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Experimental demonstration of underwater

acoustic communication by vector sensors

Aijun Song, Ali Abdi, Mohsen Badiey, and Paul Hursky

Abstract

Acoustic communication often relies on a large size array with multiple spatially separated hydrophones
to deal with the challenging underwater channel. This poses limitation to its application in compact size
underwater platforms. In this paper, acoustic communication by vector sensors is demonstrated by the data
collected during a high frequency acoustic experiment, where a vector sensor array was drifting in the
ocean. It is shown that the multichannel receiver using a single vector sensor can offer significant size
reduction for coherent acoustic communication at the carrier frequency of 12 kHz, compared with a pressure
sensor line array. Further, the performance difference between vector sensors and pressure sensors varies
at communication ranges. At close ranges (up to 160 m), both a single vector sensor and a vector sensor
array can offer significant performance gain compared with the pressure sensor array. At longer ranges (up to
1080 m), the single vector sensor has the same performance with the pressure sensor array, on average. The
vector sensor array consistently provides gain at all ranges over the pressure sensor array since additional

information of the acoustic field is utilized by vector sensors.
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I. INTRODUCTION

Underwater acoustic communication is critical to a number of civilian and scientific missions in
the ocean, for example navigation and communication for underwater autonomous vehicles (AUVs).
However, the underwater channel is challenging for digital communication [1]. To deal with signifi-
cant multipath and fast channel fluctuations, reception diversity from spatially separated hydrophones
is often employed to achieve acceptable performance. Readers can refer to [2]-[4] for multichannel
decision feedback equalization (DFE) and [5]-[10] for time reversal methods as design examples.
These designs often lead to the usage of a large size array, which might be impossible to accommodate
at compact underwater platforms such as AUVs. Moreover, smaller array size is always preferred in
underwater missions because it leads to easier operations. In this paper, we explore the possibilities
of using vector sensors as an alternative to spatially separated pressure sensors.

Acoustic vector sensors are capable of measuring three orthogonal particle velocity components
of the acoustic field, in addition to the scalar acoustic pressure, at a collocated point in space [11].
They have long been considered for localization and detection of underwater objects [11]-[15]. For
example, four physical quantities measured by a vector sensor have been processed by a multichannel
filter to perform beamforming [16]—[18]. Vector sensors and vector sensor arrays can offer improved
performance in direction-finding applications compared with their scalar pressure counterparts [18].
It has been proposed in [19] that a single vector can serve as a multichannel receiver for underwater
digital communication through the use of both scalar pressure and particle velocity components
of the acoustic field. Multiuser communication with vector sensor has been investigated through
computer simulations in [20]. Motivated by the potential applications of vector sensors in underwater
communication, statistical correlation models for acoustic vector sensor arrays have been developed
in [21].

In this paper, we use the experimental data to demonstrate the usefulness of velocity channels for
acoustic communication. Both a single vector sensor and an array of vector sensors are investigated for
coherent acoustic communication using experimental data. The paper is organized as follows. System

equations for communication by vector sensors are briefly reviewed in Section II. Channel properties
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and computer simulations for the usage of vector sensors in coherent underwater communication are
discussed in Section III. Experimental demonstration of the concept is provided in Section IV and

concluding remarks are given in Section V.

II. SYSTEM EQUATIONS

In this section, basic system equations for data detection via a vector sensor introduced in [22] are
briefly reviewed. To demonstrate the basic concepts of how both the vector and scalar components of
the acoustic field can be utilized for data reception, we consider a simple system with one transducer
and one vector sensor. As shown in Fig. 1, the vector sensor denoted as a black square measures the

pressure and the x, y, and z components of the particle velocity.

