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Controlling spin-to-orbital angular momentum (OAM) conversion plays an important role in many opti-
cal and wireless communication applications. While independent control of different circular-polarized
(CP) wavefronts could offer an ultimate degree of freedom in designing advanced multifunctional spin
devices, most metasurfaces only provide dependent wavefront control. We propose a reflective dual-
helicity decoupled coding metasurface to completely realize independent control of OAM vortices for
two orthogonal helicities. The element combines both the propagation phase and geometric phase, thus
overcoming the inherent limitation encountered by conventional geometric phase elements whose phase
responses are constrained to be opposite values for different CP wavefronts. Several design examples for
independently generating OAM vortices in the microwave region are presented where a free combination
of different OAM modes, helicity, as well as complex spatial beam editing can be fully achieved. Exper-
iments show good agreements with the full-wave simulations, successfully verifying the design theory.
The proposed method could offer an alternative platform for designing high-performance devices with
independent CP wavefront manipulations, which may enhance the information capacity of metasurfaces
and trigger versatile electromagnetic (em) wave function integrations for advanced compact systems.
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I. INTRODUCTION

Since Maxwell’s equations were developed and radio
waves were first produced in the 19th century, unremit-
ting efforts have been made to pursue arbitrary control
of electromagnetic (em) waves. In recent years, metama-
terials with artificially engineered structures show great
potential in manipulating em waves due to their peculiar
characteristics that are not available with natural materi-
als such as negative permittivity, negative permeability,
and so on [1–4]. Although the emergence of metamate-
rials has significantly enhanced the ability to manipulate
em waves, the bulky three-dimensional (3D) configuration,
complicated design, and considerable insertion loss still
hinder their further practical applications. Metasurfaces,
as the planar version of metamaterials, could potentially
overcome these severe limitations due to their advantages
of intrinsic simple geometric configuration and ultimate
low profile [5–11]. In addition, by introducing field dis-
continuities across the interface, the amplitude, phase, and
polarization of em waves can be controlled at will by meta-
surfaces within subwavelength thicknesses. Up until now,
numerous fascinating phenomena or applications have
been demonstrated including anomalous reflection and/or
refraction [4,12–14], wave plates [15,16], focusing lenses
[17,18], holographic imagers [19,20], and so on.
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To meet the explosive demands for large channel
capacity in optical and wireless communications, many
efforts have been realized such as multi-input multi-output
(MIMO) techniques [21,22], multibeam and multifunc-
tional devices [23,24], and even reconfigurable metade-
vices loaded with active components [17,25], and so on.
Recently, vortex waves carrying orbital angular momen-
tum (OAM) show promising prospects in tremendously
enhancing the data capacity of communication systems
[26–31] because their multiple orthogonal modes can
simultaneously transfer at the same frequency in a single
communication channel, offering alternative and flexible
degrees of freedom. The spiral wavefronts of vortex beams
have azimuthal phase evolution around the propagation
direction with the form e−ilϕ ′ carrying the OAM of l�,
where l represents the topological charge of the OAM
mode, ϕ′ is the azimuthal angle around the propagation
direction, and � is the reduced Planck’s constant [30–32].
Single or diverse mixed-mode OAM beams have been
achieved by metasurface designs both in transmissive and
reflective modes [31–34]. In particular, OAM generation
has also been extended to anisotropic forms for further
enhancing the information capacity of the metasurfaces
without increasing the space of the device, thus meeting
the increasingly huge data link budget required by mod-
ern science and technology. For instance, a dual-polarized
metasurface can reflect em waves with different OAM
modes depending on the incident polarization [34,35].
However, these metasurfaces only provide possibilities in
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controlling the linear polarization, with severe limitations
for practical applications [34,35], because spin angular
momentum (SAM), expressed as σ -h [σ = ±1, corresponds
to the helicity of a circular-polarized (CP) wavefront],
is also an important component for angular momentum.
In this regard, geometric phase (or Pancharatnam-Berry
phase) metasurfaces have been recently introduced for
achieving spin-to-OAM conversion for two orthogonal
helicities [36–40]. With spatially interleaved phase profiles
or multiplexing techniques, the geometric phase metasur-
face can generate the desired multichannel multi-OAM
beams for certain helical waves [41–43]. Nevertheless,
the topological charge of OAM beams will be exactly
inversed once the incident helicity is changed, indicat-
ing that only spin-locked or dual-helicity coupled OAM
beams can be achieved. The underlying reason for this
effect is due to the inherent feature of geometric phase
metasurfaces that only provide exactly inversed spatial
phase profiles for orthogonal spins. Such limitations would
further hinder their uses in many real-world applications.
Therefore, completely independent control of the wave-
front and OAM modes for two different helicities is still
a problem, and efforts should be made to seek deployable
solutions.

