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Abstract— Vortex beam with inherent orbital angular momen-
tum (OAM) is promising in high-capacity communication.
On multimode vortex beam generation, metasurface has shown
exceptional advantages of integration and miniaturization. For
the current widely used phase-only methods on multimode vortex
beam generation by metasurface, the purity of the OAM-mode
spectrum is severely affected. A new method for generation of
multimode vortex beam with high mode purity is proposed in this
article by reconstructing the complete complex amplitude infor-
mation on the meta-device aperture. A 20 dB suppression of the
crosstalk modes is experimentally observed for the co-directional
multimode vortex beam generation, which is much improved
compared to the traditional phase-only scheme. In addition, the
proposed scheme also provides the capability of generating high-
purity multimode vortex beams with arbitrary preset propa-
gation directions and power allocations. This study provides a
platform for high-performance vortex beam communication by
increasing the signal-to-noise ratio and enabling the multicasting
scenarios with customized capacity requirements.

Index Terms— High-purity, metasurface, multimode, vortex
beam.

I. INTRODUCTION

OPTICAL vortex beam with orbital angular momentum
(OAM) [1] has shown great potential in a lot of fields,
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such as optical trapping [2], [3], [4], imaging [5], and com-
munication [6], [7], [8], [9], [10]. Dual to the orthogonality
of vortex beams with distinct OAMs, they provide additional
degree of freedom to increase the available channels in com-
munication [6], [7], [8], [10]. Vortex beam generation with
specified OAM modes, propagation directions, and radiation
powers is one of the crucial sections in OAM communication.
In particular, the generation of multimode OAM beams from
a single device under the shared illumination is essential in an
OAM mode multicasting system [11], in which the message
delivering direction and power of each multicasting OAM
channel are usually arbitrary based on the specific scenarios.
In the past two decades, various schemes have been pro-
posed for vortex beam generation, including the spiral phase,
computer-generated holograms [14], and circular antenna array
[15], [16], [17]. Besides, metasurface with remarkable prop-
erty of subwavelength electromagnetic field manipulation has
also been utilized for vortex beam generation in recent years to
overcome the limitation of flexibility in multimode integration
and the miniaturization of devices of the traditional platforms
[18], [19], [20], [21], [22], [23], [24], [25], [26], [27].

OAM-mode purity is one of the most important criterion
of a high-quality vortex beam generator. For most of the
current metasurfaces that generate single-mode vortex beam
by constructing a spiral phase front, purity of the generated
vortex beam is mostly impacted by several reasons, including
the discretization of the device aperture to the meta-atom
pixel array, the digitalization of the continuous spiral phase
pattern to several certain phase levels, and the limited overall
device aperture. As for multimode vortex beam generation,
the complex amplitude distribution on the device aperture
gets more complicated because of the superposition of mul-
timode wavefronts. This will further increase the difficulty
of wavefront recovering compared to the phase-only case
for single-mode vortex beam generation. However, in most
of the present works on multimode vortex beam generation,
only phase information of the wavefront is considered, and
the amplitude is simplified to be unity all over the device
aperture [27], [28], [29]. Although some feedback algorithms
have been proposed for complex phase pattern optimization
so as to promote the OAM-mode purity [30], the overall
design procedure is computationally intensive. Hence, there
is still space in exploiting the underlying mechanism and
techniques of high-purity multimode vortex beam generation
meta-device.

According to the inherent correlation between the spatial
field distribution and its OAM-mode spectrum, the lack of
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amplitude information leads to the distortion of OAM-mode
spectrum, and hence, the purity of the desired dominant modes
will drop and the crosstalk modes increase as noises. Obvi-
ously, both the amplitude and phase information are needed to
precisely construct the multimode vortex beams. In addition,
considering the practical applications, it is also necessary to
generate a series of vortex beams that propagate along different
directions with certain OAMs and power allocations, that is,
a specific distribution in OAM state space. To this end, the
reconstruction of both phase and amplitude information of
multimode vortex beam wavefront is also demanded.

