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Coding metasurfaces have attracted tremendous interests due to unique capabilities of manipulating electromagnetic
wave. However, archiving transmissive coding metasurface is still challenging. Here we propose a transmissive anisotropic
coding metasurface that enables the independent control of two orthogonal polarizations. The polarization beam splitter and
the orbital angular momentum (OAM) generator have been studied as typical applications of the anisotropic 2-bit coding
metasurface. The simulated far field patterns illustrate that the x and y polarized electromagnetic waves are deflected into
two different directions, respectively. The anisotropic coding metasurface has been experimentally verified to realize an
OAM beam with [ = 2 of right-handed polarized wave, resulting from both contributions from linear-to-circular polarization
conversion and the phase profile modulation. This work is beneficial to enrich the polarization manipulation field and

develop transmissive coding metasurfaces.

Keywords: transmissive coding metasurfaces, polarization control, orbital angular momentum

PACS: 81.05.Xj, 42.25.Ja, 78.67.Pt, 42.25.Bs

1. Introduction

Compared with traditional bulk optical elements, meta-
surfaces have many advantages such as ultrathin thicknesses,
easy fabrications, flexible designs and planar geometries,
which provide a promising approach to achieve flat optical
components.[?! Metasurfaces unlock a myriad of novel ap-
plications, such as flat lens,>3) beam controllers,®7! and

8-101 polarization is an important characteristic of

holograms. !
electromagnetic (EM) wave. Different from isotropic meta-
surface, anisotropic metasurface can manipulate two orthog-
onal polarized waves independently and can be applied in
polarization encrypt,!'!=13] polarization imaging,!'*!>! beam

[16-18 s.[1%7" Combining

shaping, 1 and optical communication
the propagation and geometric phases, anisotropic metasur-
face can achieve independent phase profiles of arbitrary or-
thogonal states of polarization, thus makes anisotropic meta-
surface with versatile applications in multifunctional flat
device.[20-21]

Coding and digital metasurfaces
and demonstrated in 20142223

a rapid development in recent years.

were proposed
and have experienced
Coding metasur-
faces have been studied from microwave,?*2°! terahertz
electromagnetics**3# to acoustics.!*33¢] Coding metasur-
faces offer a powerful platform for manipulating EM waves
in both the space and frequency domains by controlling dif-
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(253337391 Coding metasur-

ferent digital coding sequences.
faces bridge the gap between the digital world and physical
world. With the help of spatial and temporal modulation,
non-linear harmonic manipulation and high-order orbital an-

m, "1 coding metasurfaces

gular momentum (OAM) bea
exhibit great potentials in wireless communication systems.
EM waves carrying OAM have attracted tremendous attention
since OAM was discovered in 1992,[4 where their phase pro-
files can be described using the term el’? (I is the topological
charge and ¢ is the azimuthal angle). The OAM beams can be

o [47-49 50,511

generated by spiral phase plat ! diffraction grating,!

(52,53] 54,55]

spiral and twisted reflectors, circular phase arrays, !
and metasurface.!>-%!l Intrinsically, the OAM beams with
different topological charges are orthogonal, thus they can
increase the capacity of communication system. As a result,
OAM-based information transmission is important in coding
metasurface-based communication system.**) Most of the
OAM beam generators based on coding metasurfaces oper-

274451611 However, transmissive

ate in the reflection mode.!
coding metasurfaces are highly desirable to manipulate the
polarization state of wave and generate OAM beam, for in-
stance fiber communication systems, %>~ thus it is necessary
to investigate an anisotropic coding metasurface operating in
the transmission mode.

In this work, an anisotropic coding metasurface is pro-
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posed to independently manipulate electromagnetic responses
of x and y polarizations. The proposed metasurface is com-
posed of cascaded cross-shaped structures to achieve high
transmission and full phase coverage in the microwave fre-
quency range. The phase responses of anisotropic cross-
shaped metamaterial can be easily modulated by varying the
lengths of stripes along the x and y directions.!%>-%7] Based on
such transmissive anisotropic coding metasurfaces, a polariza-
tion beam splitter has been designed to completely deflect in-
cident x- and y-polarized waves. An OAM beam generator
of circularly polarized wave with / = 2 has been proposed in
terms of orthogonal polarization manipulation and experimen-
tally studied. This work paves a way to design transmission-
type coding metasurfaces that are required in various systems.

