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Long-range acoustic communication is crucial to underwater appli-
cations such as collection of scientific data from benthic stations,
ocean geology, and remote control of off-shore industrial activities.
However, the transmission rate of acoustic communication is always
limited by the narrow-frequency bandwidth of the acoustic waves
because of the large attenuation for high-frequency sound in water.
Here, we demonstrate a high-throughput communication approach
using the orbital angular momentum (OAM) of acoustic vortex
beams with one order enhancement of the data transmission rate
at a single frequency. The topological charges of OAM provide in-
trinsically orthogonal channels, offering a unique ability to multi-
plex data transmission within a single acoustic beam generated by a
transducer array, drastically increasing the information channels
and capacity of acoustic communication. A high spectral efficiency
of 8.0 + 0.4 (bit/s)/Hz in acoustic communication has been achieved
using topological charges between —4 and +4 without applying
other communication modulation techniques. Such OAM is a com-
pletely independent degree of freedom which can be readily inte-
grated with other state-of-the-art communication modulation
techniques like quadrature amplitude modulation (QAM) and phase-
shift keying (PSK). Information multiplexing through OAM opens a di-
mension for acoustic communication, providing a data transmission
rate that is critical for underwater applications.

high-speed acoustic communication | high spectral efficiency |
orbital angular momentum | multiplexing | demultiplexing

With the increasing amount of human activities underwater
including unmanned vehicle exploration, off-shore in-
dustrial applications, and remote ocean environment monitoring,
the development of underwater communication has become
essential. The intrinsic strong absorption of microwave and
mid- and far-infrared radiations by water molecules limits the
propagation distance of radio frequencies to mere centimeters
(1-4), making rf wireless communication approaches impossi-
ble. On the other hand, optical waves are scattered by objects in
the ocean such as small particles, debris, and marine life due to
the shorter wavelengths, limiting the range of optical commu-
nication underwater to be within just 200 m (5-7). Presently,
acoustic waves are the only option for long-range (over 200 m)
underwater communications. However, the applicable band-
width of acoustic waves is limited within 20 kHz because the
higher damping loss of high-frequency acoustic waves in water
reduces the propagation distance to less than a kilometer range
(8). Such a low carrier frequency limits drastically the spectral
bandwidth and data rate accessible for data transmission. Al-
though spectral efficiency has been improved through recent ad-
vanced communication technologies such as differential phase-shift
keying (PSK) and quadrature amplitude modulation (QAM), the
number of available data transmission channels remains tied to the
low carrier frequency (9-13).

We propose to overcome such a fundamental limitation in
acoustic communication by using additional spatial degrees of
freedom for data transmission, such as orbital angular momen-
tum (OAM) of the information-carrying wave whose wavefront
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has helical patterns (i.e., vortex beams). This spatial degree of
freedom increases the data transmission capacity, which is given
by the product of the available frequency bandwidth and number
of modes used for communication, at the same frequency band.
In optics and microwaves, vortex or helical beams with different
OAM topological charges are generated by spatial light modu-
lator, metasurfaces, or parity-time symmetric ring resonator and
multiplexed through beam splitters or spin—orbital coupling to
demonstrate a significant increase of data transmission capability
(14-19). For acoustics, the underwater propagation of vortex
beams with single topological charge was demonstrated with
active phase arrays (20, 21). Passive acoustic phase modulation
structures were proposed to generate single-charge vortex beams
(22-25). These acoustic vortex beams were used to develop
acoustic tweezers, and screwdrivers for particle trapping, levita-
tion, and manipulations (26-30). However, information encoding
through multiple OAM channels multiplexing/demultiplexing
remains unexplored. Here, we demonstrate that the data trans-
mission rate can be dramatically enhanced at a single frequency
modulation by using the spatial degree of freedom OAM of
acoustic vortex beams. The proposed high-throughput acoustic
communications with OAM multiplexing are experimentally
demonstrated in air here due to the facility limitations in un-
derwater acoustics, but this technique can be readily extended to
underwater applications because the wave physics in air and
underwater are the same for low-frequency acoustics below

Significance

Acoustic communication is critical for underwater application
such as deep-ocean scientific explorations and off-shore in-
dustrial controls. This is because other techniques using elec-
tromagnetic waves are difficult for underwater applications
due to the strong absorption of water. Optical communication,
on the other hand, suffers from the light scattering, making
long-range underwater optical communication very challeng-
ing. Therefore, using acoustic waves to transmit information is
currently the dominant technique for underwater applications.
However, the low-frequency bandwidth available limits the
data transmission rate and information capacity. We propose
and experimentally demonstrate an approach using the orbital
angular momentum (OAM) of acoustic vortex beams, which
provides an independent channel that enhances the data
transmission rate. This OAM multiplexing method will sig-
nificantly impact future underwater communications.
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20 kHz. In addition, previous studies have experimentally dem-
onstrated the long-distance propagation of phase information of
underwater acoustic wave, crucial to underwater communica-
tions using OAM multiplexing (11, 20, 21). Note that the spatial
multiplexing proposed can be added onto or combined with
existing frequency-encoding techniques (PSK, QAM, etc.). Thus,
this degree of freedom has the ability to further increase the
existing highest acoustic underwater communication rate by
N-fold, with N the number of OAM channels used.