In this paper, we propose a reflective coding metasurface
to independently tune the phase functions for CP wave-
fronts with two orthogonal helicities, and then demonstrate
a completely dual-helicity decoupled OAM-beam gener-
ation. A general theoretical framework is developed to
analyze the design principle of a metasurface element with
such helicity-irrelevant phase functions working in the
reflective mode. We then design a metasurface element
with low cross talk for two orthogonal linear-polarized
waves, which will further simplify the design process
for independent spin-to-OAM conversion. In particular,
complex wavefront multiplexing, superimposing of multi-
OAM modes, and spatial-beam editing can be indepen-
dently realized in each helicity channel through judicious
design of the spatial phase profiles on the metasurface.
The proposed metasurface will greatly increase the chan-
nel capacity of communication systems. Experiments are
carried out in the microwave region with the center fre-
quency set as 16 GHz, and good agreements are observed
between simulated and measured results. The proposed
coding metasurface opens an alternative way for inde-
pendently manipulating the CP wavefronts, in addition
to previous bare propagation phase or geometric phase
encoded metasurfaces.

II. THEORETICAL ANALYSIS AND ELEMENT
DESIGN

Since the scattering pattern of a reflective metasurface
is closely dependent on the output wavefront emerging
from the spatially varying metasurface elements [8,13],

the combination of two distinct phase responses operat-
ing with orthogonal-polarized circular waves on a same
metasurface element is the key step for realization of the
proposed metasurface. Unfortunately, conventional geo-
metric phase elements have inherent limitations in that
they are constrained to be conjugate values for two orthog-
onal circular incidences [44], further leading to the OAM
modes produced by the whole metasurface being con-
jugate values for two helicity waves [9]. To solve this
problem, we have designed a kind of meta-atom whose
reflection phase responses for arbitrary helicity can be
independently controlled at will by introducing both the
propagation phase and geometric phase. Actually, for an
arbitrary meta-atom, the phase responses can be divided
into two components, namely, the propagation phase and
geometric phase [26,45]. For the propagation phase alone,
the phase response for linear polarization can be changed
by adjusting the structural parameters of the meta-atom
with a fixed angular orientation. Therefore, through care-
ful design, arbitrary and independent propagation phase
responses for both x and y polarized waves may be
obtained by anisotropic meta-atoms. On the other hand,
for the geometric phase alone, an additional phase shift
of ϕ =±2α can be imparted onto the output wave as the
geometric phase meta-atom is self-rotated by an angle of
α, where the sign “+” or “−” corresponds to the results
under left-handed circular-polarized (LCP) or right-handed
circular-polarized (RCP) wave incidence, respectively. By
combining these two phase components, metasurfaces
operated in transmission mode have been successfully
demonstrated for independent control of the circular trans-
mitted wavefronts [26,45]. In order to simplify the design
process, we use the concept of coding metasurfaces by
designing digital metaparticles with discrete phase func-
tions [46–50]. Coding the metasurfaces could bring about
the thrilling perspective of building connections between a
physical metasurface and digital coding sequence, as well
as information science.

