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As an alternative degree of freedom for wireless communications, orbital angular momentum (OAM)
multiplexing and demultiplexing can be applied to achieve higher communication capacity. Metasurface
has advanced ability to manipulate electromagnetic (EM) waves, and has gradually become an enabling
EM technology for future wireless communications. It is meaningful and useful to combine the advantages
of OAM and metasurfaces. Here we propose a multi-OAM-mode vortex wave multiplexing and demul-
tiplexing scheme based on shared-aperture reflective metasurface. The specifically designed reflective
metasurface can realize the corresponding OAM-mode modulations and demodulations of different inci-
dent carrier waves in the corresponding data channels. By modulating multiple data channels on multiple
OAM modes, the multiplication of the communication capacity could be achieved. A prototype oper-
ating at microwave frequencies is designed, simulated, and fabricated for proof-of-concept illustration.
To validate the OAM multiplexing and demultiplexing scheme, we conduct dual-channel OAM-mode
transmission experiments, in which two shared-aperture reflective metasurfaces are adopted as the trans-
mitter and receiver, respectively. This work paves the way for the metasurface-based OAM communication
applications in future wireless communication technologies.
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I. INTRODUCTION

Since the seminal papers in 1992 and 2007 [1,2], orbital
angular momentum (OAM) has gained much interest in
many research fields, especially in wireless communica-
tions. As an alternative degree of freedom, OAM can be
used for increasing communication capacity by simultane-
ously transmitting multiple orthogonal OAM-mode vortex
beams [3–6]. Theoretically, these different OAM modes
are orthogonal and infinite, which are useful properties
for the communications. The beams with different OAM
modes, termed as vortex beams, are orthogonal to each
other, which means that they carry multiple independent
data streams and transmit simultaneously in free space
[7,8]. Thus, the transmission capacity of the communi-
cation system can be increased multiple times through
OAM multiplexing, and research teams in universities and
enterprises all over the world have researched the related
topics [9–12]. This OAM-mode multiplexing method is
also called mode-division multiplexing (MDM), which is
a subset of space-division multiplexing [13–15]. Another
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application method of OAM orthogonality is that dif-
ferent OAM modes can be used as data coding and
decoding schemes [16,17], and this idea is more often
adopted in quantum communications [18]. In addition,
OAM vortex waves also show great application prospects
in microwave sensing, radar imaging, and antenna pattern-
shaping design [19–23]. Since OAM-mode vortex beam
was proposed, it has experienced many controversies for
its applications in communications [6,15,24–27]. How-
ever, as a developing research object but also with reliable
physical background, it has unusual electromagnetic (EM)
characteristics in beam shape and angular momentum[28,
29]. Currently, its potential researches and applications are
still promising and attractive [6,15,18,27,30–34].

Antenna technologies are applied for generating and
receiving OAM vortex beams. Various radio-frequency
OAM antennas have been studied, as reviewed in
Ref. [35]. Meanwhile, EM metamaterials or meta-
surfaces have advanced EM-wave-manipulation abili-
ties [36–38], which show great potentials in OAM
vortex-beam manipulations [39–46]. However, most of
the current OAM metasurface antennas simply focus
on OAM beam generation and manipulation, without
further considering its application scenarios and require-
ments in actual communication systems. Although some
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metasurface-based design schemes were proposed for mul-
tiple OAM-mode multiplexing [47,48], their OAM-mode
multiplexing efficiency is discounted, i.e., the multiplexed
OAM mode number is few. In Ref. [47], two differ-
ent OAM modes were multiplexed, but it actually was
realized by polarization multiplexing. In Ref. [48], both
polarization multiplexing and OAM-mode multiplexing
were considered to realize four OAM-mode multiplex-
ing, but this holographic metasurface was not designed
from the perspective of further practical applications. Most
recently, a millimeter wave holographic flat lens antenna
for OAM multiplexing was presented [49], however, it
mainly focused on vortex-beam generation, and no more
OAM multiplexing and demultiplexing transceiver analy-
ses and experiments were carried out.

