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Abstract: We have investigated experimentally variations in the phase of acoustic signals
propagating through bubble clouds and received at a three-element hydrophone array.
The effect of bubbles in water to attenuate acoustic signals is well known, but the interest
here is on the phase variation across the array introduced by bubble scattering,
potentially decorrelating the signals across the array and reducing the gain that can be
achieved by a beamformer. In this paper we report measurements made at the AB Wood
acoustic water tank located at the Institute of Sound and Vibration Research (ISVR),
University of Southampton, in June 2008. The distribution of signal phase among the
individual hydrophones is seen to become more spread out as bubble density increases. As
a result, beamformer gain is degraded. It seems that phase shifts caused by scattering
from nearby bubbles are responsible for this effect.
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1. INTRODUCTION

It is well known that gas bubbles in water can scatter and attenuate sound and greatly
affect acoustic propagation [1], [2]. The magnitude of these effects depends on the
relationship between the acoustic wavelength and bubble radius as well as the density and
size distribution of the bubbles. When hydrophones are used in the vicinity of gas bubbles,
scattering by nearby bubbles can affect the phase and amplitude of the received signals. In
fact, strong bubble scattering can cause the hydrophone signals to be less than fully
coherent across the hydrophone array. Loss of coherence causes a reduction in the gain
that can be obtained from beamforming, and that is the subject of this paper. Note that
this effect is separate from the reduction in signal amplitude at all array elements due to
attenuation; the latter affects signal amplitude but not array gain given sufficient signal to
noise ratio. This paper reports measurement of the bubble density-dependent variation in
signal phase and the resulting reduction in beamformer gain provided by a 3-element
hydrophone array operating in bubbly water.

Array signal processing (or beamforming) exploits the spatial coherence of the signal
and the spatial incoherence of the noise. Beamforming works when the signal arrives
from one direction only and is therefore spatially coherent, while the noise or interference
arrives from many directions and is therefore spatially incoherent. The main beam of the
array can be steered toward the direction of the acoustic signal arrival either by physically
changing the orientation of the array or by adjusting (delaying or advancing) each of the
outputs from the individual elements in the receive array so as to align their phases. A
measure of the performance of the beamformer is the array gain (AG), which is defined by
comparing the linearly-expressed signal-to-noise power ratio (SNR) at the array output
with that at the array input [3]:

SNR
SNR

signal power
noise power -

1)

single hydrophone

AG =10 |091o { array output } ’ SNR —

This paper compares the phases of the received signals with and without bubbles
nearby and demonstrates the effect of increasing bubble density on signal phase and
spatial coherence across the array (i.e. the similarity between signals received by different
hydrophones), as well as the gain available from beamforming.

2. BEAMFORMER GAIN MEASUREMENTS

In June 2008 a measurement of bubble scattering effects on a hydrophone array was
supported by the Office of Naval Research in the US and the Institute of Sound and
Vibration (ISVR), U. of Southampton (UK) using the A B Wood acoustic tank. An
important capability at the AB Wood tank is the generation of small (10 pum - 400 pum) air
bubbles such as those found in the ocean. For example, see Figure 5 of [4]. Air bubbles are
generated using a venturi and then directed into a smaller tank approximately 1.2m x 2m x
1.2m deep which allows the larger bubbles to rise to the surface. Bubbly water (with
larger bubbles removed) is then pumped from the smaller tank into the AB Wood tank and
discharged through a diffuser placed at the bottom of the tank near the center. The
discharged bubbles form a roughly conical cloud as they rise slowly to the surface. The
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bubble cloud is a statistically stationary feature, and the bubble density decreases with
increasing distance from the center of the bubble cloud.

The AB Wood water tank measures 8m x 8m x 5m deep. Figure 1 shows the
measurement hardware, which was positioned approximately in the tank center and
directly over the bubble diffuser. A locally manufactured acoustic projector was placed
approximately 3 m from the center of the bubble cloud and 1.9 m below the water surface.
This projector provides a source level that varies by less than 15 dB from 25 kHz to 120
kHz. The projector beam was directed toward the center of the bubble cloud. A 3-element
vertical line array of Neptune D140 hydrophones was located at the same depth as the
projector and at a variable distance from to the bubble cloud center while keeping the
distance from the source to the array constant. The hydrophones were spaced 0.025 m
vertically, with the middle hydrophone placed at 1.94 m depth.
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Figure 1: Geometry for beamformer gain measurements. The upper panel shows a view looking
down on the tank and the vertical hydrophone array. Moving the hydrophone array closer to the
bubble cloud center results in increased bubble density at the array. The bottom panel shows a side
view of the geometry.

