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Acoustic communication is crucial in underwater exploration, where sound is the dominant information
carrier, with signiﬁcantly less loss and scattering than that of electromagnetic waves. However, the capacity of acoustic communication channels is limited due to the intrinsically low speed of sound relative to
that of electromagnetic waves and because the attenuation of acoustic waves underwater increases with
frequency. Recently, orbital angular momentum (OAM) has emerged as an alternative multiplexing degree
of freedom to encode data onto vortex beams for increasing the capacity of acoustic communication. For
information retrieval from the multiplexed acoustic vortices, an active scanning method and a passive resonant method are explored. Time-consuming scanning and complex postprocessing signiﬁcantly restrict
the data-transmission speed, while the large amount of resonant cascaded devices in the passive technique
intrinsically results in a low eﬃciency and bulky volume of the system. Here, we propose and experimentally demonstrate a passive and nonresonant approach with the ability to separate diﬀerent OAM
states of multiplexed acoustic vortex beams in parallel using a parabolic-phased metasurface. The metasurface converts the spiral-phase patterns of vortex beams carrying various angular momenta into plane
waves with diﬀerent in-plane linear momenta. Our approach is compatible with multiplexing technologies,
signiﬁcantly enhancing the speed in acoustic communication.
DOI: 10.1103/PhysRevApplied.13.014014

I. INTRODUCTION
Underwater communication plays an essential role in
various applications, such as ocean environmental monitoring and oﬀshore industrial exploration [1], where
the rapidly increasing demands for high-deﬁnition signal transmission necessitate the high-speed transmission
of megadata. Although remarkable progress has been
achieved in wireless communications based on microwave
or optical waves in air, electromagnetic communication
technologies cannot be eﬀectively adopted over a long distance underwater [2–4]. The prominent loss of microwaves
intrinsically restricts radiofrequency communication to
only several centimeters underwater, and the strong scattering of visible light caused by small particles inhibits
optical waves from propagating over a long distance.
Currently, acoustic waves are used as the dominant information carrier for underwater communication because the
attenuation of acoustic waves is at least three orders of
magnitude smaller (e.g., 7 × 10−4 dB/m at 0.15 m [5])
than that of electromagnetic waves (e.g., 2 × 105 dB/m at
*
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100 µm and 1 dB/m at 600 nm [6]). However, information transmission with acoustic waves still suﬀers from the
inherent deﬁciency of limited frequency bandwidth due
to the low speed of sound. Over the past few decades,
substantial eﬀorts have been made to enhance the capacity of acoustic communication with various schemes,
such as wavelength-division multiplexing (WDM), timedivision multiplexing (TDM), and multilevel amplitude- or phase-modulation formats to encode information
[7–9]. Unfortunately, even with advanced encoding methods, the acoustic-communication capacity cannot satisfy
the rapidly increasing requirements in practice.
Recently, orbital angular momentum (OAM) carried
by acoustic vortex beams with helical wavefronts has
emerged as an alternative degree of freedom for information encoding, which provides great potential to boost the
transmission capacity of acoustic communication [10,11].
This acoustic OAM is described by a phase term, eimθ ,
where m is the topological charge and θ is the azimuthal
angle [12–16], providing intrinsically unbounded orthogonal states. Transfer of the OAM to matter produces
torque, which is widely used for particle manipulation
and vortex-based tweezers [17–21]. OAM-based acoustic
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multiplexing is demonstrated in both free space [10] and
cylindrical waveguides [11], showing the enhancement of
the transmission rate by N-fold, where N is the number
of vortices. As an essential part of multiplexing communication, the method for information retrieval from
the superimposed signal, i.e., the demultiplexing process,
determines the ultimate transmission speed of the communication system [22]. In OAM-based multiplexing, demultiplexing requires a precise transformation of the initial
overlaid OAM modes into states that do not overlap in
space. In optics and microwaves, various techniques are
used for OAM mode sorting, such as the application of
spatial light modulators, Dammann gratings, q plates, or
plasmonic metasurfaces based on spin Hall eﬀect [23–28].
However, the mechanisms of action for q plates and plasmonic metasurfaces are unavailable in acoustics, and the
precise control of sound would result in a bulky device
if we were to directly translate the spatial modulator or
Dammann grating into acoustics [10,11,23,25–28].
Existing approaches for the spatial separation of acoustic vortices and information retrieval rely on active arrays
or passive resonant methods [10,11], which impose critical limitations to achieve fast and eﬃcient information
decoding. With active detection [10], numerous sensors for

