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Abstract. Underwater imaging plays an essential role in environmental
monitoring and exploration but remains challenging due to the limita-
tions of optical systems in low-light conditions. Imaging sonar provides
better performance in such environments and over longer distances; how-
ever, state-of-the-art systems often rely on complex hardware configura-
tions, increasing cost and energy consumption. This work investigates a
novel sonar imaging approach based on spiral acoustic sources, which al-
low direction-of-departure estimation using minimal hardware in a mono-
static setup. By analyzing the departure azimuth of reflected acoustic
paths, it is possible to estimate the locations of reflection points and re-
construct 2D images of the environment. An acoustic propagation model
(APM) for 3D environments was developed to validate this concept and
was experimentally tested in a controlled pool environment. The pro-
posed system successfully detected sections of the pool walls, validating
the spiral field-based imaging system, but with some limitations. These
promising results support the potential of spiral acoustic sources for low-
cost and sustainable underwater sonar imaging systems.
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1 Introduction

Underwater imaging systems play a crucial role not only in exploring un-
derwater environments with autonomous or remotely operated vehicles [1], but
also in promoting ocean sustainability by enabling detailed monitoring of marine
ecosystems and assessing human impacts [2]. Optical underwater images are of-
ten unclear due to low ambient light and turbidity in many environments [3]. In
contrast, imaging sonar systems perform better over longer distances and in low-
light conditions [4]. State-of-the-art imaging sonar systems typically require at
least one of the following: (i) multiple acoustic sources [5], (ii) multiple acoustic
receivers [6], or (iii) moving parts [7]. While these features enhance imaging capa-
bilities, they also drive up system costs due to increased equipment, integration
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complexity, and maintenance demands. Moreover, they can significantly impact
sustainability by increasing energy consumption, requiring more raw materials,
and generating greater operational and environmental footprints over time.

Spiral acoustic fields allow the direction of sound emission to be determined
by analyzing signal phases [8]. This principle has been used in novel underwater
localization systems [9, 10]. To generate these fields, a spiral acoustic source is
needed – either physically shaped as a spiral [11] or using phased vibrant elements
[12–16] – to produce reference/circular and spiral fields. These specialized sources
make it possible to compute the direction of departure for different acoustic paths
using a single transmitter/receiver pair.

Spiral fields were also used for non-imaging target detection sonar, showing
that reflected target paths can still be used to compute directions properly [17].
Since with a spiral source it is possible to obtain the departure azimuth of
each acoustic path, theoretically it is possible to locate the reflection points of
the environment with a monostatic setup (source and hydrophone collocated).
Using all the detected reflection points, it is possible to generate an image of
the surrounding environment, enabling the development of novel sonar imaging
systems. This could offer a low-cost and more sustainable solution due to its
simple hardware requirements and would support, for example, the exploration
of confined underwater environments and underwater caves using autonomous
or remotely operated vehicles, where signal detection is particularly challenging
due to severe multipath effects.

This work presents simulation and experimental results of the concept of
using an underwater spiral acoustic source to reconstruct 2D confined environ-
ments using imaging techniques. The proposed system is described in Section
2. The developed simulation model is described in Section 3 and the simulation
and experimental results are shown in Section 4. Section 5 summarizes the main
findings and discusses future work.

2 2D Image Reconstruction using a Spiral Source

This section presents the technical details of the proposed imaging system.
Figure 1 shows the flowchart of the data model of the developed system. The in-
put signal, x(t), is transmitted by the spiral source in circular and spiral mode.
Since each field has different phase properties, there is a channel impulse re-
sponse (CIR) for each field, hc(τ) and hs(τ), which are similar but not exactly
the same due to the phase properties of the fields in question. These are not
directly available but can be estimated by pulse compression. After the convo-
lution of x(t) with each CIR, the underwater environment also adds noise to the
acoustic signal: wc(t) and ws(t). The hydrophone receives two signals, yc(t) and

ys(t), that are used to compute the CIR estimates, ĥc(τ) and ĥs(τ), by cross

correlation with x(t). The fusion CIR, ĥ(τ), is then computed based on the two

CIR estimates. The multipath content is extracted from ĥ(τ) to compute the
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point cloud that represents the 2D surroundings. At this stage, the local refer-
ence frame is rotated based on the orientation of the spiral source, ensuring that
the estimated positions are properly aligned with the global reference frame. The
output image, i.e., the 2D environment estimate, is finally computed based on
the previously computed point cloud. The goal of the system is to match the
output image with the underwater acoustic channel of the environment.

