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Abstract: The formation and propagation of acoustic vortex waves have been of increasing interest for multiple applications,
namely, underwater acoustic communications. Several methods have been presented to form these vortices in underwater
environments; however, their performance and propagation over long distances is largely unstudied. Understanding the long-
distance propagation of these waves is vital to enhancing their usefulness as an added degree of freedom in underwater acous-
tic communications systems. In this work, the ray tracing algorithm of BELLHOP is used to investigate the design parameters of
vortex wave transducer and receiver arrays consisting of multiple rings of independently controlled transducers and simulate
their performance. VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The underwater acoustic communication environment is both complex and challenging. While radio frequency waves
meet the needs of high-speed communications in air, they attenuate rapidly underwater due to absorption and their propa-
gation is limited to centimeters.1–4 Acoustic waves, on the other hand, are capable of propagating long distances in under-
water environments. Even so, the available bandwidth is still limited severely to tens of kHz by attenuation at a kilometer
scale,5 which causes bottlenecks in underwater acoustics communications channels. Several methods of data transfer have
been established for underwater acoustic communications systems,6–17 with data rate peaking at approximately 40 kb/s (for
comparison, 4G LTE data peaks at 40Mb/s). These methods rely primarily on temporal and frequency modulation techni-
ques. This disparity highlights the currently unmet need for high-speed communications methods in underwater acoustic
applications.

One method of easing the bottleneck and increasing data rate in underwater acoustic communications systems is
to explore further potential degrees of freedom that exist within acoustic waves. Acoustic orbital angular momentum
(OAM) is a physical quantity characterizing the rotation of the pressure wavefront in acoustic vortex waves.18 These vortex
waves carry unique spiral-shaped phase patterns which are characterized by the amount of rotation in a given pressure
field. This characteristic is termed topological charge, and is represented by an integer l. Shi et al. have presented a method
of forming OAM carrying waves and has also demonstrated that their topological charges form an orthogonal basis set
which can be multiplexed and demultiplexed.19 In Fan et al., the authors presented a method of using the BELLHOP ray trac-
ing algorithm to track the dominant features of a propagating OAM carrying vortex wave in underwater acoustic environ-
ments.20 Their exploration, however, is limited to a single array comprised of a ring of eight transducers. Larger arrays
consisting of more transducers which provide an increase in both directivity and available OAM charges are required for
the practical implementation of OAM-based underwater acoustic communications systems. This work, therefore, employs
these established methods to explore the performance of various array designs over useful ranges for underwater acoustic
communications systems in multiple environments and proposes the design parameters for a prototype useful up to 1 km.

2. Methods and results

2.1 Generation of OAM carrying vortex waves

While BELLHOP is capable of simulating three-dimensional propagation, the resolution required to resolve the full detail in
the OAM wavefront is too high to make this approach practical as an array design tool. Similarly, finite element methods
are computationally limited for assessing long range propagation of these waves. Instead, two-dimensional simulations are
used by employing the methods described in Fan et al.20 Each source in the vortex-wave producing array is simulated as a
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point source at its respective position in the water column. The individual pressure fields are adjusted to account for the
phase offsets between the source transducers and coherently summed to yield the resultant pressure field for the propagat-
ing vortex wave. Given the known amplitude and phase characteristics of the wavefront, it is possible to track the domi-
nant features of the propagating vortex wave as it traverses the space.

The phase relationships between successive transducers in a single ring are given by h ¼ 2pl=N; where l is the
topological charge and N represents the number of transducers in a given ring.19 The number of achievable charges by a
given ring of transducers is limited by the Nyquist criteria, which states that a wave must be sampled at least twice per
cycle for a faithful reconstruction. This translates to a minimum of (2Lþ 1) transducers per ring to produce a maximum
topological charge of L. A ring of 16 transducers will therefore be able to achieve a charge of 67. For multiple rings, the
phase relationships are determined by following the Bessel function h ¼ J0ðkrÞeiul , where k represents the in-plane wave
number and the source is located at the polar coordinates (r, u). This gives an aperture-limited approximation of a Bessel
beam. Figure 1 depicts this relationship for a hypothetical array consisting of three concentric rings of 16 transducers
spaced 5 wavelengths apart where l¼61 and shows the resulting pressure wave front. The rings are oriented such that
transducers from successive rings are placed along the same radial line for simplicity of design, though provided the
appropriate phase offset is applied, the rotation of the rings relative to each other will have no impact.