In this paper, we propose a multiple OAM-mode mul-
tiplexing and demultiplexing scheme using a multichannel
shared-aperture reflective metasurface. Independently inci-
dent radio-frequency carrier-wave signals from the feed-
ing horns can be modulated and demodulated through
the specifically designed shared-aperture reflective meta-
surface. Because of the same metasurface design theo-
ries basis, this scheme could also be developed in an
information metamaterial system and intelligent reflec-
tive surfaces (IRSs) [45,50,51]. We organize the paper as
follows. Section II is the basic principle of the multiple

OAM-mode vortex-beam multiplexing with multichannel
shared-aperture reflective metasurface. Section III pro-
vides simulation results of the designed dual-channel
shared-aperture reflective metasurface and four-channel
shared-aperture reflective metasurface. Electric field dis-
tributions of the generated vortex beams with single OAM
mode and multiple OAM-mode combinations are illus-
trated, and the corresponding OAM-mode spectra are
analyzed. The experimental part is given in Section IV.
The dual-channel reflective metasurface are fabricated
and measured, and the corresponding vortex-beam electric
field distributions and OAM-mode spectra are presented.
The measurement results are consistent with the simu-
lations. Moreover, two identical dual-channel reflective
metasurfaces are, respectively, applied as the transmitter
and receiver for two different OAM-mode vortex-beam
multiplexing and demultiplexing transmission experi-
ments, and the transmission coefficients between different
OAM-mode combinations are measured.

II. PRINCIPLE AND SIMULATION MODEL

The basic design principle of multichannel shared-
aperture reflective metasurface is presented in Fig. 1,
which can realize multiple OAM-mode multiplexing and
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FIG. 1. Schematic diagram of multiple OAM-mode multiplexing and demultiplexing through the multichannel shared-aperture
reflective metasurface. A dual-channel model that can multiplex and demultiplex two OAM modes of � = 1 and 2 is used as an
example. Feed horns are used as the data input channels. D1 and D2 are distances between the feed horns and the coordinate system’s
origin. α1 and α2 are angles between the feed horns and z axis.
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FIG. 2. EM simulation model of the dual-channel shared-
aperture reflective metasurface and the corresponding parameter
configurations. The generated vortex beam’s electric field distri-
butions are obtained in the observation plane perpendicular to z
axis, and the geometry center of the observation plane is at z axis.
Sampling reception circular aperture located in the observation
plane is a circumference with certain radius of r, i.e., sampling
reception radius. (fx1, fy1, fz1) and (fx2, fy2, fz2) are positions of the
feed horns reflectively. The FEBI box is the corresponding EM
boundary-condition settings in the EM simulation model.

demultiplexing. The compensation-phase calculation pro-
cess of the designed metasurface is derived in detail, and
a subwavelength unit cell is designed as the metasurface

array element. Subsequently, as an example, a dual-
channel shared-aperture reflective metasurface is designed
to multiplex two different OAM modes of � = 1 and � = 2
simultaneously. The corresponding EM simulation model
is built by the EM simulation software high-frequency
structure simulator (HFSS).

As shown in Fig. 1, the left multichannel shared-
aperture metasurface is used as the transmitter for gener-
ating the multiplexed multiple OAM-mode vortex beams,
and the right metasurface is used as the receiver for sep-
arating the different OAM modes. It should be mentioned
that the multiplexed and demultiplexed OAM modes � =
1 and 2 adopted here are just illustration examples. In
fact, this scheme can be extended to more OAM-mode
multiplexing and demultiplexing, which means that more
channels can be used for more OAM-mode multiplexing
and demultiplexing. Considering the reciprocity principle
of transmitting and receiving, here we mainly introduce the
multiple OAM-mode multiplexing generation method, i.e.,
transmitting.