Figure 1 shows the schematic of the proposed coding
metasurface for independently generating OAM functions
converted from the incident CP wavefront. The coding
metasurface shown in Fig. 1 consists of 40 × 40 coding
metasurface elements, with a phase interval of 45° for 3-bit
coding elements. Under the illumination of a LCP wave, a
reflective vortex beam with the OAM mode l = 2 is gen-
erated and redirected toward the surface normal direction,
while the one with the OAM mode l = 0 is along the direc-
tion of 51° deviated from the surface normal in the xoz
plane. The red arrows in Fig. 1(a) indicate the beam scat-
tering directions. When the incidence is switched to the
RCP state, two vortex beams with OAM mode l =±1
are generated and scattered toward the directions of -11°
and 23° [indicated by blue arrows in Fig. 1(b)] along the
yoz plane, respectively. Actually, the reflective metasur-
face can be used to independently manipulate the LCP or
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(a) (b)
FIG. 1. The schematic of a bifunc-
tional reflective metasurface dependent
on the helicity. (a) For the LCP inci-
dence, the reflective beams are gener-
ated to have OAM l = 2 toward the
normal direction and OAM mode l = 0
(pencil beam) toward the –x direc-
tion with deviation angle 51°. (b) For
RCP incidence, two vortex beams car-
rying OAM l = 1 (−1) will be deflected
toward the direction of −11° (+23°)
along the yoz plane. (indicated by arrows
in the centere).

RCP wavefront in a way by the use of judiciously pre-
designed phase profiles, thus ultimately generating distinct
and independent OAM states for incidence with different
helicities.

While metasurfaces operating in the reflection mode
could provide possibilities to realize extreme high effi-
ciency and improved bandwidth within subwavelength
thicknesses [8,13], most of the previous works are focused
on independent control over the CP wavefronts in trans-
mission mode. Here, we develop a general theory to ana-
lyze metasurface elements operated in the reflection mode
and find the analytical solutions required for reflective
dual-helicity decoupled wavefront control. We define the
incident and reflected electric field vectors as Ei and Er,
respectively. The vector Ei consists of two orthogonal CP
wave-front components Ei

L and Ei
R, which can be written

as a form of Ei = (Ei
LEi

R)T. Similarly, the vector Er can be
expressed as Er = (Er

LEr
R)T. For a normal incidence case,

the reflection matrix is defined as R. Thus, the reflected
electric field can be further calculated by the reflection
matrix as Er = REi,

(
Er

L
Er

R

)
=

(
RLL RLR
RRL RRR

) (
Ei

L
Ei

R

)
. (1)

Here, RLL, RLR, RRL, and RRR represent the reflection coef-
ficients, where the first subscript indicates the polarization
state of the reflective wave and the second subscript indi-
cates the incident polarization. The reflection matrix R
for an arbitrary structure containing both propagation and
geometric phases in a helicity basis can be written as

R =
(

RLL RLR
RRL RRR

)
=

(
ηe−i2α δ

δ ηei2α

)
, (2)

where the local part of the reflection field δ and the con-
verted part η can be calculated as δ = (Rxeiϕx + Ryeiϕy)/2
and η = (Rxeiϕx − Ryeiϕy)/2. The Rx, Ry , ϕx, and ϕy indi-
cate the reflection amplitude and reflection phase for a
linearly x and y polarized em wave, respectively [10].
The α is the angular orientation of the meta-atom. From
reflection matrix R, it can be clearly observed that the

reflection characteristics not only relate to the linear
propagation response, but also the spatial variation α

of the meta-atom. If the reflection amplitudes of the
meta-atom are kept as unity (Rx = Ry = 1) for both lin-
early polarized incidences but with a π phase difference
(ϕx − ϕy =π ), the local part δ can be well suppressed to
zero (δ = 0) while the converted part η can be reduced
to η = (eiϕx − ei(ϕx−π))/2 = eiϕx. Therefore, the reflection
matrix R can be simplified as

R =
(

ei(ϕx−2α) 0
0 ei(ϕx+2α)

)
. (3)

Then the reflected electric field can be written as
(

Er
L

Er
R

)
=

(
ei(ϕx−2α)Ei

L
ei(ϕx+2α)Ei

R

)
. (4)

From the above equation we can clearly see that the
reflected LCP and RCP waves are imparted with an addi-
tional phase of ϕL = ϕx − 2α and ϕR =ϕx + 2α, respec-
tively. Subtracting ϕL from ϕR, the spatial variation α can
be obtained by

α = (ϕR − ϕL)/4. (5)

Due to the π phase difference between the x and y polar-
ized reflected phase responses (ϕx −ϕy = π ), the reflection
phase for linear x and y polarized incidences can be derived
as