In this article, we propose a method for multimode vortex
beam generation based on complete reconstruction of the
desired complex wavefront. The high mode purity is quantita-
tively analyzed and verified through both numerical calculation
and experimental measurement. As examples, two multimode
vortex beam generators operating in microwave regime are
designed and characterized: the first one generates three-mode
vortex beams that propagate along the same direction and
the second one generates three vortex beams of different
OAM modes that propagate toward distinct directions with
different powers. As a comparison, we also investigate their
traditional counterparts, for which only phase distributions
are considered, while the amplitudes remain uniform across
the corresponding device apertures. Both the calculations and
measurements show enhanced mode purity by introducing full
complex amplitude modulation, compared with the traditional
phase-only scheme. A 20 dB suppression of the crosstalk
mode is experimentally observed for the co-directional prop-
agation case and about 15 dB for the multidirectional
propagation case.

II. CONCEPT AND META-ATOM DESIGN

The crux of the proposed high-purity multimode vortex
beam generation scheme is imparting arbitrary independent
phase and amplitude distributions onto electromagnetic wave-
front, which is a highly desirable goal in metasurface research.
By exploiting combination of degrees of freedom such as
position, orientation, and size, various strategies have been
proposed to obtain full-range complex amplitude modula-
tion [31], [32], [33], [34], [35], [36]. A novel approach is to
use cascaded bilayer anisotropic structures as meta-atom [37],
in which full-range complex amplitude modulation for spin
waves is achieved by tuning the orientations of two layers. The
amplitude of transmitted circular-polarization conversion com-
ponent is determined by the difference between two orientation
angles, whereas the phase is determined by the summation of
them. For simplifying the multimode vortex beam generator
design, we adopt this complex amplitude modulation strategy
because it avoids lots of time-consuming geometric parameters
searching in a meta-atom design. It is noteworthy that other
complex amplitude modulation methods can also be used to
implement the proposed multimode vortex beam generation
scheme, and the generated vortex beams can have polarization
states other than circular-polarized states.

A schematic of high-purity multimode vortex beam genera-
tion based on full complex-amplitude-controllable metasurface

Fig. 1. Schematic of high-purity multimode vortex beam generation.

is shown in Fig. 1. Under normal illumination of right-handed
circularly polarized (RCP) waves, the transmitted left-handed
circularly polarized (LCP) waves get converted into several
vortex beams with different topological charges. Due to the
full and arbitrary complex amplitude modulation feature of
the proposed metasurface, both the amplitude and phase infor-
mation at each position of the wavefront are simultaneously
and directly reconstructed for multimode vortex beam genera-
tion. Therefore, the crosstalk modes are extremely suppressed
in contrast to the traditional phase-only generation scheme.
In addition to the high mode purity, the proposed scheme
of applying complex amplitude modulation also provides a
practical approach for generating multimode vortex beams that
propagate along different directions with customized power
allocation.

As shown in Fig. 2(a), a bilayer ring-shielded-bowtie struc-
ture is adopted as meta-atom, which is the basic building block
of the proposed vortex beam generator. Two planar metallic
resonating structures with the same physical dimensions except
for the orientation angles are manufactured on the two sides
of a dielectric substrate F4B (εr = 2.65 and tanδ = 0.0017).
The orientation angles of the two structures are defined as
the angle between the symmetry axis of each layer [blue
dashed-dotted lines in Fig. 2(a)] and the x-axis, and marked
as α1 and α2. The geometric parameters are the outer radius
of the circular ring r1 = 3.15 mm, the inner radius r2 =
0.65 mm, the width of the circular ring w1 = 0.3 mm, the
gap width between the circular ring and the bowtie structure
w2 = 0.2 mm, the open angle of the bowtie structure γ =
60◦, and the lattice constant p = 7 mm. The transmission
spectra in circular basis with both orientation angles being 0◦
are calculated using the commercial software Eastwave [38]
and shown in Fig. 2(b). For the meta-atom design, periodic
boundary conditions are applied at both the x and y boundaries
and perfectly matched layers at the z boundaries. Circularly
polarized incident plane wave is set to be along the z-direction.
It can be seen that the circular-polarization conversion reaches
the maximum efficiency of 93.9% at 10.15 GHz. As inspired
by [37], by tuning the two orientation angles, an arbitrary
combination of phase from 0◦ to 360◦ and amplitude from
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Fig. 2. (a) Schematic of the meta-atom structure; (b) calculated transmittance
spectra in circular basis for meta-atom with orientation angles α1 and α2
both being zero, where the first and the second subscripts in the legend refer
to the polarization state of the transmitted and incident waves, respectively;
(c) normalized amplitude; and (d) phase shift of RCP-to-LCP conversion
component compared to the (α1, α2) = (0◦ , 0◦) orientated meta-atom as
functions of α1 and β at 10.15 GHz.