ﬁeld detection and complex algorithms for postprocessing
are required, and the received mass of data raise another
problem in storage, transfer, and analysis procedures, and
thus, hinder information decoding in a simple architecture.
When the passive method is used [11], a sequence of resonant elements, successively cascaded in 3D space with
a bulky volume, is needed to decouple the diﬀerent OAM
modes, the number of which determines the available number of OAM channels. In addition, the resonant nature of
the passive device intrinsically restricts the application to a
narrow frequency range. Recently, acoustic metamaterials
have become an active ﬁeld driven by both scientiﬁc discoveries and application potentials [29–32], which enable
diverse wave manipulation functionalities not found in
nature, ranging from cloaking, absorption, superresolution,
and anomalous reﬂection and transmission to actively controllable structures and topological acoustic composites
[33–40].
We propose and experimentally implement a passive and nonresonant metasurface to overcome the
aforementioned problems in OAM mode sorting for
acoustic OAM-based multiplexing. Fast, eﬃcient and parallel OAM state separation is realized with an acoustic parabolic-phased metasurface, which transforms the
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FIG. 1. Parallel sorting of the multiplexed vortex beams with the nonresonant metasurface. (a) Schematic of the experimental setup.
Two-dimensional (2D) waveguide (transparent plastic glass) with the subwavelength metasurface (green) assembled on one end serves
as a reading device. The metasurface is designed to mimic the phase gradient of a parabolic reﬂector. Sorting includes two processes.
(1) The multiplexed vortex beams propagating in free space (spirals) are coupled into the 2D waveguide through an aperture on the top
wall at the focal point of the parabola. (2) The decoding metasurface converts the vortex modes (red and blue arrows) radiated from
the focal point into modes with diﬀerent in-plane linear momenta, resulting in reﬂected plane waves propagating in diﬀerent directions
(purple arrows). Based on this scheme, information encoded on the superimposed OAM multiplexed signal can be read out in parallel
by detecting the reﬂected waves at speciﬁc spatial angles. (b) Photograph of the 3D-printed decoding metasurface used in experiments.
The metasurface is made from acrylonitrile butadiene styrene (ABS) plastic, with a length of 89.6 cm in the y direction and maximum
thickness of 2.8 cm in the x direction.
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helical-phased vortex beams into plane waves with different transverse phase gradients, i.e., diﬀerent in-plane
linear momenta. The lateral phase gradient further diﬀracts
waves with various reﬂected angles [32–38], depending on
the sign and magnitude of the topological charge, m. A
theoretical interpretation is developed to analytically prove
the intrinsic linear feature between the reﬂected angle and
OAM charge. Remarkably, the advantage of the nonresonant nature of the parabolic geometry mechanism provides
the potential to work over a broad bandwidth by employing an appropriate metasurface, and control of the reﬂected
angle is achieved by adjusting the parameters to enable
the ﬂexibility to control the sorting resolution on demand.
Although we conceptually demonstrate the results for airborne sound, due to laboratory limitations, our scheme provides a paradigm for underwater communication, which is,
in principle, implementable in an underwater environment
by employing appropriate materials. The proposed OAM
sorting method will contribute to increasing the speed of
acoustic communication with a simple device, and thus,
provides great potential for profound impact on relevant
ﬁelds.
II. DESIGN OF THE ACOUSTIC OAM DECODING
METASURFACE
Parallel sorting of acoustic OAM modes is realized by
a geometric conﬁguration based on a parabolic reﬂector.
(a)