A. Pressure and Velocity Channels and Noise

There are four channels in Fig. 1: the pressure channel p, represented by a straight dashed line,
and three pressure-equivalent velocity channels p*, pY, and p*, shown by curved dashed lines. To
define p”, pY, and p*, we first define the particle velocities, v*, v¥ and v*. According to the linearized
equation for time-harmonic waves, the z, y and z components of the velocity at the frequency fy
are given by [23]:
v® = —(jpowo) ' Ip/ O,

v’ = —(jpowo) ' Op/dy, (D
v* = —(jpowo) " Op/ 0z,
where pg is the density of the fluid, and ; = +/—1. Eq.(1) states that the velocity in a certain
direction is proportional to the spatial pressure gradient in that direction [23]. The associated pressure-
equivalent velocity channels are defined as p® = —pycv”®, p¥ = —pocvY and p* = —pycv®, which
give
p" = (jk) ™ 0p/o,
' = (jk)"'9p/0y. (2)

p* = (jk)~'0p/0z,
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where k = wy/c is the acoustic wavenumber and c is the sound speed.
The additive ambient noise pressure at the receiver is shown by w in Fig. 1. Similar to Eq.
(1), the z, y, and z components of ambient noise velocities are a® = —(jpowy) 0w /dx, a¥ =
—(jpowo)"t0w /Ay, and o = —(jpowo) tOw/Dz, respectively. So we can obtain the pressure-
equivalent ambient noise velocities as
w” = (jk) 0w/ o,
w = (jk) " ow/0y, (3)
w® = (jk) 'ow/0z.

B. Input-Output System Equations

According to Fig. 1, the received pressure signal r in response to the signal s transmitted from
the transmitter can be written as » = p ® s + w. Here ® stands for convolution in time and p is the
pressure channel impulse response. We also define the pressure-equivalent received velocity signals
as r¥ = (jk)~'or/0x, r¥ = (jk)~'0r/dy, and r* = (jk)~'0r/0z. Based on (2) and by taking the
spatial gradient with respect to z, y, and z axes, we obtain key system equations

r=p®s—+w,

r* =p"®s+w",
“)

rY =p'® s+ wY,

r*=p"® s+ w’.
Note that the four output signals are measured at a collocated point in space. With the assumption
that the noise is spherically isotropic, the noise terms in Eq.(4) are uncorrelated [14]. In addition
to the noise correlation property, the arrival structure and correlation functions of the channels are
relevant to acoustic communication performance. As shown by the numerical acoustic simulations
in [19], [22], the pressure channel and the velocity channels can provide a new form of diversity,
similar to an array of spatially separated pressure sensors. Therefore, the pressure source and vector
sensor in Fig. 1 have the potential to form a single-input multiple-output (SIMO) system. In the next

section, relevant channel characteristics are reported including delay spread, noise correlation, and

channel correlation from experimental data.
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III. MEASURED CHANNEL CHARACTERISTICS

During a high frequency Makai acoustic communication experiment (MakaiEx) conducted west off
the Kauai Island, Hawaii, in September and October of 2005 [24], a five element Wilcoxon array was
deployed multiple times. The measured characteristics of particle velocity channels are presented in
this section. The performance of particle velocity channels in digital communication is investigated
by computer simulations to gain some initial insight in this section. Performance obtained from at-sea

experiments will be discussed in Section IV.

A. Channel measurements during MakaiEx

Each element of the Wilcoxon vector sensor array had three velocity-meters that were sensitive
only along a specific direction, besides an embedded omni-directional pressure sensor [15]. Therefore,
each vector sensor had four channels and generated four data streams: one pressure channel and three
x, Y, and z components of the particle velocity. The length of each vector sensor was 6.6 cm, and the
element spacing (center-to-center distance) was 10 cm. In one deployment on September 23, 2005,
a bottom mounted acoustic source continuously transmitted a series of communication signals at the
carrier frequency of f; = 12 kHz. The water depth at the source was about 100 m and the source
depth was about 95 m. The vector sensor array was attached to A-frame steel cable of the drifting
R/V Kilo Moana. The array was considered vertical since a 200 pound weight was attached to the
end of the array cable. The top element is referred to as the first. The bottom element, or the fourth,
was about 40 m below the sea surface. During the experiment, the R/V Kilo Moana was drifting in
deeper water.