zero to the maximum efficiency can be achieved for circular-
polarization conversion components.

The transmission spectra of RCP-to-LCP conversion com-
ponents are further investigated for meta-atoms with other
orientation angles. The normalized amplitude and phase are
shown in Fig. 2(c) and (d), respectively. Obviously, the
normalized amplitude is determined by the orientation angle
difference β = α2 − α1 and varies from 0 to 1 as β
decreases from 90◦ to 0◦. On the other hand, the phase can
be modulated in the range of [0◦, 360◦) by further tuning
the orientation angle α1. Note that we do not strictly follow
the two cascaded quarter-wave plate design in [37], and the
relationship between orientation angles and complex amplitude
is also altered. However, based on the same mechanism, full-
range complex amplitude modulation is also achieved with
the more compact bilayer meta-atom. Then, arbitrary phase
and amplitude control over electromagnetic wavefront can be
implemented with the proposed meta-atom, which may find
various advanced applications, including multimode vortex
beam generation.

III. META-DEVICE DESIGN

We now describe the method of high-purity multimode
vortex beam generation by employing the proposed meta-atom.
For simultaneous generation of N vortex beams with respec-
tive topological charges ln and amplitude En, the complex
amplitude distribution in the xoy plane can be described as

A(x, y) =
N∑

n=1

En expilnϕ expi(k0 x sin θn cos ϕn+k0 y sin θn sin ϕn) (1)

where (θn, ϕn) with n = 1, 2, 3, . . . , N are the elevation and
azimuth angles that represent the propagation directions of the
corresponding vortex beams, respectively. We first demonstrate
a case to generate three vortex beams with the same propa-
gation direction (z-axis) and power. The topological charges

Fig. 3. (a) Schematic of the three-mode vortex beam generator with complex
amplitude modulation, (b) corresponding normalized amplitude, and (c) phase
distribution on the device aperture.

are set to be (l1, l2, l3) = (+1, +2, −1). The vortex beam
generator is schematically shown in Fig. 3(a). Considering the
circular symmetry of vortex beams, the device composed of
1257 meta-atoms in total is designed to cover a circular region,
that is, a round area with a radius of 20 × p intercepted
at the center of a square array. The rest area of the sample
is covered by continuous copper film. The corresponding
normalized electric field (E-field) amplitude and phase dis-
tribution in the xoy plane are derived from (1) and shown
in Fig. 3(b) and (c). Then, the distributions of the meta-atom
orientation angles are determined according to the relationship
shown in Fig. 2(b) and (c). Namely, the orientation angle
difference β is first derived through interpolation based on the
amplitude values shown in Fig. 2(b), and then, the orientation
angle of the first layer α1 is also derived through interpolation
based on the phase values shown in Fig. 2(c). For comparison,
we also design a traditional phase-only multimode vortex beam
generator with the proposed meta-atom. Though having the
same size as our complex amplitude-modulated devices, only
the phase distribution shown in Fig. 3(c) is reconstructed,
with the amplitude staying uniform across the device aperture.
In terms of the meta-atom, the parameter α1 is still determined
in the aforementioned manner, while the orientation difference
β is set to 0◦ everywhere.