m = –4

m = –2

m = –1

To avoid the bulky volume of the parabola, while mimicking its function with a planar, thin, and compact device, a
subwavelength metasurface is designed to have a thickness
proﬁle with diﬀerent depths of grooves along the surface,
which provide the speciﬁc phase gradient of the parabola
[as shown in Fig. 1(b)]. The width of each groove in the
metasurface is λ/8 in the y direction, and the groove with
depth h provides a phase delay of φ = 2kh (λ is the wavelength and k is the wave number of incident sound). The
metasurface is assembled on one end of a two-dimensional
waveguide, and the waveguide with the decoding metasurface serves as a reading device in demultiplexing. The concept of our approach is schematically shown in Fig. 1(a),
where OAM-mode sorting consists of two processes. In the
ﬁrst step, the multiplexed vortex beams propagating in the
free space [indicated by the spirals in Fig. 1(a)] are coupled into the 2D waveguide through an aperture on the top
waveguide wall and located in the focal point of the virtual parabola. In the second step, for acoustic vortex beams
radiating from the focal point [red and blue arrows in
Fig. 1(a)], the decoding metasurface acts as a convertor to
transfer the various OAM states into modes with diﬀerent
transverse linear momentum dky ∝ (m/p) (p is a geometric parameter of the parabola), which results in the reﬂected
plane waves propagating in diﬀerent angular directions
[purple arrows in Fig. 1(a)], according to the sign and
magnitude of OAM charge, m. Based on this scheme, the
initial superimposed OAM modes are decoupled and the
m=0

m=1

m=2

m=4

(b)

(c)

FIG. 2. Parallel sorting of acoustic OAM modes. (a) Simulated phase distributions of acoustic vortex beams with various OAM
charges, m = 0, ±1, ±2, ±4. The twist number in the phase pattern indicates the magnitude of m, and the twist direction determines
the sign. (b),(c) Reﬂected pressure ﬁelds for acoustic vortex beams carrying diﬀerent OAM charges in numerical simulations and
experimental measurements. The simulations and measurements match each other, both of which show that vortex beams with positive
and negative OAM charges are reﬂected in opposite directions, and the reﬂection angle increases with the magnitude of m. Spatial
separation of diﬀerent acoustic OAM modes is used for parallel information decoding in acoustic OAM-based multiplexing.
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information encoded on the multiplexed channels can be
simultaneously read out by detecting the waves in speciﬁc
spatial angles reﬂected by the single metasurface.
III. EXPERIMENTAL MEASUREMENTS
The experiment is performed in a 2D acoustic waveguide (1 × 1.2 m2 ) ﬁlled with air (mass density 1.21 kg/m3
and sound speed 343 m/s) to demonstrate the parallel sorting of OAM modes. To mimic the incidence of vortex
beams from the free space and their coupling to the waveguide, a transducer array is assembled outside the waveguide and above the focal point, consisting of three rings of
speakers (with 4, 8, and 16 speakers equally spaced in each
ring with radii of 1.2, 2.8, and 4 cm, respectively). Vortex
beams with diﬀerent topological charge, m, are coupled
into the waveguide through an aperture (radius of 4 cm)
centered in the focal point and then acoustic waves radiate from the aperture. The waveguide walls are formed
by acrylic plates and treated as solids for airborne sound,

and the acoustic decoding metasurface is 3D-printed from
ABS plastic (mimics the parabola with the parameter p =
0.8 m). A microphone with a radius of 2.5 mm is used to
detect the reﬂected ﬁelds of the decoding metasurface. We
conduct the 2D ﬁeld scanning (234 × 213 mm2 with a distance 140 mm from the metasurface and a scanning step
5.1 mm in both x and y directions) to exactly determine
the reﬂected angle, due to the limited propagation distance
in the waveguide. However, in practical application, as the
ﬁnite dimension of the metasurface, the reﬂected beams of
ﬁnite width and diﬀerent angles will nearly not interfere
with each after a long propagation distance, and the information encoded in the vortex beams with diﬀerent m can be
directly detected by a single microphone placed at diﬀerent
speciﬁc angles.
The phase distributions of acoustic vortex beams carrying diﬀerent OAM charges, m, are illustrated in Fig. 2(a),
where the twist number indicates the magnitude of m and
the spiral direction determines the sign. Figure 2(c) shows
the experimentally measured reﬂected pressure ﬁelds for

(a)

(b)

(c)

(d)

(e)