In Fig. 2, it is a real dual-channel shared-aperture reflec-
tive metasurface EM simulation model. To generate the
vortex beam with superposed multiple OAM modes, the
tangential electric field on the reflective metasurface can
be written as the following simplified form:

ER(xmn, ymn) = AR(xmn, ymn)ejψR(xmn,ymn)

=
N∑

i=1

Ai(xmn, ymn)ejψi(xmn,ymn)

=
N∑

i=1

Ai(xmn, ymn)ejφi(xmn,ymn) × ej �iϕ(xmn,ymn),

(1)
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FIG. 3. Unit-cell model of the reflective metasurface array element and its reflection phase response curve. (a) Geometry structure
and parameter configurations of the cell. The substrate used here is F4B with εr = 2.65. (b) Reflection phase response varying with Ly
at 10 GHz, and the specific size of the cell.
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FIG. 4. (a) Calculated compensation phase distribution of the
dual-channel reflective metasurface, and (b) the layout model
of the designed reflective metasurface based on the calculated
compensation phase.

where AR and ψR are the required electric field amplitude
and phase distributions of the reflective metasurface array
element at the position of (xmn, ymn, 0), and the subscript m
and n mean the mth row and the nth column of the reflective
metasurface array. Ai and ψi are the required electric field
amplitude and phase distributions of the reflective meta-
surface array for generating the vortex beam with OAM
mode �i, and N is the number of the multiplexed OAM
modes. ϕ(xmn, ymn) is the corresponding azimuthal position
of the reflective metasurface array element. Note that the

reflective metasurface is placed on the x-o-z plane wherein
z = 0, and the z-coordinate component is omitted here.

In Eq. (1), φi(xmn, ymn) is the compensation phase item
for producing a deflected beam in the direction of (θb,ϕb),
and it can be expressed as [52]

φi(xmn, ymn) = kdi − k sin θb(xmn cosϕb + ymn sinϕb),
(2)

where k is wave number. di is the distance between the feed
horn and the reflective metasurface array elements, which
can be calculated as follows:

di =
√
(fxi − xmn)2 + (fyi − ymn)2 + f 2

zi , (3)

where (fxi, fyi, fzi) is the position of the ith feed source.
Note that the amplitude distribution Ai(xmn, ymn) of

the reflective metasurface is generally considered as uni-
form, and the total compensation phase distribution is
obtained as

ψR(xmn, ymn) = arg

{
N∑

i=1

Ai(xmn, ymn)ejψi(xmn,ymn)

}
, (4)

where the function arg(X) means the argument of a
complex number. Meanwhile, the required electric field
amplitude distribution of AR(xmn, ymn) in Eq. (1) is also
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FIG. 5. Simulated vortex electric
field intensity distributions and phase
distributions in the observation plane,
and the calculated OAM-mode spec-
tra under three different cases. The
observation plane is set at z = 700 mm
with a size of 500 × 500 mm2. The
red circumference is constituted by 12
equally distributed sampling points in
sampling reception circular aperture
with a reception radius of r = 95 mm,
which is applied in all these three
cases. (a) Case 1, OAM mode � = 1.
(b) Case 2, OAM mode � = 2. (c) Case
3, two OAM modes of � = 1 and 2.
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considered approximately as uniform, which will cause
a high side lobe to some extent, but this can be fur-
ther optimized through a phase-only synthesis method and
other optimization methods [52]. In addition, here we
mainly focus on the realization of multiple OAM-mode
multiplexing and demultiplexing in the near-field area,
and these approximations are acceptable for its design
convenience.

The unit-cell model of the designed reflective metasur-
face array element, which is a Jerusalem form but also a
subwavelength element [53], is shown in Fig. 3. The work-
ing frequency designed here is 10 GHz corresponding to a
working wavelength of λ = 30 mm, and the polarization of
EM wave is linear along the y-axis direction. By varying
the length Ly of the unit cell, the corresponding reflec-
tive phase response of the array element is realized. Then,
according to Eq. (4), the compensation phase of the reflec-
tive metasurface is calculated as shown in Fig. 4, in which
the final realized layout model of the reflective metasurface
is also presented. The size of the reflective metasurface is
420 × 420 mm2 while a circular aperture area is applied
as the reflective surface. The radius of the circular array
is R = 200 mm, which corresponds to a 20-array-element
arrangement. Finally, the whole EM simulation model is
built as shown in Fig. 2. Feed horn no. 1 is used as a
data channel for generating vortex beam with OAM mode
� = 1 while feed horn no. 2 is used as another data chan-
nel for generating vortex beam with OAM mode � = 2.
The angles between the two feed horns and the z axis
are equally set as α1 = α2 = α = 40◦, and the values of
D1 and D2 are equally 300 mm. Thus, the positions of
these two feed horns of (fx1, fy1, fz1) and (fx2, fy2, fz2) are
determined.