Both the complex amplitude-modulated and phase-only
devices are fabricated by the standard printed-circuit-board
technique on F4B substrates (Taconic TLT-6). The pho-
tographs of sample and experiment setup are shown in Fig. 4.
The measurements are performed in an anechoic chamber with
Keysight PNA-X 5242A Network Analyzer. An RCP horn
antenna is used to generate normal incident wave. With a
small helix antenna that is mounted on a translation stage as
probe, the transmitted LCP E-field component is measured in
steps of 1 mm within a 600 × 600 mm area on the plane
700 mm above the device surface. Fig. 5 shows the calcu-
lated and experimentally measured LCP E-field distributions
together with the corresponding OAM-mode spectra of the two
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Fig. 4. (a) Photograph of the manufactured sample. The enlarged view in
the inset shows the orientation variation of meta-atoms in the selected region.
(b) Experiment setup of field sampling measurement.

meta-devices. Fig. 5(a)–(f) shows the results of the device with
complex amplitude modulation and Fig. 5(g)–(i) corresponds
to the phase-only one. The field calculation of all the devices
in this work is also implemented with the commercial software
Eastwave. As for the meta-devices design through full-wave
simulation, perfectly matched layers with vacuum spacer are
applied at all six boundaries. RCP plane waves along the
z-direction are used to excite the structures. Note that the
amplitude distributions in Fig. 5 are all normalized to their
respective global maxima. Clearly, the measured amplitude
and phase distributions agree very well with the calculated
ones, except for some disturbance that is mainly caused by
the weak scattering from the measurement environment.

In order to analyze the mode purity of generated multimode
vortex beam, the OAM-mode spectra are extracted from both
the calculated and measured E-field distributions. By sampling
the fields within a circular region, the powers of different OAM
modes are obtained by [39]

Pl = 1

2π

∫ ∞

0

∣∣∣∣
∫ 2π

0
u(x, y, z) · e−ilϕdϕ

∣∣∣∣
2

rdr (2)

and then normalized by the global maximum power in the
spectra. Specifically, in accordance with the circular symmetry
of the vortex beam, a circular integral region is adopted. The
radius R = 200 mm (white circle in Fig. 5) is chosen to
include most of the power of the three dominant modes. Only
spectra for OAM modes of l ∈ [−5, +5] are presented because
the power of modes with |l| > 5 is too weak to impact the
conclusion.

As can be found in Fig. 5(c), the calculated level of
the crosstalk modes is around −40 dB for the device with
complex amplitude modulation, and the calculated OAM-mode
spectrum components of l = +1, +2, and −1 are nearly equal,
which is consistent with our design. It is worth noting that the
power of the spectrum component of l = +2 is a little smaller
(about 1.13 dB) than those of modes l = ±1. This mainly
originates from the divergence nature of vortex beams and the
divergence angle becomes larger as the abstract value of mode
number |l| increases. Consequently, less energy is collected
within a circular sampling region of fixed radius for vortex

beams with a relatively larger mode number. The detailed
analysis about this point can be found in the Supplementary
Material. In contrast, as shown in Fig. 5(i), powers of the
crosstalk modes are much bigger for the phase-only device,
which reaches about −10 dB. In addition, the maximum
power deviations of the dominant modes are also bigger (about
1.7 dB). In particular, powers of modes l = +1 and l = −1 are
not equal to each other, though they have the same divergence
angle. These phenomena are all mainly caused by the absence
of amplitude information when reconstructing the wavefront
of multimode vortex beams.

