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Abstract—This study shows the underwater communication
performance using an acoustic pressure-gradient vector sensor.
Combining the estimated particle velocity channels with the
acoustic pressure results in a cardioid-like beam steered output,
which is used to improve the signal-to-noise ratio. A shallow-
water field experiment was carried out using a single vector
sensor as a receiver and a ship-suspended sound source, trans-
mitting the frequency-hopped JANUS modulated signal at several
ranges and directions. Bit error rate analysis demonstrates how
performance can be enhanced through vector sensor channel
combining. Firstly, by relating the error with beam pattern
varying the azimuth steering angle. Second, by relating the
error with transmitting stations, where individual channels of
the vector sensor can be compared. Besides such findings, this
study also presents tools for better understanding the directional
characteristic, such as the design factor to combine the particle
velocity to the pressure sensor and azigrams. Finally, results show
that the JANUS bit error rate can be reduced up to five percent
by combining the vector sensor components compared to the
pressure Sensor.

Index Terms—acoustic vector sensor, particle velocity, under-
water acoustic communications, JANUS

I. INTRODUCTION

Acoustic vector sensors’ compactness is an attractive char-
acteristic for size-restricted underwater applications. The di-
rectional capability of vector sensors comes from the par-
ticle velocity (or its derivatives), which may be estimated
by pressure-gradient or inertial sensors [1]. Vector sensors
have been used since the 80s in the directional sonobuoys
for sonar applications [2]. Its usage was mainly focused
on lower frequency bands (< 1kHz), where some bearing
discrimination could be achieved by a single collocated device.
For communications, vector sensors are relatively new, and
available work is dated from 2007 [3]. In the reduced literature
on vector sensors for communications, scarcely anything re-
gards the technological design for particle velocity estimation
and its impact on performance. Thus, this is the first aspect
that the present study addresses, pre-processing the particle
velocity and pressure-difference channels. Then, a channel
combining approach is employed, where the vector sensor
channels are weighted and combined in a beam steering
approach [4]. This channel combining approach is already

used for sonar applications, and here, its impact on the bit
error rate performance is analyzed. One can notice that this
study does not intend to compare either the several direction-
of-arrival techniques available (e.g., [S]-[9]) or communication
techniques, such as passive time-reversal [10], which have
already been discussed in the vector sensors field. Moreover,
the major literature concerning direction-of-arrival estimation
has shown that many of the high spatial resolution tech-
niques do not imply the signal-to-noise increment and thus
are not guaranteed to be advantageous for communications.
Furthermore, some techniques are computationally expensive
and unsuitable if we think of a practical low-power system.
Thus, the motivation for using such a beam steering approach
consists on: its simplicity, which is a practical and low-
power demanding, suited for hardware of opportunity; and its
robustness for variable ambient noise levels [7].

This study uses the frequency-hopped JANUS modulation,
a well-known robust communication option [11]-[14]. Ad-
vantages of JANUS are: standardization, interoperability, and
its easy employment with open-source codes. In this study,
the use of a vector sensor for JANUS has as objective to
allow faster bit rate, by improving SNR [14], but one can
think in a multiple sources scenario usage, where the azimuth
spatial filter may also be useful. Here, the communication
performance is quantified using data from a shallow-water
experiment, where a two-axis vector sensor was placed near
the bottom and transmissions were performed using a sound
source tied to a ship. The BER is quantified before the JANUS
interleaved stage and the relation between the bit error and the
beam response is shown. Two center frequencies are analyzed
and the comparison with the pressure-only sensor shows the
performance enhancement.