The measurement approach was to transmit a tone burst signal in the direction normal
to a 3-element vertical line array. Signals were transmitted with the vertical array
positioned at 4 different distances from the bubble cloud center: (1) 0 cm, (2) 30 cm, (3)
60 cm, and (4) 90 cm. The acoustic frequencies used in the measurement were 25 kHz, 30
kHz, and 35 kHz. Except for measurements made with no bubble present, about 120
transmissions were made at each position of the array and at each frequency. The signal
was a 3 ms pulse composed of a 1 ms ramp-up, a 1 ms constant amplitude portion, and a 1
ms ramp down. Received signals were sampled at 250 kHz. The no-bubble measurements
utilized 24 transmissions at 30 kHz only.
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One set of acoustic measurements were made before introducing bubbles into the tank
and with the hydrophone array positioned 60 cm from the center of the bubble cloud.
When no bubbles are present, any difference in signal phase between two hydrophones is
solely due to array tilt. In the presence of bubbles, phase differences could also be caused
by superposition of bubble-scattered signals at the hydrophone, or possibly by differences
in sound speed along the two paths. The latter is discounted because the hydrophones are
quite close together (2.5 cm) relative to the path length (~2 m) such that sound
propagating from the projector to adjacent hydrophones passes through virtually the same
bubbly volume and thus is subject to the same propagation speed. Bubble scattering is
considered the primary cause of phase differences. Since the bubbles are randomly
distributed in space, phase differences induced by bubble scattering should average to
zero. Thus the mean of measured phase differences, if non-zero, indicates that the array is
tilted. This is consistent with the observation that the mean phase difference is seen to
increase linearly across the array (this result is not shown in the paper).

Figure 2 shows examples of signals received with the array at two locations relative to
the bubble cloud. With the array 60 cm from the center of the bubble cloud (left panel),
the amplitude and phase of the signals are very similar for all three hydrophones.
However, when the array is moved closer to the bubble cloud center (right panel),
differences in amplitude and phase at the hydrophones are evident.
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Figure 2: Signals received at hydrophones 1, 2 and 3 with the array at two different distances from
the bubble cloud center. The right panel corresponds to a higher bubble density and displays larger
amplitude and phase differences between the signals.

A measurement of maximum beamformer gain requires that the array be steered in the
direction of the arriving signal. As shown in Figure 1, the hydrophone array was attached
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to a long rod suspended from rails laid across the tank opening. This arrangement resulted
in the hydrophone array being tilted a few degrees from the vertical, which required that
the individual signals be advanced or delayed in order to align their phases. It was
therefore necessary to estimate the phase of each signal, and this was done using the
constant amplitude 1 ms portion of the received signal.

The Discrete Fourier Transform (DFT) method was used to estimate signal phase for
each transmission at each hydrophone using a 1-ms (250 point) sequence of data [5]. The

complex DFT coefficient X (m) taken from the proper frequency bin contains the signal
amplitude and phase. The power at a single hydrophone is |X (m)|2. The power at the

beamformer output is |Xl(m)+X2(m)+X3(m)|2, where the subscript indicates

hydrophone number and signal phase alignment to account for array tilt is assumed.

The upper 4 panels of Figure 3 show signal and beamformer output power measured at
30 kHz for the no-bubble case. Panel (a) compares the power in the received signal for
the 3 hydrophones with the (phase-aligned) beamformer output. There is no ping-to-ping
variation due to high SNR and no interference from bubble scattering. Panel (b) shows the
gain provided by beamforming, which is the difference between the two curves in panel

(a). The measured value matches the theoretical prediction of 10log,, (32) =9.5dB. Panel

(c) shows the hydrophone and beamformer output power measured 10 ms prior to the
signal arriving. These levels represent the background noise present in the AB Wood
tank. Note that the single hydrophone signal level is about 40 dB, and the single
hydrophone noise level is about -40 dB, so that the SNR for a single hydrophone is about
80 dB for this no-bubble case. Panel (d) shows the beamformer gain against noise, again
the difference between the beamformer output and the mean hydrophone power in panel
(c). The beamformer gain against noise is quite variable and averages about 7.5 dB.
Egns. (1) can be arranged to write

signal power @ array output / noise power @ array output
signal power @ one hydrophone / noise power @ one hydrophone

