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Abstract—The transmission of circular and spiral acoustic
fields using spiral beacons offers a promising alternative to
traditional underwater localization methods. Existing literature
typically employs time multiplexing of these field types. This work
introduces a novel approach by implementing both time and
frequency multiplexing of circular and spiral fields, specifically
transmitting three circular and one spiral field at distinct times
and frequencies. The proposed multiplexing methods were evalu-
ated at two different underwater environments: a controlled pool
environment and a natural lagoon setting. The localization results
demonstrate that the proposed method significantly reduces
azimuth variability and confirms its functionality in a lagoon,
although with less accuracy compared to the pool test. Overall,
time and frequency multiplexing proved to be an effective
strategy to enhance current spiral beacon systems and holds
potential for advancing new underwater joint communication
and localization techniques.

Index Terms—Spiral Source, Underwater Acoustics, Underwa-
ter Localization, Signal Processing

I. INTRODUCTION

A Spiral Beacon is a static underwater spiral acoustic source
that can be used to perform underwater navigation [1], [2]
and SONAR target detection [3]. Spiral acoustic fields offer
a promising alternative to traditional methods in underwater
applications that, typically, rely on measuring the time of
flight (TOF) of the acoustic signal to perform localization,
using multiple omnidirectional hydrophones or/and projectors,
such as baseline methods [4]-[6] and networking techniques
[7]1-[9]. The employment of spiral fields stands out for its
simplicity, requiring only a single source/hydrophone pair for
localization [2], [10].

For correct operation of spiral-field methods, it is necessary
to emit a spiral field and a circular field. The spiral field
exhibits a linear phase shift concerning the azimuth, while the
circular field maintains a constant phase along the azimuth
and works as a reference field that nullifies phase changes
caused by the environment. The phase difference between the
two fields reveals the hydrophone’s azimuth. So far, the most
common approach is to transmit the circular field followed by
the spiral field in the same frequency band [1]-[3], [10]-[12],
which is known as time multiplexing.

This work presents an innovative way to perform underwater
localization with circular and spiral fields using Time and
Frequency Multiplexing. This method is described in Section
II. The underwater experiments are described in Section III and

the respective results are shown in Section IV. Section V sum-
marizes the main findings and discusses potential extensions
for integrated localization and communication applications.

II. DATA MODEL

The data model of the Spiral Beacon system includes the
characteristics of the acoustic signals to be transmitted and
the methods for processing them after they are received by a
single mobile hydrophone.

A. Transmission Side

The developed spiral source prototype, described in [12],
has a cylindrical shape with four quadrants, A, B, C, and D.
The four quadrants are not acoustically isolated, thus resulting
in a transducer with four monopoles that must be driven
by four independent signal generators simultaneously. The
circular field is created when the input signals for all four
quadrants are the same. In contrast, the spiral field requires
that the input signals for the four quadrants be in phase
quadrature. This makes the piezoceramic vibrate in mode 1
[10] which results in an acoustic signal with a phase that
varies linearly with the azimuth. This design has two relevant
particularities: the transmission of the circular and spiral fields
have resonances at different frequencies (fy = 15.0 kHz
and f; = 22.5 kHz, respectively), and the circular field has
acceptable Transmitting Voltage Response (TVR) at f;.

Localization using a Spiral Beacon requires the loop trans-
mission of a sequence of signals. In all four quadrants, the
proposed transmission sequence has the structure presented
in Figure 1: a synchronization signal followed by circular and
spiral signals, and another synchronization signal. The circular
and spiral signals are upward linear chirps with duration d,
bandwidth BW, and center frequency fy or fi. The circular
signals (orange signals) are exactly the same in the four
quadrants with initial phase of 0°, while in the spiral signals
(blue signals) the initial phase is 0°, 90°, 180° and 270°, for
quadrants A, B, C, and D, respectively. The signal z/(t) is
the sum of two circular chirps centered at f, and f;, and
the signal xg(t) is the sum of a circular chirp centered at
fo with a spiral chirp centered at f;. The synchronization
signal is a broadband circular signal in the frequency range
[fo,s, f1,s] with duration T that is used to estimate the channel
and the Doppler factor, and to temporally synchronize received



signals. Between the transmission of consecutive signals there
is a silence of p seconds for multipath dissipation.
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Fig. 1: Structure of the proposed transmission sequence at each
quadrant: a synchronization signal followed by circular and
spiral signals, and another synchronization signal.

The circular and spiral signals were designed to be trans-
mitted with maximum power, based on the TVR of the
aforementioned prototype. The proposed sequence allows for
phase differences not only between different signals over time
(time multiplexing), but also between different frequencies
within the same signal (frequency multiplexing), enabling the
comparison of circular and spiral phases simultaneously.