The measured mode spectra for complex amplitude mod-
ulation and phase-only devices are shown in Fig. 5(f) and
(l), respectively. Clearly, the measured results are basically
coincident with the calculated ones. Though crosstalk modes
are stronger due to the inevitable factors such as antenna mis-
alignment, fabrication errors, and environmental scattering, the
dominant OAM modes of l = +1, +2, and −1 of the complex
amplitude modulation device are still bigger than the other
crosstalk OAM modes by about 20 dB. For the phase-only
device, though the dominant modes can also be distinguished
but are only about 10 dB bigger than the crosstalk modes, the
calculated and measured results show clearly that, compared
to the phase-only case, the mode purity of the generated
multimode vortex beams gets significantly improved when the
complex amplitude information of wavefront is reconstructed.
More precisely, the spectrum of the dominant modes is closer
to the designed values and the crosstalk modes are reduced
by more than 10 dB. This is crucial in OAM multiplexing
data transmission to increase the channel capacity and energy
efficiency due to the signal-to-noise ratio optimization.

Besides, the device efficiencies are compared between the
complex amplitude case and the phase-only case. Since both
devices are designed to generate OAM beams of order l =
+1, +2, and −1, the effective transmission power is the
summation of the powers of these three modes. A reasonable
and straightforward efficiency comparison can be implemented
by calculating the ratio of effective transmission powers of the
two cases

∑
l=−1,1,2

Pcomplex amplitude
l

/ ∑
l=−1,1,2

P phase only
l (3)

which is 77.2% and 81.8% for simulated and measured results,
respectively. In addition, to show the efficiency of the pro-
posed devices more comprehensively, another two indices are
also calculated. One of them is the polarization conversion
efficiency, which is the ratio of the power carried by cross-
polarized OAM modes to the total incident power. The other
is the effective power ratio, which is the ratio of the power
carried by three designed OAM modes to the total cross-
polarized transmitted wave. These two definitions have been
adopted in many previous works [40], [41], [42], [43], and the
calculated and measured results for our devices are obtained
by the following equations and shown in Table I.

The polarization conversion ratio is calculated by

η1 = �l Pl

Pi
(4)
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Fig. 5. Calculated results of the normalized LCP E-field distribution on the specified sampling plane (a) and (b) distracted OAM-mode spectrum and
(c) corresponding measurement results of (d)–(f) device with complex amplitude wavefront modulation. Calculated results of the normalized E-field distribution
on the specified sampling plane, (g) and (h) distracted OAM-mode spectrum and (i) corresponding measurement results of (j)–(l) control group device with
phase-only wavefront modulation. The amplitude distributions are all normalized to their respective global maxima.

TABLE I

CALCULATED AND MEASURED POLARIZATION CONVERSION EFFICIEN-
CIES AND EFFECTIVE POWER RATIOS FOR CO-DIRECTIONAL THREE

OAM MODES GENERATION BASED ON PHASE ONLY AND COM-
PLEX AMPLITUDE MODULATION

and the effective power ratio is calculated by

η2 = �l=−1,+1,+2 Pl

Pt,lcp
(5)

where Pi refers to the total incident power and Pt,lcp is the total
transmitted power of the cross-polarized (LCP) component.

Obviously, obtaining high mode purity with complex ampli-
tude modulation approaches does accompany with certain
decrease of the device efficiency. However, the effective power
ratio of complex amplitude modulation case is higher than that
of the phase-only one. Then, the effective transmission power
of complex amplitude case is rather close to the phase-only
one.

Based on the proposed method, by applying complex ampli-
tude modulation, it is also promising to construct multimode
vortex beams that propagate along arbitrary distinct directions
with different powers, which is significant for multicasting
communication scenarios. Consider generation of three vortex
beams with the OAM modes of (l1, l2, l3) = (+1, +2, −1),
the power ratio of P1:P2:P3: = 3:2:1, and the propagation
direction of (θ1, θ2, θ3) = (10◦, 10◦, 20◦) and (ϕ1, ϕ2,
ϕ3) = (0◦, 0◦, 90◦); the complex amplitude distribution in
the xoy plane can also be obtained by (1). Following the

Fig. 6. (a) Schematic of the device for generation three-mode vortex beam
with specified topological charges, propagating directions, (b) power alloca-
tions and the corresponding normalized amplitude, and (c) phase distribution
pattern on the device aperture.

same procedure, the corresponding device is designed in the
same size, and the normalized amplitude and phase distribution
over the meta-device aperture are shown in Fig. 6(b) and (c),
respectively.