III. SIMULATION RESULTS AND ANALYSES

In this section, first we simulate the electric field dis-
tribution of the dual-channel reflective metasurface in the
observation plane. Both the vortex beam’s electric inten-
sity distributions and electric field phase distributions are
given under different OAM-mode multiplexing combina-
tions. Simultaneously, based on the obtained electric field
data, we calculate and analyze their OAM-mode spectra
through the whole circular aperture sampling reception
method [54]. Then, the other four-channel shared-aperture
reflective metasurface that can multiplex four different
OAM modes of � = −1, � = +1, � = −2, � = +1 is also
designed. Its EM full-wave simulation model, vortex elec-
tric field distributions, and the corresponding OAM-mode
spectra are also exhibited, calculated, and analyzed.

We simulate the electric field intensity distributions
and phase distributions in the observation plane under
three different cases, as shown in Fig. 5. At the same
time, their OAM-mode spectra are analyzed, and all these
OAM-mode spectra are calculated by normalizing the
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FIG. 6. Full-wave EM simulation model of the four-channel
shared-aperture reflective metasurface that realizes four different
OAM-mode multiplexing of � = −1, � = +1, � = −2, � = +2.
Feed horn no. 1 channel generates OAM mode � = −1, feed
horn no. 2 channel generates OAM mode � = +1, feed horn no.
3 channel generates OAM mode � = −2, and feed horn no. 4
channel generates OAM mode � = +2.

corresponding OAM-mode spectra’s power sum. Note that
in Fig. 5 the electric field intensity distributions are all
normalized by the maximum value, and the phase dis-
tributions all change from −180◦ to +180◦. From the
simulation results in Fig. 5, we can see that although the
simulated vortex electric field distributions undergo some
distortions, through calculating the OAM-mode spectrum
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FIG. 7. (a) Calculated compensation phase distributions of
the four-channel reflective metasurface, and (b) the simulation
model’s layout of the four-channel reflective metasurface.
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distributions, the corresponding OAM modes can still be
distinguished clearly, and the mode purities of different
OAM modes keep well. The multiplexed OAM modes
hold at least 15 dB higher than the other crosstalk modes.
Hence it proves the feasibility of our proposed multiple
OAM-mode multiplexing scheme.

To further verify the effectiveness of our method, we
design another four-channel reflective metasurface that
can multiplex four different OAM modes, as shown in
Fig. 6. The positions of feed horns no. 1 and no. 2 are
the same as the previous dual-channel reflective metasur-
face model shown in Fig. 2; while feed horns no. 3 and
no. 4 are located in the y-o-z plane, and their positions
are obtained by rotating the feed horns no. 1 and no. 2
around the z axis with 90◦ clockwise. The size and other

related parameters and configurations of the four-channel
reflective surface are the same as those of the previous
dual-channel reflective metasurface model.

Similarly, according to Eq. (4) the calculated com-
pensation phase distributions and the reflective metasur-
face’s layout of the four-channel reflective metasurface
are shown in Fig. 7. When the corresponding feed-horn
channel is excited, the corresponding OAM mode is mul-
tiplexed. Four feed-horn-channel excitations lead to four
OAM modes multiplexing. We simulate the correspond-
ing electric field distributions of the four-channel reflective
metasurface as shown in Fig. 8, in which these four differ-
ent multiplexing cases are analyzed. From the simulated
electric field distributions and the corresponding OAM-
mode spectrum analyses, clearly, the four OAM-mode
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FIG. 8. Simulated vortex ele-
ctric field intensity distribu-
tions and phase distributions,
and the calculated OAM-
mode spectra under four
different cases. The observa-
tion plane is set at z = 600
mm with the size of 400 ×
400 mm2. The red circum-
ference is constituted by 12
equally distributed sampling
points in sampling recep-
tion circular aperture with
a reception radius of r =
104 mm, which is applied in
all four cases. (a) Case 1,
OAM mode � = 1. (b) Case
2, OAM mode � = −2. (c)
Case 3, two OAM modes
of � = 1 and 2. (d) Case
4, four OAM modes of � =
±1 and � = ±2.
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FIG. 9. (a) Fabricated prototype of the dual-channel shared-aperture reflective metasurface. (b) Measurement environment in a
microwave chamber under near-field scanning. Two feed horns are connected by a two-way power divider module through radio-
frequency cables to realize simultaneous excitation. The distance between the reflective metasurface and the measurement scanning
plane is D = 700 mm, and the size of the scanning plane is 500 × 500 mm2.

multiplexing scheme is also feasible, and the multiplexed
OAM modes can still hold at nearly 15 dB higher than
other crosstalk modes.

