex beam generator with l = 1 from
0.6THz to 1.0THz is demonstrated in Fig.14. The phase
increments between two adjacent segments are π/2 for the
topological charge number l = 2 as shown in Fig.15. It can
be seen that the OAM beam patterns are very obvious in the
magnitude and phase profiles. In Fig.15(b), the null point in
the center of the electric magnitude distribution is demon-
strated, and the phase rotation from 0 to 4π in Fig.15(c)
is disclosed for l = 2. The broadband far-field scattering
characteristics of vortex beam generator with l = 2 from
0.68THz to 0.88THz is demonstrated in Fig.16.

FIGURE 13. (a) Phase plate design based on coded metasurface for l = 1
at 0.74THz, (b) corresponding far-field scattering intensity distribution,
(c) phase profile.

FIGURE 14. The broadband far-field scattering characteristics of vortex
beam generator with l = 1, (a) at 0.6THz, (b) at 0.74THz, (c) at 0.86THz,
(d) at 1.0THz.

Table 2 demonstrates the comparison of the pro-
posed orbital angular momentum beam generator by using
three-layer Pancharatnam-Berry phase coding meta-atoms
with previous works in terms of the structure, the number
of layer, the thickness, the bandwidth, the polarization and
the efficiency. Compared with previously proposed gen-
erators of OAM [46]–[57], the significant advantages of
our proposed OAM generator are the potential simplicity
of design and preparation and its high efficiency in wide

FIGURE 15. (a) Phase plate design based on coded metasurface for l = 2
at 0.74THz, (b) corresponding far-field scattering intensity distribution,
(c) phase profile.

FIGURE 16. The broadband far-field scattering characteristics of vortex
beam generator with l = 2, (a) at 0.68THz, (b) at 0.74THz, (c) at 0.79THz,
(d) at 0.88THz.

bandwidth. Most of the previous designs of OMA gen-
erators used the resonance type of meta-atoms structure,
and the delicate and time-consuming design is required
by using the change of the element structure parameters.
In our design, the three-layer highly efficient Pancharatnam-
Berry phase encoding metasurface particles are proposed,
and the phase control can be realized by rotating simply
the unit structure angle. We arranged these coded particles
with different rotation angles to construct the orbital angu-
lar momentum beam generator with different topological
charges. Also, our proposed OAMgenerator has a broad band
effect with Pancharatnam-Berry phase encoding meta-atoms,
which overcomes the intrinsic dispersion of the conventional
OAM generators.

Thus, we have proposed the three-layer high
efficiency transmissive Pancharatnam-Berry phase meta-
surface to freely manipulate the scattering angle of tera-
hertz waves. Also, the orbital angular momentum beam
with different topological charges can be generated by
using our designed metasurfaces. In fact, the transmissi-
ble metasurfaces may be more useful in practical applica-
tions than the reflective metasurfaces. Transmission effi-
ciency is a key parameter of transmissible metasurface
devices. However, the realization of high efficiency for the
transmissive Pancharatnam-Berry phase metasurface devices
is difficult, especially in ultrathin metasurfaces. Recently,
a single layer transmissive Pancharatnam-Berry phase meta-
surface was proposed, and the maximum achievable effi-
ciency was theoretically predicted to be 25% due to only
electric responses [19], [58], [59]. For the transmissive
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TABLE 2. Comparison of the proposed vortex beam generator with other works.

Pancharatnam-Berry phase metasurfaces, both the electric
and magnetic resonant responses should be precisely con-
trolled to achieve high efficiency and phase change cover-
ing 2π . The bilayer transmissive Pancharatnam-Berry phase
metasurfaces with the double split loop or enclosed H-shape
were proposed [30]. The periodic unit cell transmittance for
designed metasurfaces can be achieved to be about 70%.
Moreover, a bilayer transmissive Pancharatnam-Berry phase
metasurface with the complementary split ring resonators
was proposed, but the maximum of 55% conversion effi-
ciency to generate the orbital angular momentum beam
was observed [60]. In our work, we proposed the transmis-
sive three layer Pancharatnam-Berry phase metasurface to
realize high efficiency of near 80%. Compared with those
reported transmissive Pancharatnam-Berry phase metasur-
faces, the transmission efficiency of devices with the three
layer structure in our work can be enhanced. By using trans-
missive Pancharatnam-Berry phase metasurfaces, a variety of
functional devices can be implemented such as the photonic
spin Hall effect, the beam deflection, the holographic imaging
and so on [61]. Importantly, our designed high efficient
three-layer transmitted Pancharatnam-Berry phase metasur-
face can be used to realize freely control of terahertz beam
scattering angle by using the Fourier convolution principle.