FIG. 3. Analysis of reﬂection in reciprocal space. (a),(b) Simulated and measured distributions of spectra in reciprocal space with
various OAM charges, m = 0, ±1, ±2, ±4. The spectrum of the beam with m = 0 has only a wavevector component along the
propagating direction (x axis), while the nontrivial OAM charge gives rise to the transverse linear momentum, corresponding to the
emergence of ky . The dotted (white) lines show the reference positions ky = 0 and the dashed (black) lines indicate the positions where
kx reaches its maximum value. (c),(d) Distributions of the amplitude of the spectra along the dashed (black) lines in the reciprocal space
as functions of ky for various OAM charges, as obtained from numerical simulations and experimental measurements. The emergence
of transverse linear momentum and shift of the spatial spectra for nontrivial m are clearly demonstrated. The results are normalized
with their corresponding maximum values. (e) Relationship between the reﬂection angle, α, and OAM charge, m. The reﬂection angle
results from the transverse linear momentum by α = tan−1 (ky /kx ). A nearly linear relationship between α and m is observed from both
numerical simulations and experimental measurements.
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m = 0, ±1, ±2, ±4 at 5359 Hz (corresponding to a
wavelength of λ = 6.5 cm), which are conﬁrmed with the
simulations shown in Fig. 2(b). The numerical simulations
are performed based on the COMSOL Multiphysics pressure acoustics module for reassembling the experimental
setup. For a wave emitted by a point source without OAM
(m = 0), the reﬂection from the decoding metasurface is
a plane wave propagating along the x direction, owing to
the parabolic geometry. For vortex beams with nonzero
m, diﬀerent angular momenta of the incident beams are
converted into various in-plane linear momenta of the
reﬂected beams by the metasurface, which correspond to
diﬀerent transverse phase gradients of the reﬂection and
further induce angular shifts of the reﬂected plane waves.
As a result, acoustic vortices with diﬀerent OAM charges
are coupled into the plane waves with diﬀerent reﬂected
angles, as shown in Figs. 2(b) and 2(c), and thus, enable
the spatial separation and eﬃcient sorting of OAM modes.

IV. CALCULATION OF REFLECTION IN
RECIPROCAL SPACE
To characterize the OAM mode separation, we apply the
spatial Fourier transform to map the real space ﬁelds into
reciprocal space. Figures 3(a) and 3(b) show the spectra of
simulated and experimental reﬂection ﬁelds, respectively,
with OAM charges of m = 0, ±1, ±2, ±4. The spectrum
of the m = 0 beam has zero wavevector component along
the y axis, i.e., ky = 0, which agrees with the above discussion. The emergence of nontrivial m leads to a spectral
shift and gives rise to a nonzero linear momentum, ky ,
in the transverse direction, inducing a biased angle, α,
of the reﬂection from the x axis. The spectra along the
(a)

dashed (black) lines (representing the position of maximum kx in each case) in Figs. 3(a) and 3(b) are plotted in
Figs. 3(c) and 3(d). The reﬂected angle α is calculated from
α = tan−1 (ky /kx ), which is observed to have a nearly linear
relationship with OAM charge m, as shown from both simulation and experimental results [Fig. 3(e)]. This intrinsic
linear feature between α and m serves as the primary principle for eﬃcient and parallel spatial sorting of diﬀerent
OAM states through the decoding metasurface.
V. THEORETICAL INTERPRETATION AND
CONTROLLABILITY BY ADJUSTING
PARAMETERS
The principle of fast and parallel OAM sorting based
on the parabolic geometry can be analyzed with acoustic
ray theory. The virtual parabola mimicked by the subwavelength metasurface is given by y 2 = 2px, where p
is a geometric parameter that determines the parabolic
shape. Given that the distance from a point, A(x0 , y0 ),
on the parabola to the focal point, F(p/2, 0), is equal
to the distance between A and the directrix, x = −p/2,
i.e., |AA | = |AF|, as shown in Fig. 4(a), the reﬂection of
an omnidirectional point source located at F is identical
to the wave radiated from a uniform line source on the
directrix, which is a plane wave propagating parallel to
the x direction. For vortex beams carrying nontrivial OAM
charge m, since the radius of the aperture is much smaller
than the distance from the focal point F, the phase of the
sound wave impinging on point A can be approximated
as φ(A) = k|AF| + φ(θ), where φ(θ) is a phase term
induced by the OAM. The additional phase φ(θ) = mθ
corresponds to the spiral phase term of the vortex beam,
with an azimuthal angle of θ = sin−1 [y/(y 2 /2p + p/2)].