We use an active transducer array controlled by a digital pro-
cessor to directly generate multiplexed acoustic vortex beams
with 8 OAM charges from —4 to +4 (Fig. 14). Beam splitter or
spin-orbital coupling was used for multiplexing different OAM
topological charges in optics and microwaves (14-19). However,
acoustic beam splitter is still a challenging research topic (31)
and the circular polarization of spin is fundamentally unavailable
for sound waves. In our experiment, the multiplexing of different
OAM charges is achieved by directly generating the interference
pattern of the corresponding vortex beams, which requires in-
dependent modulations of amplitude and phase (Fig. S1). For
each OAM topological charge /, the array as the sound source
generates a relative phase difference varying from 0 to 2/z along
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Fig. 1. Acoustic communication using vortex beams with OAM charges —4

to +4. (A) Experimental setup of acoustic communication with vortex
beams. A computer-controlled digital-to-analog circuit generates signal to
control 4 rings of transducers (with 16 transducers equally spaced on each
ring) and emit information encoded into multiplexed acoustic vortex beams
into free space at 16 kHz. The radii of these 4 rings are 3, 6, 9, and
12 wavelengths. (B) Measured orthogonality relations between the bases
formed by acoustic vortex beams with OAM charges —4 to +4. Each of the
bars is calculated by forming the inner products between the measured
pressure fields of the two corresponding bases. The norm of each basis is
normalized to unity. The cross-talk between the bases is less than —8.54 dB.
(C) Measured pressure-field amplitudes and phases of acoustic vortex beam
bases with OAM charges —4 to +4 at 100 wavelengths (2.14 m) away from
the emitting plane in air. The scanning area covers 22.4 wavelengths by
22.4 wavelengths (48 cm x 48 cm) with 26 by 26 resolutions. Thermal and
rainbow-scale color bars are used for the measured amplitude and phase
fields, respectively.
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the azimuthal direction. The amplitudes and phases measured at
100 wavelengths away from the emitting plane for vortex beams
with OAM charges —4 to +4 at 16 kHz are shown in Fig. 1C. A
low-pass spatial filter is applied to remove the high-frequency
noise in the measured fields. The number of twists in the
phase pattern indicates the magnitude of the OAM charge.
The amplitude pattern of each vortex beam presents a ring
shape with increasing radius as the magnitude of the topo-
logical charge becomes larger. We calculate the orthogonality
relation between vortex beams with different OAM charges
(Fig. 1B) by taking the inner product of the two corresponding
pressure fields incorporating both amplitudes and phases
(Generation of Acoustic Vortex and Multiplexed Beams). The
cross-talk of the measured vortex beams shown in Fig. 1C is
less than —8.54 dB. Therefore, these eight vortex beams pro-
vide orthogonal bases to increase the number of the physical
channels for data transmission.

The multiplexing of the orthogonal OAM charges allows
parallel information to be sent through a single acoustic beam.
This multiplexing procedure is accomplished in the digital pro-
cessor by forming linear combinations of the vortex signals used
to generate the OAM bases in Fig. 1C. The resulting signals are
sent to the active transducer array to emit the information-
encoded multiplexed beam. Because the acoustic beam can be
encoded with up to eight orthogonal OAM bases in our setup
(Fig. 1), a single acoustic beam conveys a byte (8 bits) of in-
formation. In our experiment, we use the multiplexed OAM
beams to send the word “Berkly,” which is represented in ASCII
binary protocol (Fig. 24). Each OAM charge represents 1 bit of
information in the 1-byte binary symbols of the letters. The
OAM charges corresponding to “1” in the binary representations
are called on-channels, and the other charges are off-channels.
Because the multiplexed signals are emitted by the single
transducer array, we set the total amplitude of each 1-byte letter
to be the same, i.e., the total amplitude is equally distributed
among all of the on-channels for each letter. The inner product
method used to characterize the cross-talk between the bases in
Fig. 1B provides an elegant method to decode the information
from the superimposed multiplexed beams (Fig. 2 C and D). We
use the measured pressure fields (including amplitude and
phase) of the letters in Fig. 2D to perform inner products with
the eight-bases set in Fig. 1C. The calculated signals obtained ex-
perimentally from the receiver side are shown in Fig. 2B, matching
well with the binary representations in Fig. 24. Therefore, the word
Berkly is sent through multiplexed acoustic vortex beams with
OAM charges —4 to +4 at the same frequency. This multiplexing
method provides an extra dimension for information encoding in
acoustic communications and increases the data transmission rate
for all binary information and files.