The far-field pattern of the designed metasurface is shown
in Fig. 6(a). Two lobes are clearly identified in which the lobe
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Fig. 7. Calculated and measured results of the device (complex amplitude case) for generating three-mode vortex beam with specified topological charges,
propagating directions and power allocations. Calculated results of the normalized LCP E-field distribution and the distracted OAM-mode spectrum on (a)–(c)
specified sampling plane 1# and (d)–(f) sampling plane 2#. Measured results of the normalized E-field distribution and the distracted OAM-mode spectrum
on (g)–(i) specified sampling plane 1# and (j)–(l) sampling plane 2#. The amplitude distributions are normalized to their respective global maxima.

with axis lying in the yoz plane corresponds to the single
vortex mode of l = −1 with relatively lower power, while
the other lobe with axis lying in the xoz plane represents
the mixed vortex modes of l = +1 and l = +2 with
relatively higher powers. To observe the magnitude and phase
distribution of the lobes, two transection sampling planes with
size of 600 × 600 mm are adopted 700 mm away from the
metasurface aperture center.

Fig. 7 shows the calculated and measured results on the
predefined sampling planes of the metadevice with complex
amplitude modulation. The amplitude distributions are also
normalized to their respective global maxima. The OAM-mode
spectra are then extracted from the LCP E-field sampling val-
ues and normalized to the corresponding global maximum. For
the calculation results in Fig. 7(e) and (f), the power ratio of
the three dominant modes is P1:P2:P3: = 0:−2.04:−4.38 dB,
which slightly deviates from the desired value of P1:P2:P3: =
0:−1.76:−4.77 dB or P1:P2:P3: = 3:2:1 in a linear form.
Notice that the integral region for OAM-mode spectrum cal-
culation here is also within a circle of radius R = 200 mm.
Although a fraction of E-field of the neighboring lobe is
collected in both of the two sampling planes, the power of
the corresponding dominant mode is hardly impacted and the
good agreement of the extracted dominant mode spectrum
with the theoretical values also verifies this point, while for
the crosstalk modes, considering the interference from the
neighboring lobe, the calculated results still show a low level
of about −30 dB.

The E-field distributions are also experimentally measured
in microwave chamber, followed by the OAM-mode spectrum
analysis. As shown in Fig. 7(g)–(l), the E-field amplitude

and phase distributions agree well with the calculated ones
in both planes 1# and 2#, in which the most remarkable is
the singularity point in each plane that is almost in the center,
indicating that the two lobes are propagating in the designed
directions. The measured power ratio of the three dominant
OAM modes is P1:P2:P3: = 0:−2.44:−5.78 dB, as shown in
Fig. 7(i) and (l), which slightly deviates from the calculated
one because of the aforementioned inevitable measurement
errors. A phase-only device is also constructed and character-
ized for comparison, for which only the phase information in
Fig. 6(b) is reconstructed and the amplitude is uniform across
the device aperture. The results can be found in Fig. 8.

As clearly indicated in Fig. 8, both the calculated and
measured results show much higher power levels of the
crosstalk modes for phase-only devices, compared to those
shown in Fig. 7. In addition, the calculated power ratio of the
three dominant modes is P1:P2:P3: = 0:−3.95:−5.3 dB, which
obviously deviates from the designed value of P1:P2:P3: =
0:−1.76:−4.77 dB. All the calculated and measured results
verified the purity improvement of the generated multimode
multidirectional vortex beams, indicating the feasibility of the
proposed method in this article.