(b)

(c)

0

FIG. 4. Analytical model and controllability of the reﬂection angle. (a) Schematic plot of the ray trajectory of vortex beams radiated
from the focal point F(p/2, 0) and reﬂected by the parabola. The reﬂection of the vortex beams with nontrivial OAM charge by the
parabola is equivalent to a line source with the phase gradient ϕ(y) on the directrix, x = −p/2, inducing a transverse linear momentum
(along the y axis) and angular shift of the reﬂection. (b) Reﬂection angle α as a function of OAM charge m, with wavelengths of
the vortex beams of λ = 1.62, 3.25, 6.5, and 9.75cm and the geometric parameter of the parabola p = 0.8m, which is obtained from
numerical simulations. The reﬂection angle shows a linear relationship with both m and λ, i.e., α ∝ mλ, which agrees with the analytical
calculation. (c) Relationship between reﬂection angle αand parameter p, with OAM charges m = 0, ±2, ±4, ±6 and a wavelength
λ = 6.5 cm, which shows that the angular shift is inversely proportional to p, i.e., α ∝ p −1 . The red dots in (b),(c) represent the results
obtained with the same parameters used in the experiments.
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In this case, the reﬂection is equivalent to a wave radiated
from the line source with a transverse phase distribution,
φ(y) = mθ, on the directrix. Furthermore, according to
the generalized Snell law, the
 reﬂection angle, α , is determined by k sin(α) = dφ(y) dy, which can be simpliﬁed
to α ∝ (1/π )(λm/p) using the ﬁrst-order Taylor expansion, under the paraxial approximation. The transverse
linear momentum induced by the angular momentum is
then calculated as dky ∝ (m/p). These equations explicitly show that the reﬂection angle, α, increases linearly
with the OAM charge, m, and wavelength, λ, whereas it is
inversely proportional to the geometric parameter, p. For a
sound wave with a given OAM charge m and wavelength
λ, the reﬂection angle, α, can be increased by decreasing the geometrical parameter, p. These analytical results
are veriﬁed by numerical simulations with the parabolic
boundary, as shown in Figs. 4(b) and 4(c), where the relationships between α, m, λ, and p are demonstrated (the red
dots represent the results obtained with the same parameters used in experiments). The performances based on the
parabolic scheme from 3517 to 21 108 Hz (corresponding
to λ = 9.75 cm to λ = 1.62 cm) maintain a similar linear
relationship with diﬀerent proportionality constants, as a
result of the nonresonant nature of the parabolic geometric mechanism, which indicates the potential for fast and
parallel information readout over a broad frequency band.
Meanwhile, the analytical derivation also shows the possibility of tuning the slope of the linear relationship for an
arbitrarily given m or λ by changing the parameter p. Thus,
the angular resolution of the spatial separation for diﬀerent
OAM charges can be optimized by judicious design of the
geometry.
VI. CONCLUSION
The parallel sorting of acoustic vortex beams with various OAM charges, m, through a parabolic-phased metasurface provides the ability for fast information decoding
in acoustic OAM-based multiplexing. An intrinsic linear feature between the angular separation and OAM
charge is obtained in experiments and rigorously proven
by analytical derivation under the paraxial approximation. Remarkably, the spatial separation can be ﬂexibly
controlled by designing the geometric parameter. Furthermore, although OAM sorting by the metasurface utilized
here works over a relatively narrow band due to spatial
discretization, the implementation of the parabolic mechanism is not restricted by this speciﬁc metasurface, and
the nonresonant nature of the parabolic mechanism, in
principle, yields a potential for applications over a broad
frequency range. The employment of other types of acoustic metasurface could enable a broader bandwidth with
more compact devices [41–43]. With the advantage of
fast and parallel read-out capability, single-structured simplicity, ray-physics-based design, and controllability, the

parallel sorting of acoustic OAM modes with the decoding
metasurface will further improve throughput in high-speed
acoustic multiplexing, which is important for underwater
exploration and communication.
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