ϕx = (ϕL + ϕR)/2, (6)

ϕy = (ϕL + ϕR)/2 − π . (7)

Therefore, Eqs. (1) and (2) establish the relations between
the propagation phase and geometric phase of a metas-
tructure operating in reflection mode. For an arbitrary set
of ϕL and ϕR, one just needs to design the ϕx, ϕy , and
α according to the above equations. In other words, we
can arbitrarily and independently manipulate the LCP and
RCP reflection phases by designing three parameters: the
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x polarized reflection phase ϕx, the y polarized reflection
phase ϕy , and the rotation angle α. This would further
allow a free combination of completely independent OAM
functions for orthogonal incident CP wavefronts.

Since the phase tuning of a CP wave is closely depen-
dent on reflection responses for linear polarization waves,
cross talk for linearly polarized waves should be seri-
ously suppressed, especially for metasurfaces with close
spatial element distribution. This cross talk, if not well sup-
pressed, will further lead to certain distortions of phase
profiles for CP waves, as well as increase the complex-
ity of the element optimization, because in this case, we
should implement dual or even multiple parametric scan-
ning to meet the phase requirement. On the contrary,
if the metasurface element is designed with independent
phase responses for two linearly polarized waves, we could
directly design the structure parameters at once, releasing
the burden caused by the polarization cross talk. Therefore,
the complexity of the design process for CP wavefront
incidence will be much reduced.

To verify the analytical solutions, we design a reflective
coding metasurface element in the microwave region with
a multilayer configuration, which can offer an independent
control of the phase responses for two orthogonal lin-
ear polarizations. The meta-atom consists of three copper

layers with a thickness of 0.018 mm, separated by two
dielectric layers. The two dielectric spacers (Taconic TRF-
43) have the same thickness of h = 1.63 mm, with a rela-
tive permittivity and loss tangent of 4.3 and 0.0035, respec-
tively. The geometrical parameters of the meta-atom are
shown in Fig. 2(a), in which a = 1 mm and p = 6 mm. The
ground plane is used as the bottom layer to totally block the
wave transmission to enable the reflection operation. Phys-
ical dimensions of the top metallic cruciform resonator
are 90% of those of the second-layer metallic pattern.
This tapered structure could offer more degrees of freedom
in designing the necessary reflection phases and possibly
extend the working bandwidth. With the rotation angle α

fixed to be 0°, the reflected propagation phase responses
for two linear polarizations are mainly determined by the
parameters lx and ly , respectively. When the parameters ly
and α are fixed to be 2 mm and 0°, the reflection phase for
the x polarized plane wave can be manipulated by vary-
ing the parameter lx. It is clearly observed from Fig. 2(b)
that as the lx gradually increases from 1 to 5 mm, the
reflected phase correspondingly decreases from about 360°
to 0°, while the reflection amplitude always stays at high
levels (more than 93%) within the frequency band from
14 to 18 GHz. At the same time, for y polarization, both
reflection amplitude and phase are nearly immune from the

(a) (b)

(c) (d)

FIG. 2. (a) Schematic of the element combining the propagation phase and geometric phase. Simulated reflection amplitudes and
phase responses of the element with different dimensions lx for (b) x polarization, (c) y polarization from 12 to 20 GHz, with the
rotation angle α fixed to be 0°. (d) Simulated reflection amplitude and phase responses of the element with different dimensions lx (ly )
for x (y) polarization at 16 GHz.
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change of parameter lx, indicating that the meta-atom has
very low cross talk between two orthogonal linear polariza-
tions [shown in Fig. 2(c)]. Similar results can be obtained
when the parameter lx remains unchanged but ly varies.
Thus, the reflection phase for each linear polarization can
be controlled independently by just changing lx or ly , while
the reflection amplitude is always close to unity. Chang-
ing other physical parameters of the meta-atom can also
have an influence on its phase functions, and even higher
reflection efficiency may be obtained by simultaneously
optimizing several parameters. However, only changing
one parameter (lx or ly) while keeping other parameters
unchanged will greatly reduce the complexity of the opti-
mization process due to the phase functions monotonously
decreasing with the parameters lx or ly [shown in Fig. 2(d)].
As lx (or ly) changes from 1 to 5 mm, the reflection phase
can gradually decrease and cover a full 360° at a center
frequency of 16 GHz, and at the same time, the reflection
amplitude uniformly keeps exceeding 0.93.