II. THEORETICAL FRAMEWORK
A. Data model
A single acoustic vector sensor has the n-th output:
Tn:hn®5+wnv (1)

where h is the channel impulse response, s is the transmitted
signal, and w is the additive noise. The index n refers,



from 1 to 3, to the pressure, x and y horizontal particle
velocity components, respectively. The ® symbol stands for
time convolution. Whereas (1) is commonly used to represent
single-input multiple-output (SIMO) communication systems
with pressure sensors, the particle velocity components are
directional channels. A particle velocity component may be
seen through the Euler’s equation:
1

Jwpo
where v is the particle velocity, V is the gradient operator, p is
the pressure, w is the angular frequency, and pq is the medium
static density. Assuming plane-wave condition, p, = —pgc v,
where c is the sound speed and p, is the so-called pressure-
equivalent particle velocity. Thus, (2) becomes:

V= —

Vp, 2

1
Po= 7% Vp, 3)

where k = w/c = 27/\ is the wavenumber, being A the
wavelength. The pressure difference between two identical,
closed spaced (s), omnidirectional pressure sensors is given
as [4]:
k's' cosf
Ap = j2pg sin <2> ~ jpok’s cosl, A< s

“)
where pg is a pressure reference, 6 is the angle between the
propagation direction and the pressure sensors axis, and the

superscript []’ is used to represent an unknown parameter.

Considering the first-order approximation % = % and
replacing (4) in (3) gives:
1A 1
po= = = —— jpok’s' cosd, 5)
jk s jks

where if ¥’ = k, s’ = s, and the plane-wave assumption is
valid for the operational frequency range, then (5) becomes:

Py = Ppo cosb. 6)

One can note some aspects of the developed equations: (4)
is the output of a pressure-gradient vector sensor, which is
frequency-spacing dependent, a drawback characteristic; (6) is
not frequency-dependent, but in practice, technological issues
make it difficult to guarantee those matched conditions, e.g.,
identical sensors and that A < s; and the noise characteristic
may be affected by the difference operation, which may
lead to non-isotropic noise, not treated in this study. Except
for these aspects, there are two possible ways to process
the vector sensor directional channels, either by using the
pressure-difference output (Ap) or by estimating the particle
velocity (p,). The latter is performed using the middle term
of (5), where s and ¢ are approximated values.

B. Vector sensor receiver structure

The receiver structure is a multichannel system where the
n-th input is the r,, vector sensor channel. The vector sensor
channel combining output (ys, called hereafter vector sensor
beam steering) is given by:

Ybs = T'p + O[Ty €OS g + 7y sin O], (7

where, r,, 7yz, and 7,, are the pressure and pressure-
equivalent particle velocity channels. § is a design factor
adjusted according to a desired beam response, and 6, is a
chosen steering angle, where DoA estimation methods can be
used. There are several DoA estimators available in literature
but here, the Bartlett estimator is used, where the beam
response in the f single frequency is given as:

B(f,6,0) = [1 cosf sinf)” C(f,8) [l cosf sinf], (8)

+Af/2
where C(f,6) = & Y44 2[Ry 0Rus 0 Ry 7[Ry 0Ryq 6 Ry
is the sample cross-correlation matrix estimated in the
frequency domain, in the Af bandwidth with N samples,
where R,, = R, (f). The estimated azimuth source direction

angle is given by:
Oo(f.8) = argmaxB(f,4,0). ©)

Thus, we can analyze the BER performance using (7) either
varying the —m < 0y < =7 or using the estimated source
direction azimuth angle from (9). Interested readers may find
complete studies in [15], [16], which consider a three-axis
vector sensor where elevation is also used. Note that (7) is a
single output that is used as input for JANUS.

III. FIELD EXPERIMENT

A shallow-water underwater communication field experi-
ment took place off the South coast of Portugal on November
24,2021. The EMSO’21 experiment, as part of the EMSO-PT
project, has the objective to test a point-to-point communica-
tion link between a surface platform and a bottom receiver. In
this experiment, a single vector sensor, attached to a tripod,
is fixed close to the bottom receiving communication signals
from a sound source tied to a ship. The transmitted signals
are JANUS modulated in two center frequencies (f.) of 5
and 10kHz, and include the cargo sentence “acoustic vector
sensors”. Differently from the JANUS description manual [13],
which states about using a bandwidth of W ~ 1/3 f., here, the
bandwidth is fixed in 2 kHz. Such configuration was proposed
to explore bands with approximately constant amplitude, based
on the Lubell-916C sound source transmission response.