As mentioned, a pressure source and a vector sensor can form a 1 x 4 SIMO communication
system, similar to four pressure channels of four vector sensors. Note the four channels of a vector
sensor are co-located at a single point in space, whereas the four pressure channels have an aperture
of 30 cm. In what follows, channel characteristics and receiver performance of these two systems
are compared. Fig. 2 shows an example of the impulse response functions obtained from the field
data. A pseudo random BPSK signal at the carrier frequency of fy = 12 kHz was used to probe the

impulse responses during the experiment. The symbol rate of the BPSK signal was 6 kilosymbols/s
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and the utilized bandwidth was 6 kHz. The impulse response was obtained by the least squares
channel estimation algorithm. For this particular dataset, the source-receiver range was about 20 m.
The range was calculated based on the ship GPS data and source position. As shown in Fig. 2(a),
the x-, y-, and z- particle velocity channels had an arrival structure similar to the pressure channel.
However, later arrivals of y and z particle velocity channels were weaker. This resulted in smaller

root-mean-square (RMS) delay spreads, which is defined as [25]

S w_ ST RO P
V am < me2>’ ©)

where h(l) is a discrete, baseband impulse response sampled at a period of 7. Specifically, the delay

spread of the pressure channel was 3.9 ms, whereas those of the X, y and z channels were 4.6 ms,
2.0 ms and 2.6 ms, respectively. Considering the 30 cm aperture of the pressure sensor line array,
the four pressure channel impulse responses showed similarity among themselves, as demonstrated
in Fig. 2(b). The delay spread of the four pressure channels were 3.7 ms, 4.3 ms, 5.2 ms, and 4.6
ms, respectively. Since a small delay spread corresponds to less inter-symbol interference (ISI), the
y- and z- velocity channels might offer better communication results than the pressure channels [19].
Besides the delay spread, channel/noise correlations are also relevant to the receiver performance.
Table I shows the noise and channel correlation among the multiple channels of the vector sensor
and of the pressure sensor line array. The correlation numbers in Table I are the modulus of the
complex correlation defined as
- Efunu;] — Elun] Elu] |
|V Eunl] = [Elun] ) (Ellwl?] — [Eu]?)

where u,,, u; are two complex sequences and E[-] represents the expectation operation. The channel

(6)

impulse responses shown in Fig. 2 were used for the correlation calculation. For the vector sensor,
the pressure, x-velocity, y-velocity, and z-velocity channels of the first sensor were numbered as
channel #1 to channel #4, respectively. The pressure outputs of the four vector sensors were used
in the correlation analysis of the pressure sensor array. The noise correlation calculation used 3.75
s ambient noise, which was recorded 20 seconds before the BPSK training sequence.

As shown in Table I, although the four channels of the vector sensor were co-located at a single
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point, correlation among some of the channels could be small. Further, most of the noise correlation

numbers of the vector sensor were smaller than those of the pressure sensor array.

B. Simulated performance of vector sensor receivers

In Fig.3, the bit-error-rates (BERs) of the receivers using a single vector sensor, a single pressure
sensor, and a four-element pressure sensor array are shown. The experimental impulse responses
shown in Fig. 2 were used. The classic symbol-spaced DFE was used to compensate for the ISI in a
single channel as well as in multiple channels [2], [26]. Carrier phase offset and time variation of the
channel were not considered. The number of the feedforward taps was Ny = 600 for the multichannel
DFE and the number of the feedback taps was Ny, = 149 symbols. The BERs corresponded to a 6
kilobits/s uncoded BPSK data stream at f, = 12 kHz. As expected, the y-velocity channel receiver
had about 1 dB reduction in the required signal-to-noise ratio (SNR) over the single pressure sensor
receiver for the BER of 10~*. This was attributed to the smaller delay spread of the y-velocity
channel. By using all the channels of the vector sensor, a 7 dB reduction in the required SNR for
the BER of 10~ could be obtained, compared with a single pressure sensor receiver. The vector
sensor receiver showed modest improvement (1.5 dB) over the four-channel pressure sensor array.

The average SNR of each multichannel receiver is defined as [19]
p = (/0 + Qp /0 + QY /Y + Q7 Q%) /4, (7)

where €, (27, QY. and 27 are the average powers of the pressure channel and of the particle velocity
channels, and Q,,, QF, QY and )7 are their respective noise powers.

The vector sensor had a compact size (6.6 cm) compared with the 30 cm pressure sensor array.
This is crucial in acoustic modem applications for AUVs where there are serious limitations on
receiver size. This benefit is the result of the co-located particle velocity information that can be
measured by a compact vector sensor. This is an alternative to spatially separated pressure sensors

to achieve reception diversity.
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I'V. COMMUNICATION EXPERIMENT USING VECTOR SENSORS

In this section, we present a practical receiver to utilize particle velocity channels in the un-
derwater environment. Experimental data collected at multiple communication ranges are analyzed.