Then we transform this meta-atom into a digital and
coding metasurface element working for a CP wavefront
to simply the design process by discretizing the phase
responses. Here, we consider a coding metasurface with a
3-bit configuration. Therefore, the phase coverage from 0°
to 360° is discretized into eight states with intervals of 45°
at the operational frequency of 16 GHz [38]. The digital
coding bytes “0,” “1,” “2,” “3,” “4,” “5,” “6,” and “7” (or
termed as “000,” “001,” . . . , “111”) are used to character-
ize the reflection phases of 0°, 45°, 90°, 135°, 180°, 225°,
270°, and 315°, respectively. The physical dimensions and

FIG. 3. The elements for 3-bit coding codes under LCP and
RCP wave illumination.

the rotation angle of the meta-atom required for each cod-
ing element can be conveniently obtained by calculating
Eqs. (5)–(7) and searching the design chart shown in Fig.
2(d). The aim here is to realize independent coding states
for two CP wavefront incidences on a single meta-atom, so
we have a total of 64 metasurface elements by combining
the eight states for the LCP wave and eight states for the
RCP wave, as shown in Fig. 3. Since the absolute phase
shift for a certain meta-atom is dispersive, the definition
of the coding element is normalized to the reflection phase
of the digital state “0/0” for simplicity. For example, when
the digital state for the LCP and RCP wave is “3/4,”
the spatial variation of the meta-atom is α = 11.25° and
the parameters lx = 4.43 mm (ly = 2.67 mm) correspond
to the linear phase response ϕx = 157.5° (ϕy = 337.5°)
at 16 GHz, respectively. These 3-bit coding elements,
when combined together with predesigned spatial distribu-
tions, can permit helicity controlled dual-functional OAM
performances and, in general, any of the achievable func-
tions supported by these elements can freely be integrated
onto a single metasurface design in a helicity switchable
manner.

III. METASURFACE DESIGN AND SIMULATION
RESULTS

To verify the feasibility of the theoretical model and
interpret the design process, we show several coding meta-
surfaces designed for generating helicity selective OAM
and their corresponding full-wave simulation results. For
a 3-bit coding metasurface, five OAM mode states l = 0,
±1, and ±2 can be independently encoded into two helical
channels. At the same time, we can flexibly multiplex and
anomalously redirect the OAM beams by introducing cer-
tain spatial phase gradients across the metasurface. Here,
as the first example, we show that spin-preserved twin vor-
tex beams with OAM modes l = 1 and l = 0 can be trigged
by LCP and RCP, respectively. Figure 4(a) or 4(b) shows
the mixed coding pattern for generating twin vortex beams
in the xoz or yoz planes under the illumination of LCP
or RCP incidence, respectively, whose detailed configu-
ration is shown in Fig. S1 of the Supplemental Material
[51]. The metasurface is first divided into eight sectors and
the circumferential phase interval between adjacent sec-
tors is 45° (Fig. S1(a) in the Supplemental Material [51]).
Thus, a vortex beam with OAM mode l = 1 can be gen-
erated by a metasurface with this coding pattern. In order
to obtain two symmetric vortex beams in the xoz plane, a
periodic coding pattern of “0 0 0 4 4 4···” along the x direc-
tion should be encoded onto the metasurface (Fig. S1(b)
in the Supplemental Material [51]). Such an interleaved
phase profile can lead to destructive interference along
the surface normal direction in the far-field region, while
constructive interference along the predesigned directions
deviates from the z direction. The mixed coding pattern

044043-5



GUOWEN DING et al. PHYS. REV. APPLIED 11, 044043 (2019)

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

FIG. 4. Performances of the
proposed coding metasurfaces
for dual-helicity decoupled em
wave control. Three coding
metasurfaces are given: (a, e, i)
Coding patterns for LCP incident
wave. (b, f, j) Coding patterns
for RCP incident wave. (c, g, k)
Simulated 3D scattering patterns
of the coding patterns in (a), (e),
and (i) for the LCP incidence at
16 GHz. (d, h, l). Simulated 3D
scattering patterns of the coding
patterns in (b), (f), and (j) for the
RCP incidence at 16 GHz.