AG :10Ioglo{

1010 signal power @ array output _10lo noise power @ array output
' | signal power @ one hydrophone **| noise power @ one hydrophone

=BG BG, ... )

signal

where BGsigna and BGngise are the gains provided by the beamformer against signal and
noise, respectively. If the noise is completely incoherent (i.e. the phase is random among
the hydrophones), then the expected value of the beamformer gain against the noise is

10log,, (N), where N is the number of hydrophones. For a 3 element array operating in

incoherent noise, 10log,, (3) =4.75 dB. Panel (d) of Figure 4 shows that BGpoise ~ 7.8 dB,

indicating that the noise is not incoherent across the array. Using Eqn. (2), the mean AG
calculated for the no-bubble case is (9.5 - 7.8) = 1.7 dB. The AG in incoherent noise
would be (9.5 -4.8) =4.7 dB.

Note that the mean measured AG is less than the theoretically predicted value not
because the signal is less than perfectly coherent across the array, but because the noise is
not perfectly incoherent across the array. The source of coherent noise at 30 kHz in the
AB Wood tank is unknown, but it is virtually unchanged for all of the measurements, with
and without bubbles present and regardless of the array proximity to the bubble cloud.
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Figure 3: Signal and noise power at the individual hydrophones and at the beamformer outout for
the no bubble case (panels a - d) and for the array 30 cm from the bubble cloud center (panels e -
h). Panels (a), (b), (¢) and (g) show signal and noise power at the hydrophones and beamformer
output. Panels (c), (d), (g) and (h) show beamformer gain against signal and noise.

The lower 4 panels of Figure 3 show the signal and noise power and beamformer gains
for 30 kHz with bubbles present and the array 30 cm from the bubble cloud center. The
signal levels at a single hydrophone and at the beamformer output are significantly lower
and more variable than for the no-bubble case, but the noise levels (single hydrophone and
beamformer output) are not that different. The BGpgise IS Still about 6.9 dB, however the
BG:ignal has dropped to about 6.5 dB. While the presence of bubbles close to the array has
not had much effect on the coherence of the ambient noise, it has caused a significant drop
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in the coherence of the signal across the array. The mean AG calculated for this case is -
0.4 dB, which means that the beamformer is actually reducing mean SNR.

Histograms of BGsigna for single transmissions at 3 measurement frequencies and
different bubble densities are shown in the upper half of Figure 4. The columns
correspond to measurements made at (left to right) 25kHz, 30kHz, and 35kHz. The upper
three rows correspond to measurements made with the array at (top to bottom) 30 cm, 60
cm and 90 cm from the center of the bubble cloud. The bottom panel is the no-bubble
case. The panels show that as the array is moved closer to the center of the bubble cloud
and thus the bubble density at the array increases, the distribution of BGsigna becomes
more and more spread out. Also, the mean BGsigna drops from 9.5 dB, the maximum
value for perfectly correlated signals, to approximately 6.5 dB as the array moves closer to
the bubble cloud center.

The reduction in BGsignal IS due to differences in signal phase among the hydrophones,
histograms of which are shown in the lower half of Figure 4. The arrangement of the
columns and rows are the same as for the beamformer gain histograms. Note that the
mean phase difference is zero because the signals were aligned in phase.

The distribution of the phase difference is very narrow for the no-bubble case (bottom
panel). As the array is moved closer to the bubble cloud center and the bubble density
increases (moving up in the figure), the variance of the phase difference increases and the
histograms flatten out. The phase difference approaches a uniform distribution in the top
row, which corresponds to when the array was closest to the bubble cloud center.
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Figure 4: Histograms of BGq;gnai, the beamformer gain against signal (upper) and phase difference
between signals received at hydrophones 1 and 2 (lower). The columns correspond to frequencies of (I
to r) 25kHz, 30kHz, and 35kHz. The upper three rows in each set of panels correspond to
measurements with the array at (top to bottom) 30 cm, 60 cm, and 90 cm from the center of the
bubble cloud. The bottom row is the no-bubble case. Note that vertical scales are different among the
panels.
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