IV. MEASUREMENT RESULTS AND ANALYSIS

In this section, the dual-channel reflective metasurface is
fabricated and measured. Subsequently, two identical dual-
channel reflective metasurfaces are applied for multiple

OAM mode vortex-beam multiplexing and demultiplex-
ing wireless-transceiver experiments. Note that here we
mainly measure the transmission coefficients of the demul-
tiplexed radio-frequency carrier wave between the differ-
ent feed-horn ports, and do not consider the baseband
signal modulation.

In Fig. 9(a) it is the fabricated prototype, and in Fig. 9(b)
it is the corresponding measurement environment. Similar
to the simulation situation, we measure the vortex electric
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FIG. 10. Measured vortex electric field
intensity distributions and electric field
phase distributions, and the calculated
OAM-mode spectra under three different
cases. The red circumference is constituted
by 12 equally distributed sampling points
in the sampling reception circular aper-
ture with a reception radius of r = 50 mm,
which is applied in all these three cases.
(a) Case 1, OAM mode � = 1. (b) Case 2,
OAM mode � = 2. (c) Case 3, multiplexed
multiple OAM modes � = 1 and 2.
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field intensity distributions and the vortex electric field
phase distributions in the scanning plane under a testing
frequency of 10 GHz, corresponding to the wavelength
of λ = 30 mm. Three different cases are measured, i.e.,
single OAM mode � = 1, � = 2, and multiplexed OAM
modes of � = 1 and 2, respectively. The measured vor-
tex electric field distributions are shown in Fig. 10, and
the corresponding OAM-mode spectra are calculated and
analyzed.

The measured vortex electric field distributions in
Fig. 10 and the simulated electric field distributions in
Fig. 5 hold basically consistent. As shown in Fig. 10, the
measured multiplexed OAM modes realize at least 8.5
dB higher than other crosstalk OAM modes in all these
three cases discussed above. The prototype’s manufac-
ture errors constitute part of the measurement errors, and
antenna alignment is another factor that impacts on the
vortex-beam measurement qualities. Although the mea-
sured vortex electric field distributions and the correspond-
ing OAM-mode spectra are not as well as the simulated
results, the majority of multiplexed OAM modes can be
successfully distinguished.

Subsequently, based on the fabricated prototype of
the dual-channel shared-aperture reflective metasurface
as shown in Fig. 9, two identical prototypes are used
as the transmitter and receiver, respectively, for multiple
OAM mode vortex-beam multiplexing and demultiplex-
ing wireless-transceiver experiments. Fig. 11 shows the
corresponding measurement environment. By measuring
the transmission coefficients between the different feed-
horn port channels, the corresponding multiplexed and
demultiplexed OAM modes are measured.

Four different groups of measurement data are obtained
under four different transmission distances, and the cor-
responding measurement results are presented in Fig. 12.
Note that because of the reciprocity principle property,
the measurement curves of S(1, 2) and S(2, 1) are nearly
overlapped. From the measurement results in Fig. 12, it
is obvious that in the working frequency band around
10 GHz, the matched OAM-mode transmission level,
i.e., S(1, 1) and S(2, 2), can keep at least 10 dB higher
than the mismatched OAM-mode transmission level, i.e.,
S(2, 1) and S(1, 2). The orthogonalities between different
OAM modes are maintained well to a certain extent. This
transceiver experiment also further verifies the feasibilities
of the shared-aperture reflective-metasurface-based OAM-
mode multiplexing and demultiplexing scheme of vortex
beam. Moreover, in practical applications, the operating
bandwidth of this multiple OAM-mode transceiver sys-
tem is related to the operating bandwidth of the designed
metasurface to a certain extent [55].

