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Abstract—Successful demodulation of transmitted signals in
communication systems is highly dependent on accurate signal
acquisition. In this paper, we present experimental evidence that
demonstrates a ring vector receiver can remarkably improve signal
acquisition, compared to a regular scalar receiver. The vector
receiver measures the vector components of the underwater
acoustic field, i.e., the acoustic particle velocities, in addition to the
scalar component of the underwater acoustic field, that is, the
acoustic pressure. The multichannel nature of the vector receiver,
along with certain characteristics of the vector field components,
generate stronger peaks after matched filtering, that allow for
more accurate signal acquisition and packet detection.

Index Terms—Signal acquisition, Underwater communication,
Underwater sensing, Chirp signal, Scalar sensors, Vector sensors.

I. INTRODUCTION

Signal acquisition is an integral part of various
communication systems [1]-[5]. Usually, a chirp signal is
inserted for signal acquisition at the beginning of a transmitted
packet, and a matched filter is used at the receiver side to detect
the starting point of the packet [6]-[8]. At the output of the
matched filter, a strong peak indicates the starting point of the
received packet. When the matched filter output does not
provide a strong peak, especially in weak signal or strong noise
scenarios, the packet may not be detected and the transmitted
data can be lost.

In this paper, we propose to utilize a ring vector sensor
receiver for underwater signal acquisition and packet detection.
A vector sensor receiver is a multichannel device that
simultaneously measures the underwater vector and scalar
acoustic field components [9]. Vector sensors have been widely
used for a variety of applications such as sonar, beamforming,
angle of arrival estimation and source localization [10]-[14], as
well as underwater communication [9], [15]-[19].

Here we focus on studying the chirp matched filtering
performance of a ring vector sensor [20] receiver, and compare
it with scalar sensor receivers, using experimental data. For
comparison purposes, one can use physics-based [9] or
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statistical [21]-[23] channel models. In this paper, however, we
use experimentally measured data, to examine and demonstrate
the practical feasibility of the proposed approach.

The rest of this paper is organized as follows. Section II
provides definitions for the vector and scalar signals. System
formulations and experimental results on signal acquisition and
peak detection via matched filtering using a vector receiver are
presented in Sections III and IV, respectively. Concluding
remarks summarizing that a vector receiver outperforms scalar
receivers are given in Section V.

II. VECTOR AND SCALAR SIGNAL DEFINITIONS

Consider Fig. 1 which shows that in response to a signal s(¢),
a compact multichannel vector receiver in an underwater
environment provides multiple signals, whereas a scalar
receiver offers one signal. The signal r(¢) is the acoustic pressure
and represents the scalar component of the field, whereas the
signals r.(¢), r,(t) and r.(¢) are the particle velocities, i.e., the
vector components of  the field [9]. Let
h(t), h.(t), h,(t) and h.(t) represent the scalar and the x, y and
z vector channel impulse responses, respectively. Then the
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Fig. 1. Schematic representation of a multichannel vector receiver and a single
channel scalar receiver and the signals they provide.



scalar and vector signals can be written as
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where @
represent the scalar and the x, y and z vector noise components,

is convolution, and n(¢), n.(¢), n,(¢t) and n.(¢)

respectively. Some characteristics of the vector components are
studied in [9].

Suppose one would like to perform matched filtering, for
acquisition and packet detection, using the scalar signal (7).
With s(¢) being a chirp signal, the output of the filter matched to
s(¢) can be written as

re () =r() ® s(T - 1), ©)

where 7; is the duration of s(¢). The peak at the output of the
matched filter at ¢ =1;, if strong enough, can determine the
beginning of a received packet. However, the peak may not be
detectable in background noise, when the signal power is small
or the noise power is high, as shown in the next section using
experimental data. In the next section, we present experimental
results on how a multichannel vector sensor can outperform a
single scalar sensor, or an array of spatially separated scalar
sensors, when the signal power is small.

III. MULTICHANNEL VECTOR RECEIVER COMBINING

Consider the four signals 7(¢), r.(¢), r,(¢) and r.(¢) in (1) that
a vector receiver provides. Here we consider two methods to
combine these signals, for improved acquisition and peak
detection: selection combining and normalized combining.
According to their definitions in the following subsections, these
two resemble some diversity combining techniques used in
wireless fading channels [6], [7], [24], [25].
A. Selection Combining

Let P =r2_(t) and P =n2_(t), i1=x,Y,z, represent average
powers of r(f), r.(t),r (t) and r.(¢t) in (1), respectively, where
by definition we have w(r)=T;" [ w(t)dt . Also let r,(¢) be the
signal that has the maximum power among P, P., P, and P.. The
output of the matched filter in response to this selected signal is
given by

Fawe(8) =1, () @ s(Th — 1) . ©)

To study the performance of the above combiner, we
transmitted one hundred chirp signals in a large pool on the

transmitter and receivers were placed about 0.6 m below the
water surface, while the distance between them was about 20 m.
The first four transmitted chirps are shown in Fig. 2. The
transmitted chirp parameters included the duration of 7, =0.2
s, bandwidth of 2 kHz and center frequency of 20 kHz. The
spacing between each two consecutive chirps was also 7. Fig.
3 shows the results of the experiments.