Figure 1 (a) shows the bathymetry area with: the ship track,
the vector sensor tripod position (37.04235°N, -8.16359°W);
and the transmitting stations, numbered from 1 to 6, with the
range from each station to the vector sensor. In this figure,
the axes were set according to vector sensor reference, where
the x-component points toward North. The tripod is shown in
Fig. 1 (b) with the vector sensor assembled at the top. The used
pressure-gradient vector sensor is the Geospectrum M35 [17].
The M35 directional outputs are compass-compensated, where
the x-component is compensated to the North and the y-
component to the East. A 20cm wide X 6cm of diameter
cylinder-type autonomous recorder is attached to one tripod’s
legs. It synchronously records the three vector sensor channels
with a 24-bit resolution and sampling frequency of 39062 Hz.
Fig. 1 (c) shows the lateral view, where the sound source was
tied at the stern of the ship, at approximately 7 m depth. The
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Fig. 1. Bathymetry with the ship track, the vector sensor tripod position,
and transmitting stations (a); vector sensor tripod assembling (b); and the
experiment geometry lateral view (c).

vector sensor is fixed approximately 2m from the bottom,
where the local water depth is 20 m. The sound speed profile
measured during the experiment has a slight variation of
around 1516 m/s, and this value is used for the particle velocity
estimation. Moreover, the spacing between pressure sensors
for the particle velocity estimation is considered s = 0.05 m.

IV. RESULTS AND DISCUSSIONS
A. Vector sensor pre-processing analysis

It is crucial to analyze the vector sensor channels in order
to understand the particularities of the directional components.
The employed vector sensor has an internal compass com-
pensation, which facilitates the first check of the directional
components (Ap or p,) by analyzing their phase, referenced
to the omnidirectional sensor. An example can be seen in
Fig. 2, where the time series for pressure and the directional
channels are shown for station 1. For Ap, a lead signal
referenced to pressure represents North (for x-component) or
East (for y-component), whereas a lag signal referenced to
pressure represents South (for x-component) or West (for y-
component). In Fig. 2 (a), Ap,, is lead, which represents North,
whereas Ap, is lag, representing West. Thus, it is clear that
the source direction comes from the North-West quadrant. For
Dy, if pressure and particle velocity are in-phase, it represents
a signal from the North-East quadrant and vice-versa. In
Fig. 2 (b), pressure and the estimated particle velocity p,.
are in-phase, whereas pressure and p,,, are in counter-phase.
Thus, it represents a signal from the North-West quadrant as

Ap.

o 0.02 g 002

E % A E A N I J
2 NNV 2 o D02
- 0274 02745 0275 02755 0274 02745 0275 02755
(a) time(s) (b) time(s)

Fig. 2. Received time series at station 1: pressure and pressure-difference
channels (a); and pressure and estimated particle velocity components (b).

The impact of the vector sensor channel combining on
communications can be associated with the spatial filtering
capability, analyzed here by the energy detection and azi-
grams. First, the beam response for station 1 is analyzed by
varying the § factor, where it is known that the source is at
approximately -60°. In Fig. 3 (a), Ap is used, and the main
lobe is noticed in the source direction, although ambiguity
is verified as J increases. In Fig. 3 (b), the ambiguity is
mitigated and the maximum ratio between the main lobe and
the sidelobe is found for § = 0.5. Figure 3 (c) shows the
beam response with § = 0.5 for both Ap and p,, where
the ambiguity mitigation is apparent and the cardioid-like
shaped response is obtained. Thus, one can conclude that the
proper § value is 0.5 for a backside ambiguity mitigation,
which is set for quantifying the communication performance.
Figure 3 (d) shows the azigrams for stations 1, 2, 5, and
6 (from top to bottom), where transmissions were performed
at different geographic quadrants. Azigrams are analogous
to spectrograms, but the color represents directions instead
of power spectral density. Here, the azigrams also include
transparency, where the intensity of each direction is take
into account (see details in [18] for displaying azigrams with
transparency). The azigrams of Fig. 3 (d) were estimated using
particle velocity channels as input in (9), Af = 100 Hz with
a frequency step of f = 50Hz, and § = 0.5. The azigrams
indicate four different source directions and how the dominant
frequency band is related to each direction. Moreover, this
figure indicates no ambiguity in frequency hopping modulation
band, which is present in azigrams using pressure-difference
channels (not shown due to lack of space).