B. Reception Side

Assuming that the Spiral Beacon is static and transmits
a known sequence in loop, an underwater system with a
single hydrophone can be localized using the received acoustic
signals, y(t). Figure 2 shows the signal processing chain. The
Doppler Estimation block uses y(t) to estimate the Doppler
factor, 5, and the delay of the direct path, 7. The delay 7 and

the sound speed in water ¢ are used to compute the range 7

between the spiral beacon and the hydrophone. The received
signal together with 5 are used to extract the circular and spiral
signals, Yo (t) and y5(t), that are the received versions of 24 (t)
and x(t). Finally, the azimuth angle, 6, is computed using

Yo(t) and yg(t).
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Fig. 2: Signal processing chain: Doppler estimation using
direct path detection, range computation, signal extraction and
angle computation.
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1) Doppler Estimation: This processing step aims to com-
pute the Doppler factor, s, using the Scaling Factor Method
described in [13]. The average Doppler factor is given by

. At
S =
At
where At is the transmission time between the beginning

of the first and the beginning of the second synchronization
signals, and At is the reception time between the beginning

(D

of the first and the beginning of the second synchronization
signals. At is computed by subtracting the direct path delays
of the second and first synchronization signals, using the direct
path detection method. Alternative methods, such as Doppler
filter banks, can also be used [14].

The direct path detection method returns the delay of the
first path of the Channel Impulse Response (CIR) estimate.
The CIR estimate was obtained through cross-correlation
between the transmitted and received signals.

The direct path delay of the first synchronization signal, T,
is also used as input for the range computation.

2) Range Computation: In the absence of TX-RX synchro-
nization, the range of the hydrophone relative to the spiral
beacon can be computed from a start range measurement, 7,
and by tracking variations in the delay of the first arrival. The
range computation N sequences after measuring ry, without
Doppler effect, is given by

TN—T()—FZ

where 7, is the relative delay obtained at the n™ sequence
after measuring rg, and dq is the duration of the transmitted
sequence, including silences. In practice, 7o must be calibrated
so the system starts with the true range. Otherwise, TX-RX
synchronization is needed using, e.g., chip-scale atomic clocks.

3) Signal Extraction: In order to compute the azimuth
angle 0 based on phase measurements, it is essential to
correctly extract the circular and spiral signals taking into
account the scaling factor 5. To compensate for s the received
signal is resampled with a polyphase filter, as suggested in
[13]. After resampling, it is possible to extract the circular
and spiral signals based on the transmission durations.

4) Angle Computation: In its most basic form, the phase
difference between spiral and circular fields is computed from
spectral measurement at the single central frequency of the two
received chirps. In the time multiplexing method both fields
occupy the same frequency band, so the measurements have
to be spaced in time and are therefore affected by channel
variations. In the new frequency multiplexing scheme the
spectral measurements for spiral and circular fields are simul-
taneous on two different frequency bands. An earlier, purely
circular, transmission on the same bands provides a baseline
for the phase shift introduced by the channel between these
frequencies, which should be subtracted out. The rationale is
that phase differences in the channel response between close
bands should vary slower over time than the absolute phase
in a single band.

The phase difference for a Time and Frequency Multiplex-
ing sequence is given by

A¢ =PD (ys(t), f1,ys(t), fo)
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where PD(-) represents the narrowband phase difference oper-
ation, given by

D (a(t), fu b(t), fy) = arg [

A
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where arg(-) is the complex argument function, and A(f)
and B(f) are the Fourier transform values of a(t) and b(t),
respectively, at frequency f.

Based only on the Time Multiplexing, the phase difference,
using the same sequence, is given by

A¢:PD<ya(t)?f1ay6<t)af1)- )

Both (3) and (5) were used when analyzing experimental data.
The azimuth angle is given by

0= A¢ — bo, ©6)

where 6 represents an azimuth offset and is a calibration
parameter.

III. UNDERWATER EXPERIMENTS

Two experiments were carried out to evaluate the per-
formance of the proposed system: one at a controlled pool
environment and the other at a natural lagoon setting. Table
I shows the parameters that were used for these experiments.
Up-down chirps were used as synchronization signals with the
aim of studying alternative methods for estimating the Doppler
factor, but details are deferred to forthcoming work.

TABLE 1. Parameters of the used sequences in Pool and
Lagoon experiments.

Parameter 7T (ms) d(ms) p(ms) fos (kHz) f1s (kHz) BW (Hz)
Pool 20 2 100 10 25 500
Lagoon 151 2 200 10 25 500

A. Pool Experiment

The experiment was carried out in a 16 by 16 m pool with
4.3m depth. The experiment setup consists of placing the
spiral beacon system at the bottom of the pool so that it
remains as static as possible. The Spiral Source was placed at
1.37 m from the bottom. In this setup, a hydrophone RESON
TC4033 was placed 2.08 m from the surface, attached to a
separate floating structure for mobility. The hydrophone’s true
localization was obtained by recording its position from the
top of the pool. For more details on the experimental setup,
refer to [12].