2. Metamaterial design

Coding metasurfaces will be more widely applied in 6G
communications, antennas and polarization manipulation than
conventional designs.[%®74 In general, a single layer meta-
surface cannot achieve a full 27 phase modulation and a high
transmission together. [75] Here, a four-layered cascaded meta-
surface with F4B dielectric spacer (g, = 2.65, tand = 0.001)
is designed. For fabrication consideration, two prepreg layers
(& = 4.2) are also added between the metallic sheet and the
dielectric spacer to facilitate a tight combination of two adja-
cent F4B layers. The thicknesses of the dielectric spacer and
the prepreg layer are 1.5 mm and 0.1 mm, respectively. The
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period p of the meta-atom is 11 mm. As depicted schemat-
ically in Fig. 1(a), the meta-atom is composed of a stack of
metallic cross-shaped patches, dielectric spacers and prepreg
layers. The simulated electromagnetic responses of the cod-
ing metasurface were obtained by commercial software CST
Microwave Studio. The phase profile of x (y) polarization
is sensitive to the length of the rod in the horizontal (verti-
cal) direction while the length change along the x (y) direc-
tion has little effect on the phase profile of y (x) polariza-
tion, thus the cross-shape structure is suitable for designing

65671 The 2-bit anisotropic coding

anisotropic metasurface.!
metasurface can be directly achieved by adjusting the lengths
(dy and dy) and width (w) of the cross-shaped meta-atom.
dy = dy, =7.9 mm, 4 mm, 9.54 mm, and 9.1 mm are selected
to construct four different meta-atoms locating along the di-
agonal in Fig. 1(c), while the width (w) of both the horizontal
and vertical metal patches is 4 mm in these four meta-atoms.
The phase and transmission amplitudes of four meta-atoms for
x and y polarization are the same since the four meta-atoms
in the diagonal are isotropic. The phase responses of four
meta-atoms are 77.83°, —13.75°, —101.5°, and —192°. Ob-
viously, two adjacent meta-atoms have nearly 90° phase dif-
ferences. The transmission amplitude is above 0.82, as de-
picted in Fig. 1(b). With respect to the required phase profiles
of incident x- and y-polarized waves, digital meta-atoms are
comprehensively considered. All the 16 meta-atoms involving
in 2-bit anisotropic coding metasurface is shown in Fig. 1(c)
and their parameters are listed in Table 1.
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Fig. 1. Schematic diagram of the 2-bit transmissive anisotropic meta-atoms. (a) Perspective view of typical anisotropic meta-atom. (b) The phase and
amplitude responses of four isotropic units “00/00”, “01/01”, “10/10”, “11/11”. The four structures are arranged along the diagonal in panel (c). (c) The 16

meta-atoms in 2-bit anisotropic coding metasurface.
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Table 1. Structure parameters of 2-bit anisotropic coding metasurface.

(dy, dy, w) (mm) 00 01 10 11
00 (7.9,7.9,4) (0,7.6,3) (9.579,4) (9.1,7.9,4)
01 (7.6,0,3)  (4,4,4) (8.64,0,3) (83,0,3)
10 (7.9,9.5,4) (0,8.64,3) (9.54,9.54,4) (9.1,9.54, 4)
11 (7.9,9.1,4) (0,83,3) (9.54,9.1,4) (9.1,9.1,4)

As for the 2-bit coding metasurface, 90° phase differ-
ence of the digital meta-atom more contributes to the per-
formance of the coding metasurface rather than the absolute
phase value.*! The 2-bit coding metasurface has four differ-
ent digital states with 90° phase difference that are labeled as
“007, “017, “10”, and “11”. The expression of “00/01” in-
dicates the combination of different digital states (transmis-
sion phase) under the illumination of x/y polarized waves. Al-
though the 16 meta-atoms illustrated in Fig. 1(c) do not ful-
fil the absolute phase value of the digital state, the prerequi-
site of 90° phase difference enables them to form 2-bit cod-
ing metasurface. Therefore, anisotropic coding metasurface
can be proposed to independently manipulate two orthogonal
polarizations, next a polarization beam splitter and an OAM
generator will be investigated.