Although the results of numerical simulation are pre-
sented in this paper, the preparation of the three-layer high-
efficiency transmissiblemetasurfaces proposed by us can also
be realized [10]. The preparation process mainly includes
the traditional photolithography and the preparation of metal
films. Firstly, a thick metal layer can be manufactured by
using the electron beam evaporation method on silicon wafer.
Then, a polyimide layer is spun onto the metal layer and
baked on a hot plate. The spinning and baking processes can
be repeated twice to produce a thicker polyimide layer. Next,
the standard lithography processes can be implemented. The
final single metal structure can be obtained through a liftoff
process. Finally, the metal pattern and polyimide layers can

be separated from the silicon substrate, and the monolayer
metasurface structures can be obtained. The above process
can be repeated to obtain the other two layers of metasurface
structures. The experimental bonding method can be used to
obtain the three-layer transmissible metasurface structure.

In order to measure the scattering characteristics of the
prepared samples, the far-field in-plane scanning measure-
ment with a rotary terahertz time domain system (THz-TDS)
can be performed. The fiber-based terahertz photoconductive
antennas can be used to generate and receive the terahertz
signals in time domain. The optical stabilization platform and
the rotary stage should be used for the transmitter and the
receiver. In the measurement, the receiver can be rotated in
the horizontal plane to record the electric fields scattered from
the samples.

It should be noted that all dielectric metasurface struc-
tures have been proposed in our previous paper [62], and
the element structure of the proposed metasurface belongs
to resonant type of metasurfaces [63], [64]. This kind of
resonance phase metasurface can move the resonance fre-
quency through the change of structural parameters, and then
change the phase of a certain frequency point, resulting in
phase mutation. However, this resonance type metasurface
has some problems. Because the phase mutation comes from
the structural resonance, this leads to the limited working
bandwidth of the resonance phase metasurface. At the same
time, it also requires precise design and processing of struc-
tural dimensions with small differences to accurately control
the phase. Moreover, the thickness of all-dielectric metasur-
face structure we have proposed before is relatively large,
which causes the difficulties in preparation in the terahertz
band. Here, in order to solve these problems, we propose
a transmissive three-layer Pancharatnam-Berry phase meta-
surface. This geometric Pancharatnam-Berry phase electro-
magnetic metasurface is composed of the same artificial
microstructure with different rotation angles. It can realize the
phase mutation of the transmitted wave by simply changing
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the rotation angle of the microstructure, thereby realizing
manual control of the phase gradient or distribution. This
kind of Pancharatnam-Berry phase metasurface can greatly
reduce the complexity of design and fabrication. The emer-
gence of this geometric phase electromagnetic metasurface
gives us more freedom to manipulate electromagnetic waves.
More importantly, the unit particles of this transmissive
Pancharatnam-Berry phase microstructure can be precisely
encoded to construct the encoding metasurface. By using
Fourier convolution principle in digital signal processing,
the addition and subtraction operations on the high efficient
transmissive Pancharatnam-Berry phase metasurfaces with
different sequences can be implemented to obtain a new
coding sequence and realize freely manipulation of terahertz
waves.

VI. CONCLUSION
We propose a three-layer PB phasemetasurface structure, and
the transmission efficiency is significantly higher than that
of single-layer and double-layer structures. In the terahertz
band, we encode the proposed unit particles to construct
the coded metasurface with different encoding sequences.
In order to realize the free control of the transmission scatter-
ing angle of the coded metasurface, we introduce the Fourier
convolution principle and perform 4-bit addition and sub-
traction operations on different coded metasurface sequences
to obtain new coded sequences. In addition, the proposed
PB phase coded particles are used to construct phase plates
to generate orbital angular momentum beams with different
topological charges.
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