is shown in Fig. S1(c) of the Supplemental Material [51],
which can be viewed as the convolution operation [49]. As
for RCP incidence, a similar periodic coding pattern “0 0
0 4 4 4···” along the y direction (Fig. S2(b) in the Sup-
plemental Material [51]) is applied to obtain twin beams
with an OAM mode l = 0 in the yoz plane. The anoma-
lous reflection angle of the beams can be calculated by the
generalized Snell’s reflection law [5]

sin(θr) − sin(θi) = λ0

2π

d


dl
, (8)

where the θ i and θ r represent the incident angle and
anomalous reflection angle of the em wave, respectively,
and λ0 is the working wavelength in vacuum (correspond-
ing frequency f0). The phase gradient d
/dl can be calcu-
lated by the interleaved spatial phase and the lattice size.
In this scheme, the deviation angle of the beams apart
from the z axis is 31.4°, with the working frequency set
as 16 GHz. Then we can conveniently design the spatial
distribution of metasurface elements (shown in Fig. S2(c)
of the Supplemental Material [51]) by searching the design
table shown in Fig. 3. The corresponding normalized 3D
far-field scattering patterns under LCP and RCP illumina-
tions are shown in Figs. 4(c) and 4(d), respectively, where
the anomalous reflection angles are in good agreement
with the theoretical predictions. Meanwhile, the directiv-
ity property of the proposed metasurface, which is the key
to further applications [50], has been discussed in section
II of the Supplemental Material [51].

Actually, em wave-carrying multiple orthogonal OAM
modes can greatly enhance the capacity of information

communication and further increase its practicality. We
can use the proposed coding metasurface to generate vor-
tex beams with multiple orthogonal OAM modes, quite
distinct for LCP and RCP incidences. Then we design
the second example, which possesses twin beams carry-
ing OAM modes with conjugate values. To obtain this
kind of metasurface, we design a coding pattern (OAM
mode l = 2) containing eight discrete sectors, with phase
intervals between adjacent sectors of 90° (Fig. S3(a) in
the Supplemental Material [51]). We should do a convo-
lution operation between the OAM coding pattern and a
constant phase gradient coding pattern of “7 6 5 4 3 2 1 0”
along the x direction, as shown in Fig. S3(c) of the Sup-
plemental Material [51]. Then, a vortex beam (l = 2) with
an anomalous refraction angle of 23° at 16 GHz can be
obtained by this coding pattern. Similarly, a coding pattern
with the opposite OAM mode l =−2 (Fig. S3(d) in the
Supplemental Material [51]) is added with a coding gradi-
ent “0 1 2 3 4 5 6 7” along the x direction (Fig. S3(e) in
the Supplemental Material [51]). The vortex beam with an
OAM mode l = −2 can be anomalously refracted to −23°
along the x direction at 16 GHz by this mixed coding pat-
tern (Fig. S3(f) in the Supplemental Material [51]). In order
to obtain a function-integrated metasurface for generating
a dual-OAM wave, we should further do complex coding
addition by [23]

ej 
1(x, y) + ej 
2(x, y) = A0ej 
0(x, y), (9)

where 
1(x, y) and 
2(x, y) represent the coding phase
distributions of two independent functions on the meta-
surface, respectively. With the complex coding addition

044043-6



DUAL-HELICITY DECOUPLED CODING. . . PHYS. REV. APPLIED 11, 044043 (2019)