3. Polarization beam splitter

To demonstrate flexible EM wave manipulation of
anisotropic 2-bit coding metasurface, a polarization beam
splitter is designed to separate x and y polarized waves into
different directions. As shown in the following matrix M,
the anisotropic coding metasurface is encoded with the same
coding sequence “00”, “01”, “10”, “11” along the x and y di-
rections for incident x and y polarized waves, respectively;

00/00 00/01 00/10 00/11
01/00 01/01 01/10 01/11
10/00 10/01 10/10 10/11
11/00 11/01 11/10 11/11

To minimize the coupling effect between adjacent unit cells,
each digit is represented by a 2 x 2 super unit cell. Figure 2
shows 3D and 2D results for x, y and 45° linear polarized
waves propagating along the +z direction, respectively. As
shown in Figs. 2(a) and 2(b), incident x polarized EM wave
is refracted into the xoz plane and incident y polarized EM
wave is refracted into the yoz plane. If the incident wave is
45° linear polarized, x- and y-polarized components are re-
fracted into different directions, indicating that the anisotropic

®) =180°
40, ¢=

Gain (dB)

—20

405 10 20 30 40 50 60 70 80 90

0()

(d) 6 =270°

=405 10 20 30 40 50 60 70 80 90

()
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\'\.‘ . y polarization ¢ =270°
TN

\ ;
\ / A\

0 10 20 30 40 50 60 70 80 90
()

Fig. 2. Simulated 3D far field pattern (a)—(c) and 2D radiation pattern (d)—(f) of the polarization beam splitter. 8 and ¢ are the elevation and azimuth angles of
an arbitrary direction. Panels (a) and (b), (c) and (d), and (e) and (f) show the results of the polarization beam splitter under the illumination of x polarization,
y polarization and 45° linear polarization respectively. Panels (d) and (e) show the results in ¢ = 180° and ¢ = 270° planes. Panel (f) shows the gain maps
of x and y polarizations in ¢ = 180° and in ¢ = 270° planes, respectively. The transmitted waves of x and y polarization refract into different directions. The

deviation angle in panels (d)—(f) is 21°.
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coding metasurface works well as a polarization beam split-
ter. The deviation angle 0 (defined as the angle between the
wave vector and z axis) can be calculated as 8 = arcsin(A/T"),
where A is the wavelength in the free space and I' is the peri-
odic length of the structure. At 9.44 GHz, the calculated devi-
ation angle 0 of the coding metasurface is about 21°. This
phenomenon can be clearly seen in Figs. 2(e) and 2(f) and
the main beam is anomalously refracted along the direction
6 = 21°. The calculated and simulated results show a good
agreement with each other. The intensities and deviation an-
gles of x and y polarized EM waves are exactly the same. The
proposed polarization beam splitter is capable of totally sepa-
rating x- and y-polarization components.

4. OAM beam generator

Anisotropic metasurfaces are usually utilized to manip-
ulate the polarization state of EM wave. Besides the polar-
ization manipulation, the phase profile can also be controlled
by anisotropic metasurface to achieve some novel applications
such as holography, *!l meta-lens,!**! RCS reduction,!”®! and
vortex beam.!”’l Here, an anisotropic coding metasurface is
designed to achieve both polarization conversion and the phase
control of a normally incident plane wave. In order to ob-
tain 90° phase difference between x- and y-polarized waves
and their equal transmittance, 4 coding meta-atoms “00/01”,
“01/107, “10/11”, and “11/00” are adopted among the afore-
mentioned 16 elements. Actually, such anisotropic coding
metasurface can be regarded as a quarter wave-plate and con-
vert incident 45° polarized wave to right-handed circular po-
larization. More importantly, right-handed circular polariza-
tion waves outputting from these 4 coding meta-atoms have
90° phase difference one by one and high transmission is

achieved in the vicinity of 9.44 GHz, illustrated in Fig. 3. It
can be seen that the transmission amplitude can reach above
0.84 in all cases and the phase difference between two adja-
cent meta-atoms is always nearly 90° .

200 (a) ! ;f 1.0 (b) \

100 E Z 0.8
< : 4 !
° £ 0.6 \
2 ° :
2 —100f —00/00 —g 0.4 !
A —01/01 pe )
—200} —10/10 50.2 |
—11/11 £ !
< X

|
w
o
=)
o

7 8 9 10
Frequency (GHz)

6 7 8 9 10
Frequency (GHz)

=)

Fig. 3. (a) The phase responses of right-handed circularly polarized wave
emerging from 4 coding meta-atoms “00/01” (blue line), “01/10” (orange
line), “10/11” (green line), and “11/00” (purple line). (b) The magnitude re-
sponses of 4 coding meta-atoms. In panels (a) and (b) the incident wave is
45° linearly polarized.