Efficiency analysis is also implemented for multidirection
trimode devices. Based on the calculation and experimental
results that are extracted from the sampling planes consistent
with the abovementioned mode purity analysis, the ratios
of effective transmission power in the two cases are also
calculated by (3), which are 80.12% and 78.28% for simulated
and measured results, respectively. The quite close effective
transmission powers of the complex amplitude case and the
phase-only case are also observed.
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Fig. 8. Calculated and measured results of the device (phase-only case) for generating three-mode vortex beam with specified topological charges, propagating
directions and power allocations. Calculated results of the normalized LCP E-field distribution and the distracted OAM-mode spectrum on (a)–(c) specified
sampling plane 1# and (d)–(f) sampling plane 2#. Measured results of the normalized E-field distribution and the distracted OAM-mode spectrum on
(g)–(i) specified sampling plane 1# and (j)–(l) sampling plane 2#. The amplitude distributions are normalized to their respective global maxima.

TABLE II

CALCULATED AND MEASURED POLARIZATION CONVERSION EFFICIEN-
CIES AND EFFECTIVE POWER RATIOS FOR MULTIDIRECTIONAL

THREE OAM MODES GENERATION BASED ON PHASE ONLY AND

COMPLEX AMPLITUDE MODULATION

Similarly, we also investigate the polarization conversion
efficiencies and the effective power ratios of multidirectional
propagation cases. The results are shown in Table II.

In addition, though the efficiency of complex amplitude case
decreases a little bit, the mode purity and power allocation
accuracy between different modes are significantly improved,
and the overall performance of complex amplitude case still
has obvious advantages for high-precision anti-interference
communication and other applications.

To reveal the performance of the proposed devices more
comprehensively, we further calculate the fractions of power
incident from the feed horn and reflected from the metasur-
faces. The calculated results under RCP incidence are shown
in Table III.

To avoid misunderstanding, we need to point out that there
is also a small fraction of energy in the form of co-polarized
transmitted waves. However, the power fraction is rather small
(less than 8% for all cases).

Last but not least, we want to point out that most works
contributing to the OAM multiplexing technique, including
our findings, are mainly operating in the near field, due to
the severe power decay of the vortex mode in long-distance

TABLE III

CALCULATED FRACTIONS OF POWER INCIDENT FROM THE FEED

HORN AND REFLECTED FROM THE METASURFACE FOR BOTH
CO-DIRECTIONAL AND MULTIDIRECTIONAL THREE OAM

MODES GENERATION BASED ON PHASE ONLY AND COMPLEX

AMPLITUDE MODULATION

TABLE IV

CALCULATED RATIOS OF COMMUNICATION DISTANCE AND THE FAR-
FIELD LIMIT 2D2/λ FOR [6], [8], [44], AND FOR OUR WORK

transmission for a fixed receiving aperture. Several recent
works [6], [8], [44] are taken as example, and the ratios
between the communication distances and the far-field limit
2D2/λ are calculated. The results are shown in Table IV, where
D is the size of the larger aperture of either the receiving or
the transmitting antenna in the corresponding reference and
distance represents the actual communication distance in the
corresponding reference or, in our work, the distance between
the meta-device and the sampling plane. Then, the ratios of
distances and 2D2/λ are calculated and shown in the last
column.
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The results clearly indicate that the mentioned references as
well as our findings are all operating in the near field. However,
we want to point out that despite the well-known near-field
limitation, vortex beam communication is still a promising
alternative approach to improve spectrum efficiency, as has
been verified in specific near-field application scenarios in the
references. The proposed scheme for high mode purity OAM
generation may find applications in various fields beyond near-
field communication.

IV. CONCLUSION

In summary, by reconstructing both the amplitude and phase
information in the wavefront, we design, fabricate, and exper-
imentally verify a meta-device for multimode vortex beam
generation that exhibits high purity of the dominant modes in
the OAM-mode spectrum. In addition, the significant suppres-
sion of the crosstalk modes by more than 20 dB is observed
for the co-directional propagation case and about 15 dB for
the multidirectional propagation case, which are both much
improved compared to their phase-only counterparts. Though
the proof-of-principle devices are designed in radio frequency,
it is convenient to be generalized to other regimes, including
terahertz and optics by constructing similar bilayer meta-atom.
Furthermore, the proposed method is also promising in high-
performance antenna and radome design by arbitrarily and
precisely modulating the complex field distribution over the
whole aperture.
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