Performance comparison between vector sensors and a pressure sensor array is reported as well.

A. Multichannel equalizer to utilize the particle velocity channels

Considering the time-varying, dispersive properties of the underwater channel, Eq. (4) can be

re-written for a receiver with M multiple vector sensors as
ri(n) = 2% [h;(n, 1) ® s(n)] + wi(n), i=1to I =4M, (8)

where the pressure channel, xz-velocity channel, y-velocity channel, and z-velocity channel of the
m-th vector sensor, m = 1,--- , M, correspond to channel indexes 4(m — 1) + 1 to 4m. In Eq. (8),
0;(n) is the instantaneous carrier phase offset. h;(n,1), 0 <1 < L — 1, is the discrete-time baseband
impulse response function where L is the impulse response length in symbols. Note that Eq. (8) can
also be used as the input-output equation for an /-element pressure sensor array.

Figure 4 shows the receiver structure, which is similar to the algorithm presented in [4]. As
a channel-estimation-based processor, the multichannel equalizer tracks channel and carrier phase
variations to accommodate fast channel variations. The channel estimate lAzl(n, [) can be obtained
from the received signal and the past decision results §(n)P*' using the least squares method [27].
The receiver consists of four components: noise normalization, phase tracking and correction, time
reversal multichannel combining, and finally a single channel DFE. A noise normalization component
is needed since the noise power usually is not uniformly distributed among the pressure channel and
the velocity channels [14]. The noise power in the channel estimator [27] can be used as an estimate
of the noise power

o 2oay [ri(n) = hi(n, 1) ® s(nyrreemtiep

= — 9
% YT , ©)

where s(n)Pre@mbe ig the source symbol of the preamble and Nj is channel estimation block size.
After noise normalization, time reversal multichannel combining uses time reversed channel esti-

mates (h;(n, —1))* as matched-filters for the phase-corrected signals z;(n) on each channel [28]. The
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output after time reversal combining is
I
c(n) =Y (hi(n,=1))" @ z(n)
i=1 (10)
= s(n) ® q(n,1) + w'(n),
where w'(n) is the combined noise term and ¢(n,!) is the effective impulse response between the
source and output of time reversal.

After time reversal, a single channel DFE with joint phase tracking [2] is used to compensate for
the residual IST and phase fluctuations in c¢(n). The exponentially weighted recursive least-squares
(RLS) algorithm is used to update the equalizer tap weights. The mean square error at the soft output
of the DFE, 5(n), and the BER of the hard decision, $(n), are used as performance metrics in the
next subsection.

The receiver in Fig. 4 is equivalent to the optimal multichannel DFE structure [2]. Rather than
applying feedforward filters to the individual channels, the proposed receiver uses a single channel
DFE on the composite channel after time reversal combining. The proposed receiver avoids, explicit
or inexplicit, calculation and updating of large number of feedforward filters for individual channels.
The length of the single channel DFE filters in the proposed receiver are shorter since the effective
impulse response ¢(n,!) is usually compact and near time-invariant. This lead to low complexity of

the proposed receiver in the time-varying, dispersive underwater channel.

B. Communication data analysis

In Section III, the impulse responses at the communication range of 20 m were presented for the
particle velocity channels. In this section, communication data from seven source-receiver ranges up
to 1 km are analyzed. A uniform set of receiver parameters were used to demodulate all the BPSK
data including the measurements from pressure channels as well as from particle velocity channels.
The received data were over-sampled with an over-sampling rate of & = 3. The estimated channel
length was 25 ms or L = 150 symbols. The channel estimation block size was chosen to be three
times of the channel length, i.e., Ny = 3L. The number of the feedforward taps was KNy = 45

for the fractionally spaced DFE, where Ny; = 15 was the feedforward filter span in symbols. The
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number of the feedback taps was Ny, = 5 symbols. At the beginning of the 3.75 s BPSK packet,
N, = 1600 symbols were used for noise normalization, initial channel estimation, phase tracking,
and DFE tap weight training. The RLS forgetting factor A in the DFE was 0.999.