Underwater
Acoustic Channel

Fusion CIR
Computation

Point Cloud
Computation

Image
Generation

Output Image:
2D Environment

Estimate

Spiral
Source

Reception
Processing

Hydrophone

Spiral Source
Orientation

Circular Field

Spiral Field

Fig. 1: Flowchart of the data model of the developed system. The input signal,
x(t), is transmitted by the spiral source in circular and spiral mode. Since each
field has different phase properties, there is a CIR for each field: hc(τ) and hs(τ).
After the convolution of x(t) with each CIR, the underwater environment also
adds noise to the acoustic signal: wc(t) and ws(t). The hydrophone receives two

signals, yc(t) and ys(t), that are used to compute the CIR estimates, ĥc(τ) and

ĥs(τ), by cross correlation with x(t). The fusion CIR, ĥ(τ), is then computed

based on the two CIR estimates. The multipath content is extracted from ĥ(τ)
to compute the point cloud that represents the 2D surroundings. In this step it is
necessary to account for the orientation of the spiral source so that the estimated
locations are in agreement with the global reference frame. The output image,
i.e., the 2D environment estimate, is finally computed based on the previously
computed point cloud. The goal of the system is that the output image to match
with the underwater acoustic channel of the environment.

For simplicity, in the following, all signals are assumed to be converted to
baseband. The received signal yc(t) is given by

yc(t) = x(t) ∗ hc(τ) + wc(t), (1)

where ∗ represents convolution. Similarly, received signal ys(t) is given by

ys(t) = x(t) ∗ hs(τ) + ws(t). (2)
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The CIR estimate ĥc(τ) is given by

ĥc(τ) = yc(t) ⋆ x(t), (3)

where ⋆ represents cross-correlation. Likewise,

ĥs(τ) = ys(t) ⋆ x(t). (4)

The fusion CIR, ĥ(τ), is given by

ĥ(τ) = 0.5
(∣∣∣ĥc(τ)

∣∣∣+ ∣∣∣ĥs(τ)
∣∣∣) ej arg ĥs(τ)e−j arg ĥc(τ)e−jφ (5)

where arg represents the complex argument of a complex number, and φ repre-
sents the orientation of the spiral source, which can be obtained using a compass,
for example. The fusion CIR represents a mean absolute value CIR and a phase
difference CIR between the two fields. This means that its absolute value can be
used to identify acoustic paths and that the complex argument represents the
departure azimuth of each acoustic path.

The developed system operates under the assumption that there is no syn-
chronization between the transmitter (TX) and receiver (RX). Consequently,
the direct acoustic path – identified as the main propagation path – is used as
a timing reference to estimate the exact moment of signal transmission. It is
assumed that this direct path corresponds to a known, fixed TX-RX distance,
which enables the system to calculate the transmission time based on the known
speed of sound in water. This process effectively aligns the estimated impulse
response ĥ(τ) in time, enabling accurate determination of the propagation delays
for the other signal paths.

The point cloud that represents the 2D surroundings is computed based
on the peaks detected in ĥ(τ). Each peak represent a candidate acoustic path

and has an amplitude âi, a complex argument θ̂i, that represents the departure
azimuth, and a delay τ̂i. The travel distance of each path is given by d̂i = cτ̂i,
where c is the sound speed (1500m/s in this work). Based on the 3D positions of
the spiral source and the hydrophone, it is possible to calculate the location of
the target that originated a given acoustic path. In monostatic sonar since the
spiral source at (xT , yT , zT ) is approximately collocated with the hydrophone at
(xR, yR, zR), the 2D target position corresponds to a midpoint between the two,
and, for the CIR peak i, is given by

(xM,i, yM,i) = (xT , yT ) + 0.5ζid̂i · (cos θ̂i, sin θ̂i), (6)

where ζi is a depth factor given by

ζi =

√
d̂2i − |zT − zR|2. (7)

The generation of the output image is done based on the 2D point cloud and
the normalized amplitude of each point. In this case, the normalized amplitude
is given by

â′i = âid̂i, (8)
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in order to compensate for the cylindrical spreading loss. For each point in the
2D point cloud, a circular binary mask with a fixed radius of 0.25m is created
and scaled by the corresponding normalized amplitude â′i. These scaled masks
are then summed together to form an intermediate image. Finally, a mean filter
is applied to the result to generate the output image.