The coding metasurface with 4 meta-atoms is proposed to
design an OAM beam generator with [ = 2. The designed cod-
ing metasurface is shown in Fig. 4(a), which is composed of
40 meta-atoms along both the x and y directions. The incident
45° linearly polarized wave propagates along the 4z direction.
The simulated near field results of circular polarized transmit-
ted field are shown in Figs. 4(b) and 4(c). The observed area
of 450 mm x 450 mm is placed 200 mm away from the sur-
face of the coding metasurface. As expected, there is a null
point in the center of the intensity profile and the phase profile
exhibits 47 phase rotation in the azimuth direction. Thus, the
generation of the OAM wave with [ = 2 is confirmed by both
doughnut shape magnitude and spiral phase distribution. The
resolution of the OAM field can be improved using multi-bit
coding metasurface.

(a) 01/10 (b) (c)
10/11 / Magnitude Phase
450 S 1.0 180
120
11/00 00/01 0.8
300 | 60
g | 0.6
) 0
> 0.4
150 —60
00,01 11/00
0.2 ~120
00 150 300 450 0 300 —180

01/10

10/11

Fig. 4. (a) The configuration of the coding metasurface for generating an OAM beam with / = 2. The simulated (b) magnitude and (c) phase profiles at the
plane 200 mm away from the metasurface surface.

To experimentally verify the OAM performance of the
proposed coding metasurface, a 440 mm x 440 mm cod-
ing metasurface was fabricated by standard PCB fabrication
technique. The fabricated coding metasurface is shown in

Fig. 5(a), which consists of 40 x 40 meta-atoms. The near

field experimental configuration is shown in Fig. 5(b). The
experiment was conducted in a microwave anechoic chamber.
The linear polarized horn antenna was placed 600 mm away
from the coding metasurface to launch a quasi-plane wave.

The x and y polarized electric fields 200 mm away from the

098102-4
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coding metasuface were recorded by the probe. Thus, the
right handed circularly polarized EM field can be obtained by
Egire = E, +1Ey. The probe scanned the sample plane with 45
scanning points and the interval between each scanning point
was 10 mm (~ A /3).

Fig. 5. (a) The fabricated sample and (b) the measurement setup.

The measured near field patterns of the fabricated coding
metasurface at 9 GHz, 9.6 GHz, and 10 GHz are shown in

IO.G

Magnitude

(a) 440 v.
\J
»

200’
' X

y (mm)

O0 200 440

Magnitude

(b) 440

SF
Y
£ 200‘

0O 200 440 0
Magnitude
(c) 440 b’ - 0.6
“ ’ I

Fig. 6. It can be seen in Figs. 6(a)-6(c), the doughnut shaped
magnitude patterns are obtained and the 47 spiral phase in
Figs. 6(d)-6(f) indicates that the topological charge is [ = 2.
Simulation and experiment results are basically in a good
agreement with each other, despite a slight fluctuation at the
working frequency. The fabricated metasurface experimen-
tally shows an acceptable performance in three frequencies.
The discrepancy and flaw may be caused by the imperfect
sample fabrication and the finite sample size. Besides the pre-
design working frequency, the coding metasurface exhibits a
good performance of the OAM beam with / = 2 in the fre-
quency range of 9 GHz—10 GHz. It is known that the propa-
gation phase caused by resonance mechanism always have a
narrow working bandwidth. Thus, it is useful for the coding

metasurface to work in a relatively wide bandwidth.

z (mm)

Fig. 6. The measured magnitude and phase distributions of the emerging OAM beam in the x—y plane 200 mm away from the metasurface surface. The
coding metasurface is illuminated by normally incident 45° linear polarization at (a)—(d) 9 GHz, (b)—(e) 9.6 GHz, (c)—(f) 10 GHz.

5. Conclusion

In summary, we have designed a transmission-type
anisotropic coding metasurface composed of four layered cas-
caded metallic patterns. Polarization beam splitter based on
coding metasurface has been numerically verified to com-

pletely refract two polarizations into two different directions.

The anisotropic coding metasurface has been experimentally
demonstrated to realize an OAM beam with [ = 2 of right-
handed polarized wave, benefiting from linear-to-circular po-
larization conversion and the phase profile modulation. This
work may pave a possible way to design a transmission type of

direct-modulation wireless communication system and novel
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coding metasurfaces.
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