For seven BPSK transmissions at different ranges, the demodulation results are shown in Table II.
The time reversal receiver in Fig. 4 was applied to four channels of a single vector sensor, the
four pressure channels of the four vector sensors (a pressure sensor array), and 16 channels of the
four vector sensors (a vector sensor array). The receiver used previous detected symbols for channel
estimation and equalization after the preamble. It is noted that there was no difference in the observed
phase offset between the particle velocity channel and the pressure channels. This is consistent with
the theoretical analysis in [29], where it is shown that Doppler spreads of particle velocity and
pressure channels are nearly the same. When there were excessive errors for a demodulation block,
for example BER greater than 0.3, the receiver would not be able to estimate the channel. We then
consider this as receiver failure as marked in Table II for several cases. The average channel delay
spread and average correlation coefficients are listed for each range in Table III. The average was
calculated over the 3.75 s BPSK packet.

The results can be discussed into three range groups. The first group includes the close range
(20, 80, and 160 m). The receivers using vector sensors had significant performance advantage at
these close communication ranges. For example, at the 20 and 80 m range, the single vector sensor
receiver had about 5.5 and 2.5 dB reduction in the output MSE over the pressure sensor receiver.
At 160 m, the pressure sensor array receiver failed whereas the single vector sensor had an output
MSE of —4.7 dB.

At these ranges, the direct path was strong and multipath effect was limited due to the close
range. The channels were very similar to impulse responses shown in Fig. 2. For the vector sensor,
the y- and z- velocity channels had weaker later arrivals reflected as smaller delay spread of y- and
z-velocity channels in Table III for these ranges. The performance gain was partially attributed to
the smaller delay spread of the y- and z- velocity channels.

For the second range group (290 and 430 m), the pressure sensor array outperformed the single
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vector sensor. The receiver with the single vector sensor failed at the 290 m range while the output
MSE of the pressure sensor array was -4.8 dB. The performance gain of the pressure sensor array
was partly due to lower correlation among its four pressure elements than among the four channels
of the vector sensor. At the 430 m range, the pressure sensor array had modest gain over the single
vector sensor, 1.4 dB reduction in the output MSE. Note that such gain of the pressure sensor array
at these ranges came with the price of the larger size receiving array, compared with a compact
vector sensor [22]. At these ranges, the channels had strong multipath and later arrivals fluctuated
very fast. As an example, the pressure and velocity channels of a vector sensor at the 430 m range
are shown in Fig. 5. The velocity channels did not have the advantage of smaller delay spread or
lower correlation. However, the vector sensor array had about 1.4 dB improvements over the pressure
sensor array in terms of the output MSE.

For the third range group (900 and 1080 m), the single vector sensor performed better than the
pressure sensor array: the output MSE was -4.6 dB and -4.1 dB, respectively for these two ranges,
for the single vector sensor while the receiver with the pressure sensor array failed. This was due to
the high correlation (close to 0.9 and higher) among all the channels of the pressure sensor array at
these two ranges, as listed in Table III. The vector sensor array performed similarly to a single vector
sensor, confirming strong correlation among the corresponding channels from multiple elements of

the array.

V. CONCLUSION

In this paper, particle velocity channels provided by vector sensors were utilized for underwater
acoustic communication. Through the use of the MakaiEx data, coherent communication by vector
sensors was demonstrated between a bottom mounted sound source and a drifting vector sensor
vertical array. A practical multichannel equalizer with near-optimal performance was implemented to
process the data at multiple communication ranges. Channel parameters such as correlation and delay
spread that affect data communication were calculated from the measurements. It was shown that the
multichannel equalizer using a single vector sensor can offer significant receiver size reduction for

coherent acoustic communication at the carrier frequency of 12 kHz, compared with a 30 cm aperture
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pressure sensor line array. Further, the performance difference between vector sensors and pressure
sensors varied at communication ranges. At close ranges (up to 160 m), both a single vector sensor
and a vector sensor array offered significant performance gain compared with the pressure sensor
array. At longer ranges (up to 1080 m), the vector sensor array provided consistent performance
gain, although smaller than those at close ranges, over the pressure sensor array since additional
information of the acoustic field was utilized. These results suggest that vector sensors can offer

acoustic communication solutions that are particularly needed in the compact underwater platforms.
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Fig. 1. A 1 x4 vector sensor communication system with a sound source and a vector sensor receiver in the underwater environment.
The vector sensor measures pressure and x, y, and z components of the acoustic particle velocity, all at a single point in space.
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Fig. 2. Normalized amplitudes of the measured impulse responses (a) from the pressure channel, x-velocity, y-velocity and z-velocity
channels of the first sensor; and (b) from the four pressure channels of the

array.
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Fig. 3. Simulated performance of the receivers using a single vector sensor, a four-element pressure sensor array, and a single
pressure sensor. The impulse responses of Fig. 2 were used. The size of the four element pressure sensor array was 30 cm, whereas
the vector sensor size was 6.6 cm.
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TABLES