In practice, acoustic paths are often closely spaced or even overlapping in the
CIR estimate. To address this issue, it is essential to minimize the peak width
in the CIR. Achieving minimal peak width requires maximizing x(t) bandwidth,
constrained by the limitations of the spiral source. To facilitate this, time divi-
sion multiplexing (TDM) is employed to transmit the circular and spiral fields
separately. Unlike time-frequency division multiplexing (TFDM), TDM allows
full bandwidth allocation to each field by transmitting them at different time
instances [18]. In this study, a bandwidth of 23 kHz was selected based on the
experimental characterization of the spiral source.

3 Simulation Model Description

The developed simulator computes the arrival features based on the under-
water environment and source and hydrophone positions. It is a 3D ray tracing
acoustic propagation model (APM) with some simplifying assumptions that are
not essential in this work: (i) constant sound speed profile (SSP); (ii) no sound
refraction or scattering in the environment; (iii) reflected sound only follows the
trajectory of greatest intensity. Figure 2 shows the flowchart of the ray tracing
APM, which receives the environment planes, the spiral source and hydrophone
positions, and the ray launch directions (directions with equispaced azimuths
and elevations). During execution, the model checks if the ray passes in the
hydrophone region, and computes the reflection on the intercepted plane. The
model outputs the content of the detected arrivals/eigenrays that are used to
compute the circular and spiral CIRs, hc(τ) and hs(τ), respectively.

Environment Planes

Ray Lauch Directions

Ray ReflectionHydrophone
Detection

Eigenrays

Spiral Source
Position

Hydrophone Position

Underwater Acoustic
Ray Tracing

Fig. 2: Flowchart of the developed ray tracing APM, that receives the environ-
ment planes, the spiral source and hydrophone positions, and the ray lauch direc-
tions. During the execution, the model checks if the ray passes in the hydrophone
region, and computes the reflection on the intercepted plane. The model outputs
the content of the detected arrivals/eigenrays that are used to compute the cir-
cular and spiral CIRs, hc(τ) and hs(τ), respectively.



6 Rúben Viegas et al.

Figure 3a shows an example of all detected eigenrays on the pool environ-
ment. The model, for each eigenray, outputs the travel time/distance, the az-
imuth of departure, and amplitude loss due to the plane reflections. The spiral
channel frequency response (CFR) is given by [19]

Hs(f) =

N∑
i=0

aie
−2πjfτie−j(ϕi+θi)10−Lthorp(f)τic/20, (9)

where ai is the amplitude of each ray, τi is the delay, ϕi is the phase shift, θi is the
departure azimuth, and Lthorp(f) is the absorption loss using Thorp’s empirical
formula [20]. The circular CFR is given by (9), with θi = 0 due to the constant
phase of the circular field along the azimuth. The circular and spiral CIRs,
hc(τ) and hs(τ), respectively, correspond to the inverse Fourier transform of the
respective CFR. Figure 3b shows an example of the circular CIR, hc(τ) obtained

by the eigenrays in red, and its estimate, ĥc(τ) obtained by pulse compression
in blue, from the developed APM, with SNR of 6 dB.
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Fig. 3: Example of a ray tracing simulation. (a) All detected eigenrays on the pool
environment. (b) Example of the circular CIR, hc(τ) obtained by the eigenrays

in red, and its estimate, ĥc(τ) obtained by pulse compression in blue, with SNR
of 6 dB.

4 Simulation and Experimental Results

This section describes the setup used to carry out simulations with the de-
veloped model and to carry out underwater experiments. The simulation and
experimental results are presented below.