Bit error rate (BER) is a standard statistical criterion to char-
acterize the performance of a communication system. In our
experiment, the BER is calculated statistically from the mea-
sured pressure fields of the 256 possible combinations of the
8 bases (Fig. S2). For the present communication system, with
26 x 26-resolution receiver array, the BER is 107%> at a 20-dB
signal-to-noise ratio (SNR) level, indicating that the OAM
communication is reliable. To further characterize the perfor-
mance of our communication system, we vary the SNR of the
input signal generated from the digital processor and measure
the effect on the BER. The BER increases as the SNR becomes
smaller (Fig. 3). The BER and SNR exhibit the relation
BER =1/2erfc(+/E,/No) =1/2erfc(1/SNR/8.0 +0.4) (Fig. 3B),
where E}, is the signal energy associated with each user data bit
and N is the noise spectral density. The energy per bit to noise
power spectral density ratio E, /Ny is given by the ratio between
SNR and spectral efficiency (32, 33). Thus, the spectral efficiency
of our communication system is 8.0 + 0.4 (bit/s)/Hz, which can be
further increased by using more OAM charges in the data
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Fig. 2. Experimental demonstration of acoustic communication using multiplexed acoustic vortex beams. (A) Binary (ASCIl) representations of the letters in

the word Berkly. Each letter contains 8 bits (1 byte) of information. Each byte contains the same amount of total amplitude, i.e., the signal bars in each letter
sum up to unity. This amplitude amount is equally distributed into the vortex beams forming the multiplexed signal. A multiplexed beam formed by the eight
orthogonal vortex beams with OAM charges —4 to +4 is capable to convey the information of each letter. (B) Measured signals of the letters in the word
Berkly. The bars are calculated by forming the inner product between the measured pressure fields of the multiplexed signal and the bases. The norms of the
bases are normalized to unity. As in A, each letter contains the same amount of total amplitude, which is equally distributed in the on-channels when sending.
(C) Calculated pressure-field amplitudes and phases of the multiplexed signal of the letters in the word Berkly. The field patterns of the letters are super-
imposed so that one cannot judge the information without demultiplexing through the inner product. (D) Measured pressure-field amplitudes and phases of
the multiplexed signal of the letters in the word Berkly. The experimental results match with the calculated fields in C. Colored scale bars are used for the

amplitude and phase fields, respectively.

transmission process. Such high spectral efficiency is achieved
without applying other modulation techniques. Indeed, this spatial
OAM degree of freedom is compatible with other acoustic com-
munication technology. Therefore, the use of our OAM multi-
plexing method will increase the data transmission rate of the
cutting-edge acoustic communication systems by 8x. In addition,
short acoustic pulses can be applied to further increase the
communication speed (Figs. S3 and S4).

A receiver array with fewer sensors is usually desired for
practical communications. To provide a design guideline for
receiver arrays, we perform a down-sampling experiment to
study the effect of receiver resolution on the communication
performance. The receiver array contains sensors forming a
4-ring pattern with the number of microphones reducing from
68 to 8 (Fig. S5). The decreasing resolution increases the BER
of the communication system (Fig. 4). A receiver array with
34 sensors results in BER =2 x 103, marking the forward error
correction (FEC) limit (34). Communication errors below this

7252 | www.pnas.org/cgi/doi/10.1073/pnas.1704450114

limit can be corrected with standard FEC methods (34). The
BER of a system with 68 sensors for the identical byte total
amplitude case is 107%>. Further increasing the number of
sensors in the receiver array does not have a significant im-
provement in the BER (Fig. 4). Thus, an optimized design of
receiver array for practical applications can be realized by
minimizing the number of sensors at the specified BER
performance requirement.

In conclusion, orthogonal acoustic vortex beams with dif-
ferent OAM topological charges provide more physical chan-
nels for information transmission. The direct multiplexing
approach used in this paper demonstrates the possibility of
high-speed acoustic communications using OAM. The spectral
efficiency of our experiment with OAM charges between —4
and +4 reaches 8.0 + 0.4 (bit/s)/Hz, which is among the
highest existing acoustic communication systems (9-13), and
can be further increased by using more topological charges for
data encoding. The OAM signal is readily demultiplexed using

Shi et al.
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Fig. 3. Measured BER versus SNR of acoustic OAM communication with 26 x
26 sensor array used in the receiver. The squares are measured data with all
bytes having the same total amplitude, which is equally distributed in the
on-channels of the byte. The BER decreases with increasing SNR. At 20-dB
SNR level, the BER is 107%%, which is smaller than the FEC limit and can still
be corrected by standard FEC approaches (34), confirming that our com-
munication system with acoustic OAM is reliable. The blue curve is a re-
gression curve of the experimental data. The measured results fit with this
regression curve, BER = 1/2erfc(,/SNR/8.0 +0.4), indicating the spectral ef-
ficiency to be 8.0 + 0.4 (bit/s)/Hz. The theoretical limit of the spectral effi-
ciency is given by the number of orthogonal channels used for data
transmission, which in this case is 8 bit/s/Hz. Therefore, our acoustic com-
munication device with 8 OAM charges used for information encoding is
already working at the theoretical limit.

an inner product algorithm on the receiver side. The BER
analysis confirms the reliability of acoustic communication with
OAM, even with a reduced amount of receivers. This OAM
communication method provides an independent basis for
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high-throughput acoustic information exchange and data
transmission, which can be readily extend to underwater envi-
ronments where acoustics is the only method for long-range
sensing and communications.
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