B. Communication performance

The communication performance is quantified by two anal-
yses: BER varying the azimuth angle of (7); and BER using
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Fig. 3. Energy detection for varying ¢ for station 1 using Ap (a) and p,, (b).
In (c), the beam response for Ap and p,, is compared for 6 = 0.5. Azigrams
for stations 1, 2, 5, and 6 (d).



individual vector sensor channels or beam steering, for the
six stations. Figure 4 shows the BER in a polar graphic from
station 1 (a) to 6 (f) for the first analyzed band (f. = 5kHz).
Note that the figure axis is inverted, where the error grows
toward the center, which is normalized at 0.5. The BER is
calculated by combining the vector sensor channels in the
beam steering (yps), and it can be compared to the pressure
channel (p). The figure is quite illustrative, combining direc-
tional information with BER performance. One can notice
that a similar cardioid-like pattern is found but with some
fluctuation. These are expected results since we are measuring
the error that is also impacted by multipath. In general, for
the beam steering, the minimum error is found in the source
direction and is reduced by around 5% compared to the
pressure channel.

Figure 5 shows the BER along the stations for the two
analyzed frequency bands. The BER was quantified for the
pressure-sensor, individual particle velocity channels, and
beam steering using the DoA (bs). The beam steering ap-
proach resulted in a concise error reduction along the stations.
Transmissions from stations two and three were predominantly
towards the y-component, where the x-component SNR is
decreased. Such geometry result in: the highest error for x-
component due to low SNR; similar errors for y-component
and beam steering. Among stations 3, 4, and 5, the trans-
missions were performed approximately at a radius of 2.2 km
and varied the direction by 90°. As expected, the performance
of the individual directional components changes, whereas
the beam steering keeps the performance by combining the
channels with the source direction. Another noticed aspect is
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Fig. 4. Polar BER for stations 1 to 6, (a) to (f), respectively.

0.5 —

——D
—— X
y
- . 0.1 ——bs
= =
0.01
0.03 0.005
1 2 3 4 5 6 1 2 3 4 5 6
(a) station (b) station

Fig. 5. BER along stations for pressure, individual particle velocity channels,
and beam steering (bs), for f. = 5kHz (a) and f. = 10kHz (b).

that the outperformance of the beam steering is more effective
in the lowest band. We have observed that above certain SNR,
the performance of JANUS, before interleaved stage, cannot be
enhanced by improving SNR, and ISI becomes the main issue.
The SNR in the band of 10kHz is higher than SNR at 5 kHz,
which is related to source level (6 dB of difference between
bands) and ambient noise. The SNR gain of the beam steering
compared to pressure sensor is similar for both frequencies.
However, since the overall SNR in the band of 5kHz is lower,
the impact of beam steering in the error is more perceptible.
We expect that a similar enhancement would be found if the
overall SNR for both frequency bands was similar.

V. CONCLUSION

The use of a single pressure-gradient vector sensor for
underwater acoustic communications is experimentally inves-
tigated in this work. The vector sensor’s directional charac-
teristic was firstly compared between pressure-difference and
particle velocity, where the latter may present a cardioid-like
beam pattern. It was seen that a design factor can be set to
achieve a desired beam pattern. Moreover, azigrams are an
interesting way to see the frequency impact on the beam pat-
tern. The BER performance was quantified for the frequency
hopped JANUS modulation, where the direction information
was related to the performance. A polar BER shows a similar
cardioid-like pattern turned into the azimuth source direction,
which demonstrates the theoretical impact. The BER for the
transmitting stations at different geographic quadrants and at
orthogonal directions shows that: the beam steering using
estimated source direction outperforms the pressure sensor;
the beam steering has similar or even better performance than
individual directional channels; the ambiguity mitigation of
the cardioid has a higher impact on the performance for the
lowest band analyzed.
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