The underwater experiments to validate the developed system were carried
out at University of Algarve, Faro, Portugal, at a scientific outdoor pool with 4.85
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by 9.88 by 1.45 meters. Figure 4 shows the developed system with the mentioned
pool in the background: spiral source described in [21], a Marsensing digitalHyd
TP-1 hydrophone, an underwater container, metal structure, and floats. The
structure from the picture, connected to a external supply, was turned upside
down and placed on the surface of the pool, allowing easy placement on different
positions. A magnetometer was placed above water and attached to the metal
structure to determine the orientation of the spiral source, φ.

Fig. 4: Developed system with the experimental pool in the background: spiral
source described in [21], a Marsensing digitalHyd TP-1 hydrophone, an under-
water container, metal structure, and floats.

Both acoustic equipments were placed at 0.45m depth and 1.00m apart,
horizontally. The developed system transmitted and received acoustic signals
at eight static and known positions. The x-coordinates of these positions were
determined based on the measured dimensions of the pool. The TX y-coordinates
were calculated using the Time Difference of Arrival (TDoA) between signals
received by two static hydrophones placed at the bottom, given the known x-
coordinates and hydrophone placements. Since the structure was consistently
oriented vertically, the RX y-coordinates were obtained by subtracting the fixed
vertical separation of 1.00m from the corresponding TX y-coordinates.

Linear upward chirps between 17 kHz and 40 kHz of 25ms duration were
transmitted in circular and spiral modes using TDM. Figure 5a shows the out-
put image based on the simulated CIRs for the eight mentioned positions. The
simulation results show that the chosen eight positions are not enough to fully
reconstruct the pool walls, but they do convey useful information towards that
goal.

Figure 5b shows the output image based on the experimental signals. Both
figures represent the output image, spiral source, hydrophone, and pool walls
positions. The experimental results show that the system was able to roughly
detect the left, right and top walls, with similarities to the simulation results.
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The bottom wall was not accurately detected, likely due to the lack of positions
acquired in its proximity. To improve detection in future experiments, a denser
distribution of measurement positions should be adopted.
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Fig. 5: Imaging sonar comparison between (a) simulation, and (b) experimental
results. Both figures represent the output image, spiral source positions (TX),
hydrophone positions (RX), and pool walls.

In both images in Figure 5, spurious contamination is visible in the interior
region of the pool, possibly due to the approximation required in the compu-
tations: considering that the source and the hydrophone are in the same 2D
position (monostatic model approximation), when in fact they are 1 meter away.
In order to check if this detail is relevant to improve the system, the same simula-
tions as in Figure 5a were performed, but in which the hydrophone was positioned
in the same 2D position as the source, at a depth of 0.7m. Figure 6 shows that
the simulation results now have negligible interior contamination. These results
confirm that placing the hydrophone as close as possible to the source yields
significant improvements under the current monostatic model approximation.
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Fig. 6: Imaging sonar simulation results with the hydrophone at the same 2D
position as the spiral source. The figure represent the output image, spiral source
positions (TX), hydrophone positions (RX), and pool walls.

5 Conclusion

Multiple applications of underwater spiral acoustic fields have been emerging.
This work presents the first simulation and experimental results of the concept
of using an underwater spiral acoustic source to reconstruct 2D static environ-
ments assuming a monostatic setup and using imaging techniques. The system
assumes no TX-RX time synchronization, and requires only the TX and RX
positions along with the TX orientation. By eliminating the need for multiple
time-synchronized sources and/or hydrophones, the system design is significantly
simplified. This simplification can lead to a more sustainable solution by reducing
both cost and power consumption.

The experimental results where carried out on an outdoor pool with a spi-
ral source and a hydrophone. The reconstructed image shows portions of the
pool walls based on the transmission at eight different positions. The developed
simulation model was able to predict the portions of the pool walls that were de-
tected experimentally and provide insights on how to improve the image quality
in future experiments. Overall, this work presents promising results to develop
an effective imaging sonar system using spiral fields.

Future work will explore the effects of assuming a bistatic sonar setup on
the computations and, in turn, study the impact of the hydrophone placement
relative to the spiral source. Additionally, experiments in static environments
with moving transmission and reception systems will be conducted, taking into
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account the Doppler effect and its influence on spiral wavefronts and image
accuracy. To evaluate the performance of the proposed system, comparisons will
be made with commercial imaging sonars.
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