TABLE I
CHANNEL AND NOISE CORRELATION MEASURED FROM THE FIELD DATA

| [ [ Vector Sensor [ Pressure Sensor Array

Y1,2 | 0.35 0.45

71,3 0.81 0.40

Channel Y1,4 | 0.89 0.59
correlation | 723 | 0.41 0.46
Y2,4 | 0.40 0.61

¥3,4 | 0.89 0.71

Y1,2 | 0.44 0.67

v1,3 | 0.53 0.68

Noise Y1,4 | 053 0.53
correlation | 2,3 | 0.47 0.56
Y2,4 | 0.21 0.64

¥3,4 | 0.35 0.46
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TABLE II
DEMODULATION RESULTS DURING MAKAIEX

23

| Source-receiver range 20 m 80 m 160 m 290 m 430 m 900 m 1080 m ‘
output MSE | -13.9 dB -8.4 dB -4.7 dB Fail -3.9 dB -4.6 dB -4.1 dB
Single vector sensor | BER BER=0 BER=4e-4 | BER=0.03 | BER=0.15 | BER=0.05 | BER=0.02 | BER=0.04
output MSE | -8.4 dB -5.9 dB Fail -4.8 dB -5.3 dB Fail Fail
Pressure sensor array | BER BER=5e-5 | BER=0.01 | BER=0.14 | BER=0.02 | BER=0.01 | BER=0.18 | BER=0.24
output MSE | -13.2 dB -11.9 dB -8.3 dB -6.3 dB -6.7 dB -4.6 dB -4.0 dB
Vector sensor array BER BER=0 BER=0 BER=2e-3 | BER=8e-3 | BER=3e-3 | BER=0.03 | BER=0.04
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TABLE III

MEASURED CHANNEL CHARACTERISTICS DURING MAKAIEX

Range 20m [ 80m | 160m | 290 m | 430 m | 900 m | 1080 m
CH#1 | 3.7 4.6 5.6 7.5 7.2 3.8 3.8
RMS delay spread CH#2 | 3.8 4.6 4.6 7.3 6.2 42 4.1
for one vector sensor (ms) CH#3 | 2.0 3.5 4.1 7.2 6.5 4.1 4.1
CH#4 | 2.6 3.7 4.9 7.9 7.1 4.2 4.6
1,2 0.68 | 0.83 | 0.72 0.67 0.51 0.74 0.75
71,3 0.84 | 086 | 0.79 0.75 0.49 0.67 0.68
Average channel correlation 1,4 0.88 0.76 | 0.50 0.38 0.64 0.78 0.78
for one vector sensor 2,3 0.73 0.85 0.85 0.80 0.79 0.95 0.79
V2,4 0.65 | 0.68 | 0.60 0.43 0.78 0.72 0.73
3,4 092 | 092 | 0.79 0.66 0.71 0.59 0.57
CH#1 | 3.7 4.6 5.6 7.5 7.2 3.8 3.8
RMS delay spread CH#2 | 4.6 5.1 5.4 7.8 6.4 3.8 3.8
for pressure sensor array (ms) | CH#3 | 4.9 4.9 54 7.8 6.6 3.9 3.9
CH#4 | 4.8 5.1 5.2 7.8 6.5 3.8 39
1,2 0.70 | 0.82 | 0.61 0.33 0.83 0.99 0.98
1,3 0.53 | 0.80 | 0.63 0.62 0.59 0.96 0.93
Average channel correlation 1,4 0.59 | 059 | 0.68 0.43 0.70 0.94 0.89
for pressure sensor array 2,3 0.84 | 0.81 0.63 0.39 0.73 0.98 0.96
V2,4 0.74 | 0.74 | 0.61 0.52 0.69 0.96 0.92
3,4 0.91 0.86 | 0.73 0.40 0.70 0.98 0.96