In this paper, the simulation and experimental demon-
strations are finished under a short transmission distance,
which is because of the inherent beam-divergence char-
acteristics of OAM vortex beams. When the transmission
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Feed horn 
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no. 2'

Feed horn 
no. 1'

Tx
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FIG. 11. Measurement environment for multiple OAM-
mode vortex-beam multiplexing and demultiplexing wireless-
transceiver experiments. The left dual-channel shared-aperture
reflective metasurface is used as the transmitter, which multi-
plexes the OAM modes of � = 1 and � = 2. The feed horn no.
1 channel corresponds to the OAM mode � = 1 while the feed
horn no. 2 channel corresponds to the OAM mode � = 2. The
right dual-channel shared-aperture reflective metasurface is used
as the receiver, which demultiplexes the OAM modes of � = 1
and � = 2. The feed horn no. 1’ channel corresponds to the OAM
mode � = 1 while the feed horn no. 2’ channel corresponds to the
OAM mode � = 2. The vector network analyzer (VNA) is used
for measuring the transmission coefficients between the different
feed-horn ports. The side rail is used for adjusting the distance
between the transmitter and receiver.

distance becomes longer, the transmission quality of
OAM vortex wave multiplexing will be affected, and its
transmission power level will become lower. As shown
in Fig. 12, as the transmission distance increases, the
transmission coefficient between the transmitter and the
receiver shows a decreasing trend. Furthermore, we hold
the view that at the current research stage in this field,
OAM vortex waves are more suitable for near-field
related application scenarios. Additionally, in practical
applications, the environmental turbulence will also affect
OAM multiplexing transmission, and especially high-
order OAM modes are more sensitive to environmental
turbulence [56]. There have been many related research
works about this issue [57–59], which are also useful and
meaningful to the practical applications of OAM vortex
waves.

Furthermore, as mentioned at the beginning of the
paper, our proposed multi-OAM-mode multiplexing and
demultiplexing scheme can be extended to more OAM-
mode applications. However, in practical implementations,
larger metasurface structure is necessary if more OAM
modes are multiplexed and demultiplexed. A finite meta-
surface structure will limit and affect more OAM modes
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FIG. 12. Measurement results
of the transmission coefficients
between different feed-horn
port channels under differ-
ent distances. Parameters
S(2, 2) and S(1, 1) mean
the transmission coefficients
between the same OAM
modes of � = 1 or � = 2,
while parameters S(2, 1) and
S(1, 2) mean the transmission
coefficients between different
OAM modes of � = 1 and
� = 2, respectively. Four
different distances between
Tx and Rx are measured,
i.e., 1000 mm (approximately
33.3λ), 1200 mm (40λ),
1500 mm (50λ), and 1800 mm
(60λ).

multiplexing. The differences between the realistic meta-
surface model and the ideal metasurface model should be
considered. When more OAM modes are multiplexed, the
impact of the approximate design errors introduced by the
realistic metasurface model turns to be more evident, and
it will make the crosstalks between different OAM modes
more serious.

V. CONCLUSIONS

We propose a multiple OAM-mode vortex-beam multi-
plexing and demultiplexing scheme based on the shared-
aperture reflective metasurface. The dual-channel reflec-
tive metasurface for two OAM-mode multiplexing and
four-channel reflective metasurface for four OAM-mode
multiplexing are investigated, respectively, as two exam-
ples. The corresponding vortex electric field distribu-
tions and OAM-mode spectra are analyzed. The dual-
channel reflective metasurface is fabricated and measured,
which further proves the effectiveness of our multiplex-
ing method. Moreover, on the basis of the designed
dual-channel shared-aperture reflective metasurface, the
corresponding transceiver experiments for the multiple
OAM-mode vortex-beam multiplexing and demultiplex-
ing tests are carried out. This shared-aperture reflective-
metasurface-based multiple OAM-mode multiplexing and
demultiplexing scheme can further promote the devel-
opment of the OAM multiplexing and demultiplexing
technology, and its applications in the wireless com-
munications. In the future, this OAM multiplexing and

demultiplexing scheme can also be extended to IRS and
information metamaterial systems.
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