It is apparent in the pressure field that significant energy is lost to the interference pattern surrounding the cen-
tral vortex. In theory, these beams should approximate an acoustic Bessel beam, meaning no diffraction should be
observed, however, due to the limited aperture size, the long range over which the propagation is considered, and the fact
that the medium is not well approximated by an infinite free space, diffraction will in fact occur.21 The effects of this are
apparent in the corresponding BELLHOP simulation depicted in Fig. 2(a). The BELLHOP simulations are conducted for a deep-
water environment (5000m) with the Munk sound speed profile (SSP).22 As an effect of the limited aperture size, the
energy loss is too large to allow for long-range propagation of the vortex wave, making this array design untenable.
Significant improvement is observed, however, by simply maintaining transducers along a radial line in phase. This results
in less energy being lost to the off-axis elements of the vortex wave formation. The differences in the formation of the
OAM-carrying vortex wave are discussed in greater detail in the SI.

With this improvement, these methods can be utilized to explore more array geometries and improve efficiency
and directionality.

2.2 Effects of increasing array size and number of transducers

As with conventional circular arrays, the directivity of vortex-wave producing circular arrays improves as array size
increases. Figure 3 shows the resultant pressure field at distances of 100 and 1000m after increasing array size from rings
with radii of 5, 10, and 15 wavelengths to radii of 15, 20, and 25 wavelengths. This figure also conveys the evolution and
deformation of the vortex as it propagates through the medium. By 1000m, the vortex is in-tact (as is evident through the
phase relationship plot), however, a deformation in the phase is evident. Any deformation in phase represents a potential
complication in deconvolution of OAM based communications. These results, in addition to those of Fan et al.,20 point
towards the sensitivity of vortices as they traverse long distances in inhomogeneous media. As is the case for all underwa-
ter acoustic systems, understanding environmental conditions will play a vital role while operating OAM-based communi-
cations systems in the field. (Of note: the apparent sharp, horizontal discontinuities in the amplitude plots at 1000m in

Fig. 1. Generation of OAM þ1 with an active transducer array (a) The layout and phase relationship between transducers (shown as white
circles) to produce OAM þ1, (b) The resultant pressure wave front evaluated at 100 wavelengths from the source array. Wavelength is calcu-
lated using a reference sound speed of 1500m/s in water.
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depth are likely an artifact of the ray tracing algorithm which occur as a result of the sound speed profile being explicitly
defined at this point.)

Table 1 lists the directivity of OAM 1 for multiple arrays, representing a range of sizes and geometries. Given
that the array being presented is expected to be useful in both lab and field environments, and that to be realistically real-
izable, economic and materials considerations should be accounted for, some concessions must be made. Over the ranges
considered here the improvements in directivity (as represented by beam width at 1 km) do not justify the increase in
array size far beyond an array with radii of 15, 20, and 25 wavelengths (the resulting array will have a diameter of approx-
imately 1.8m). Similarly, there is little benefit to adding more rings of transducers. Figures representing these relationships
can be found in the supplemental information.23

This analysis suggests that an array consisting of three rings located at radii of 15, 20, and 25 wavelengths, each
with 16 transducers is sufficient for OAM-based communications arrays up to at least 1 km. Furthermore, at 50 kHz, a
radius of 25 wavelengths equates to an array radius of 0.75m which is realistically realizable for potential use on both
manned and unmanned systems. It is important to note that the array proposed here is not intended to represent the sole
solution to all array optimization problems; rather, it represents an array which is realistically feasible for fabrication,

Fig. 2. Propagation of OAM carrying waves in deep water with the Munk SSP (a) Vortex wave propagation resulting from maintaining the
three rings in phase (b) Vortex wave propagation resulting from maintaining the three rings in phase (c) the Munk SSP. It is important to
note that the vortex wave is represented by the central beam.