operation as shown in Eq. (9), we can get a new complex
coding phase distribution 
0(x, y) whose corresponding
function is the superposition of the two aforementioned
independent functions. Thus, the final coding pattern for
LCP incidence is shown in Fig. 4(e), and the corresponding
3D far-field scattering pattern is shown in Fig. 4(g), where
l =±2 vortex beams with anomalous reflection angles of
±23° deviated from the z axis in the xoz plane can be
obtained. The design process of the coding pattern for the
RCP wave is shown in Fig. S4 of the Supplemental Mate-
rial [51]. A coding pattern with OAM mode l = 1/−1 is
added with a coding gradient “7 6 5 4 3 2 1 0”/“0 1 2 3 4
5 6 7” along the y direction. Then, operating complex cod-
ing addition between these two coding patterns according
to Eq. (9), we can obtain the final coding pattern for RCP
incidence [Fig. 4(f)] and the corresponding layout of the
coding metasurface (Fig. S5 in the Supplemental Material
[51]). Such a metasurface with a mixed coding pattern for
RCP incidence will result in a far-field scattering pattern of
a two-beam-carrying OAM mode l = ±1, accompanied by
anomalous refraction angles of ±23° deviated from the z
axis in the yoz plane, as illustrated in Fig. 4(h). Therefore,

the vortex beams carrying OAM mode l =±2/±1 for
LCP and RCP incidence can be generated by a single
metasurface.

Without loss of generality, we also design a metasurface
that can generate multiple vortex beams with simultane-
ously different OAM modes and distinct anomalous refrac-
tion angles in a helicity-selective manner [Figs. 4(i)–4(l)].
As shown in Fig. S6 of the Supplemental Material [51],
a coding pattern with OAM mode l = −2 is complexly
added with a gradient coding pattern “0 2 4 6 0 2 4 6”
along the x direction for LCP incidence. Thus, the vortex
beams carrying OAM modes l =−2 and l = 0 are emit-
ted with deviation angles of 0° and 51°, respectively. For
RCP incidence, a convolution operation of coding pattern
(for OAM mode l = 1) is added with a gradient coding
pattern “7 6 5 4 3 2 1 0” varying along the y direction
as shown in Figs. S7(a)–S7(c) of the Supplemental Mate-
rial [51]. Meanwhile, a mixed coding pattern (Fig. S7(f)
in the Supplemental Material [51]) is obtained by adding
a coding pattern with OAM mode l = −1 (Fig. S7(d) in
the Supplemental Material [51]) with a gradient coding
pattern “0 0 1 1 2 2 3 3 4 4 5 5 6 6 7 7” along the y

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 5. The normalized 3D scattering patterns under LCP incident wave at (a) 15 GHz, (b) 16 GHz, (c) 17 GHz, and (d) 18 GHz. The
bottom panels show the corresponding theoretical and simulated normalized 2D scattering patterns of the xoz plane. The normalized
scattering patterns under RCP incident wave at (e) 15 GHz, (f) 16 GHz, (g) 17 GHz, and (h) 18 GHz. The bottom panels show the
corresponding theoretical and simulated normalized 2D scattering patterns of the yoz plane.
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direction (Fig. S7(e) in the Supplemental Material [51]).
The RCP coding pattern is the complex addition opera-
tion of the two former coding patterns (Figs. S7(c) and
S7(f) in the Supplemental Material [51]). Combining it
with the mixed coding pattern shown in Fig. S6(c) of the
Supplemental Material for the LCP wave [51], a pencil
beam and a vortex beam with OAM mode l = −2 (two
vortex beams with OAM mode l = 1 and −1) are scat-
tered with the deflection angles of 51° and 0° (23° and
−11°) along the x (y) direction for the LCP (RCP) wave
by the designed multifunctional metasurface, as shown in

Figs. 4(k) and 4(l). These simulated results shown in Figs.
4(c), 4(d), 4(g), 4(h), 4(k), and 4(l) demonstrate that the
proposed reflective coding metasurface offers an alterna-
tive method to independently design multiple OAM modes
under orthogonal helicity. Although only five OAM modes
are proposed here, the proposed metasurface can generate
more OAM modes and more complex functionalities by
involving more discrete meta-atoms.