B. Lagoon Experiment

The experiment was carried out in Ria Formosa Lagoon,
Faro, Portugal. The spiral source and the underwater container
were placed at the bottom (approx. 4 m depth) and a Marsens-
ing SR-1 hydrophone was attached to a kayak equipped with
a Handheld GPS Navigator. The kayak navigated through the
lagoon and the GPS coordinates were acquired together with
the acoustic signals from the hydrophone, at approx. 2 m
from the surface. Figure 3 shows the spiral source and the
underwater container near the anchorage site.

Fig. 3: Spiral source and underwater container near the an-
chorage site at the Lagoon.

IV. LOCALIZATION RESULTS AND DISCUSSION

The localization of the mobile hydrophone in both ex-
periments was computed based on the described methods,
considering o as the ground truth range at the beginning of
the experiment, and 6y as an a posteriori value that best fits
the azimuth data, since the underwater orientation of the Spiral
Beacon was unknown. In both experiments the signals were
split due to recording problems in some sections of the path.

Figures 4a and 4b show the localization comparison between
the ground truth (dashed curves) and the Spiral Beacon method
in the two experiments: Pool, and Lagoon, respectively. Both
figures show the azimuth angle estimate using the Time
Multiplexing (red) and the Time and Frequency Multiplexing
(green), and the range estimate (solid black). The azimuth
angle estimate curves presented are the angle after filtering
with a phase-wrapped moving average filter with a window
size of 13 and 101 samples for the Pool and Lagoon experi-
ment, respectively. The shaded uncertainty region corresponds
to the phase-wrapped standard deviation of the phase-wrapped
moving average samples. Although the average angles of the
two acoustic methods are similar, the standard deviation of
time and frequency multiplexing is relatively lower, making
this method more accurate for estimating the azimuth angle.
Comparing the results of the two experiments, it is possible to
observe that the location with the Spiral Beacon is dependent
on the environment, as the azimuth mean error and variability
are larger in the Lagoon experiment, thus resulting in worse
performance. Furthermore, in the Lagoon case, a greater
number of samples is needed to obtain an acceptable average
value.

Figures 5a and 5b show the 2D tracks of Figures 4a and 4b,
namely, the ground truth localization (black) versus the Spiral
Beacon localization (yellow), using Time and Frequency Mul-
tiplexing. It is possible to observe that the acoustic localization
error is higher in the Lagoon experiment, probably due to the
low SNR and the high interference of the acoustic channel.

The overall results show that Time and Frequency Multi-
plexing is a method that performs better than the standard
method (Time Multiplexing), but still presents limitations in
Lagoon environments where the channel’s multipath varies
rapidly over time due to the shallow water and the surface
waves.
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Fig. 4: Localization comparison between the ground truth
(dashed curves) and the Spiral Beacon method in the two
experiments: (a) Pool, and (b) Lagoon. Both figures show
the azimuth angle estimate using Time Multiplexing (red) and
Time and Frequency Multiplexing (green), as well as the range
estimate (solid black).

V. CONCLUSION

Underwater Localization using spiral fields is an alternative
to traditional acoustic methods that only requires a single
source/hydrophone pair to operate. This work presents a new
way to operate the circular and spiral fields using Time
and Frequency Multiplexing. This new method showed less
localization variability compared to the standard method (Time
Multiplexing). Furthermore, the spiral source design with a
single piezoelectric ceramic was tested for the first time in
an uncontrolled underwater environment. Even in a shallow
water channel with a maximum depth of 4 meters and with
vertical and horizontal motion of the hydrophone, it was
possible to roughly localize it. That was possible due to
the short signal duration, which overcomes the multipath
and channel variability. The use of spiral fields still presents
some limitations, namely, the variability of azimuth estimation,
which is related to close multipath arrivals of the acoustic
channel. Future processing must detect the direct path and
isolate it so that there is no interference for any duration of
the signal.

Recently, there has been much interest on the topic of inte-
grated sensing and communications (ISAC), which advocates
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Fig. 5: 2D Representation of the ground truth localization
(black) versus the Spiral Beacon localization (yellow) using
the Time and Frequency Multiplexing in the two experiments:
(a) Pool, and (b) Lagoon.

the dual-use of communication waveforms (e.g., in 5G/6G
cellular networks) for other purposes, such as localization
or bistatic sonar/radar. The orthogonal chirp-division multi-
plexing (OCDM) modulation format seems to be a natural
candidate for dual use in sonar, and has indeed been examined
recently for such use in the context of underwater communica-
tion [15]. Integration with OCDM for joint data transmission
and single-receiver localization using a spiral source is also
envisaged as a future research direction for this work.
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