Fig. 3. Amplitude and phase distributions for two different arrays at ranges of 100 and 1000m. (a), (e) The resultant wave front generated by
an array consisting of three rings placed at 5, 10, and 15 wavelengths at 100m. (b), (f) The resultant wave front generated by an array consist-
ing of three rings placed at 15, 20, and 25 wavelengths at 100m. (c), (g) The resultant wave front generated by an array consisting of three
rings placed at 5, 10, and 15 wavelengths at 1000m. (d), (h) The resultant wave front generated by an array consisting of three rings placed at
15, 20, and 25 wavelengths at 1000m. This increase results in a physically realizable transmitter array with a radius of 75m at 50 kHz with suf-
ficient directivity to be useful to and beyond ranges of 1 km.
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useful in lab and field environments, and is cost-effective. The principles and methods presented here represent a repeat-
able framework which may be adapted to more specific applications.

2.3 Multipath propagation

At short propagation ranges or in deep water, the direct path will dominate, and the refraction and reflection of acoustic
rays traversing the bulk of the water column will have a minimal effect. However, performance of OAM communications
systems over long range and in shallower environments is also of critical importance for numerous applications. Figure 4
presents the performance of the array discussed in Sec. 2.2 in two multipath scenarios, and the resulting implications are
discussed below.

2.3.1 Long-range propagation

At the ranges explored so far, reflection and refraction of rays traversing the water column has had minimal effect. Long-
range propagation, being of interest for numerous applications must also be explored. Figure 4(a) depicts the performance
of the same array presented in Sec. 2.2 over longer ranges. Predictably, as range increases, the propagation becomes more
complicated. The relaxing of the vortex, coupled with interference from the reflections and refraction of the side lobes
indicates that significant issues may be present. Despite the improvements in directivity over the arrays presented in the
earlier works referenced,19,20 the difficulties explored in Fan et al.20 are not significantly improved upon for ranges far
beyond 1 km.

2.3.2 Shallow water propagation

The multipath transmission that arises in shallower water leads to similar issues of interference as with long range propa-
gation in deep water. Figure 4(b) depicts a hypothetical case for a vortex-wave-producing array in an environment with
600m depth. The central beam carrying the vortex, however, remains intact at short ranges in these environments.
Furthermore, the interference by the side-lobes can be clearly seen as off-axis when compared to the mainlobe. This sug-
gests that a sufficiently directional receiver array and common k-space filtering techniques will be effective at recovering
the appropriate information. The SSP here differs significantly from the Munk profile seen in deep water and is represen-
tative of one possibility which may be observed in shallow water where a warm surface layer creates downward refracting
behavior in the upper section of the water column.

Table 1. The performance of a representative selection of potential arrays (OAM 1).

Ring radii (wavelengths) Transducers per ring Approximate beam width at 1 km (m)

5, 10, 15 16 50
15, 20, 25 16 20
15, 20, 25 24 20
15, 20, 25, 30 16 20
30, 40, 50 16 14
30, 40, 50, 60 16 12

Fig. 4. Vortex waves propagating in two different scenarios with multipath propagation. (a) A vortex wave propagating over longer ranges in
a deep water environment with the Munk SSP. (b) A vortex wave propagating over shorter ranges in a shallower water environment. (c) The
sound speed profile for which Fig. 4(b) is simulated.
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2.4 Considerations for receiver array design

Shi et al.19 presented an exploration into the design principles of potential receiver arrays by exploring the relationship
between receiver array geometry and number of transducers against the changes in perceived bit error rate at a distance of
100 wavelengths. Expanding those principles to account for the expansion of the central beam is vital to the employment
of these systems. In the cases presented here, the resultant central beam diameter for OAM þ1 is approximately 20m at
1 km. With the full center beam captured by the receiver array, the relationship between the number of receivers and BER
presented in Shi’s work, should hold true. However, as topological charge increases, the size of the central beam increases
as well, indicating that further analysis is required for the implementation of OAM-based communications systems in
ocean environments. Arrays of sufficient size are readily achievable on larger vessels and submarines as well as in deploy-
able (towed, fixed, or floating) arrays, however, exploration into the potential miniaturization of receiver arrays will be nec-
essary for two-way communications on smaller manned and unmanned vessels.

3. Conclusion and future work

In summary, this work has presented an exploration into the behavior of vortex wave-producing acoustic arrays in ocean
environments. Simulations performed using BELLHOP suggest that both transmitter and receiver arrays are practically realiz-
able, and a prototype transmitter array design is presented which will be useful to ranges of at least 1 km under multiple
environmental conditions. Work is ongoing for the physical design and fabrication of such an array which is intended for
testing in both lab and field environments. Exploration into the design, performance, and miniaturization of receiver arrays
for OAM based communications is also ongoing.
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