For the metasurface shown in Fig. S2 of the Supple-
mental Material [51], the bandwidth performance is ana-
lyzed by simulating the 3D normalized far-field scattering

(a) (b)

(c)
(d)

(e)
(f)

FIG. 6. (a) Fabricated sample of coding metasurface. (b) Simulated and measured near-field distributions of the metasurface at
16 GHz. (c, d) Measured and simulated results of 2D normalized scattering patterns from 12 to 18 GHz and corresponding 2D results
at 16 GHz in the xoz plane. (e, f) Measured and simulated results of 2D normalized scattering patterns from 12 to 18 GHz and
corresponding 2D results at 16 GHz in the yoz plane.
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patterns under the normal illumination of a LCP or RCP
wave at different frequencies as shown in Figs. 5(a)–5(h),
and the bottom panels show the corresponding theoretical
and simulated normalized two-dimensional (2D) scatter-
ing patterns. As the working frequency increases from 15
to 18 GHz with an interval of 1 GHz, the simulated deflec-
tion angles of the vortex beams and pencil beams are 33.5°,
31°, 29°, and 27°, respectively, which is consistent with
the theoretical calculations. It obviously shows that the em
waves emitted from the encoded metasurface are two sym-
metric vortex beams for the LCP wave and two pencil
beams in the orthogonal direction for the RCP wave in a
broad operation frequency bandwidth. As for higher OAM
modes, the metasurface can still generate twin beams car-
rying OAM modes, but the sidelobe levels will slightly
increase, resulting in a slightly reduced working band.

IV. EXPERIMENTAL VERIFICATION

To experimentally validate the proposed method and
designed metasurface, one sample of the reflective cod-
ing metasurface is fabricated. The coding metasurface can
be fabricated employing the printed circuit board (PCB)
technique. The photograph of the fabricated metasurface
corresponding to the designed one [Figs. 4(c) and 4(d)]
is shown in Fig. 6(a), which includes 40 × 40 coding ele-
ments resulting in a total area of 240 × 240 mm2 and an
enlarged view of the metasurface elements is shown in
the inset. The corresponding coding metasurface generates
two symmetrical vortex beams with OAM mode l = 1 in
the xoz plane under LCP incident illumination and two
pencil beams (l = 0) in the yoz plane under RCP inci-
dent illumination and the deviation angles θ of all four
beams are designed as 31° at 16 GHz. The 3D em field-
scanning system is used to measure the phase distribution
of the reflected electric field at the operational frequency
of 16 GHz. The measured plane is set at a section perpen-
dicular to the direction with a deviation angle θ = 31° in
the xoz plane and it is set at a distance of d = 1 m (approxi-
mately 53λ0) away from the center of the metasurface. The
observation area is about 140 × 140 mm2. The measured
phase distribution in Fig. 6(b) clearly shows that the OAM
mode number of the vortex beam is l = 1, which is consis-
tent with the simulated phase distribution. We measure the
scattering patterns of the sample in a standard microwave
chamber and the measured results are calibrated to a same
size metal plate. The simulated and measured scattering
patterns in the xoz and yoz planes from 12 to 18 GHz
are shown in Figs. 6(c) and 6(e), where the blue asterisks
represent the peak angles at different frequencies obtained
by simulations. The simulated and measured 2D xoz and
yoz scattering patterns clearly show that two symmetric
vortex beams and two symmetric pencil beams are gen-
erated along the xoz and yoz planes from 14 to 18 GHz,
respectively. As the working frequency increases from 14

to 18 GHz, the elevation angles of the reflective beams
change from 36° to 28°. In order to compare the simu-
lated and measured results more clearly, we present the
normalized scattering pattern of both orthogonal planes
at 16 GHz in Figs. 6(d) and 6(f). All simulated radia-
tion beams have deviation angles of 31° and the measured
results are good matches with the simulated ones, which
proves the feasibility of the proposed method.

V. CONCLUSION

In conclusion, we propose a dual-helicity decoupled
coding metasurface that can independently encode dis-
tinct OAM vortices for two orthogonal helicities, realizing
desired spin-to-OAM conversions. Guided by the proposed
theoretical method, several design examples demonstrate
that such coding metasurfaces could carry the desired inde-
pendent OAM modes in a helicity-selective manner, which
may significantly improve the information capacity of the
metasurfaces. The simulated results have been verified
by the microwave experiments, and good agreements are
observed between them. The proposed method could offer
an alternative path for independently tailoring CP wave-
fronts in a helicity-selective manner with high efficiency,
which may find potential uses in many real-world appli-
cations, for example, wireless communication. The design
principle can also be readily extended to other frequency
bands, such as millimeter waves, terahertz waves, and even
the optical regimes.
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