The matched filter output of a single scalar receiver (Fig. 3,
top panel), included in the study as a benchmark, does not show
any peak. In contrast, the matched filter response at the output
of the selection combiner, collecting signals from a vector
receiver, exhibits strong peaks at the expected time instants
t=1,,31,,51,,... (Fig. 3, middle panel). As a conventional
approach, we also used a vertical array of spatially separated
scalar receivers that provided the same number of signals as the
single vector receiver. The matched filter response at the output
of the selection combiner, collecting signals from a scalar array
receiver, shows small peaks at the time instants ¢ =1,37,,57;,...
(Fig. 3, bottom panel). Possible factors behind the superior
performance of the vector receiver are studied in Section I'V.

B. Normalized Combining

The selection combining method uses only one signal. The
normalized combining method utilizes an average of all the
signals, as defined below
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Fig. 2. The transmitted chirp signals.
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Fig. 3. The matched filter output of a selection combiner. Top: a scalar receiver
(hydrophone), provided as a benchmark; Middle: a vector receiver; Bottom: a
vertical array of spatially separated scalar receivers.

university’s campus. The area of the pool was 13x23=300 m?,
and had a varied depth from 1 to 3 m, approximately. The
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Fig. 4. The matched filter output of a normalized combiner. Top: a scalar
receiver (hydrophone), provided as a benchmark; Middle: a vector receiver;
Bottom: a vertical array of spatially separated scalar receivers.
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In the above equation, we have 7(¢)=r(¢)/max, r(t) and
7(t)=r(t)/ max, r(t),
normalized by its maximum value, to bring them all within the

i=x,y,z, where each signal is
same scale. The output of the matched filter in response to this

combined signal is given by
For (1) = 1. () @ s(T; —1) - (5)

The matched filter output of a single scalar receiver (Fig. 4,
top panel) does not show any peak. In contrast, the matched
filter response at the output of the normalized combiner,
collecting signals from a vector receiver, demonstrates strong
peaks at the expected time instants ¢=71,,37;,57,,... (Fig. 4,
middle panel). As a conventional approach, we also used a
vertical array of spatially separated scalar receivers that
provided the same number of signals as the single vector
receiver. The matched filter response at the output of the
normalized combiner, collecting signals from a scalar array
receiver, shows small peaks at the time instants ¢ =1,37,,57;,...
(Fig. 4, bottom panel). In Section IV some possible reasons for
the better performance of the vector receiver are provided.

Comparison of Fig. 3 and Fig. 4 reveals that there appears to
be no noticeable difference between the two combining
methods.

IV. EXPERIMENTAL PERFORMANCE STUDIES

To understand why the vector receiver outperforms a scalar
receiver and also an array of scalar receivers, in this section we
look at signal-to-noise ratios (SNRs) and some possible correlations.

Fig. 5 shows multiple measurements of the SNR of the x and
y vector components, as well as the SNR of the scalar

component. We use a ring vector sensor receiver in our vector
signal acquisition study. Given its ring geometry, it does not
measure the z component. It has four segments on a ring, acts as
two orthogonal dipoles in the x-y plane, such as those shown in
Fig. 1 of [26], and therefore measures the x and y vector
components (each dipole measures one vector component [26]).
Signal acquisition performance of other types of vector sensors
[9] can be studied following the proposed steps taken in this
paper. Our scalar receivers are regular hydrophones and our
transmitter is a regular projector. We observe that the SNRs of
the vector components are higher than the scalar component
SNRs. This can be attributed to the about 10 dB smaller noise
powers of the vector components, according to the multiple
noise measurements shown in Fig. 6. A theoretical explanation
for the lower noise powers of a vector communication receiver
can be found in [9]. Overall, higher SNRs of the vector
components can explain the superior performance of the vector
receiver for signal acquisition using its stronger matched filter
peaks.

Measured covariance matrices of the vector receiver and an
array of scalar receivers are provided in what follows, with the
transmitted signal s(¢) being the chirp signal
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Fig. 5. Measured vector and scalar signal-to-noise ratios.
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Fig. 6. Measured vector and scalar noise powers.
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Note that évem and éscm are estimates of the vector and scalar
covariance matrices, respectively, of Ceor = E[Ficctor () iecor (2)]
and  Cour = E[Ncatar ()¥iiaier ()], Where  Fewor 2) =[r(2) 7:(2) 1, ()]
and Y. () =[7n (1) n(t) n()]", and T stands for transpose. The
signals 7 (), n(t) and 5(¢) in Y. (¢) are the signals measured
by a three-element scalar array receiver, deployed in the
experiments for comparison purposes.

The smaller correlation levels in equation (6) for the vector
receiver are noteworthy (some theoretical analyses can be found
in [23] and [27]). By providing and utilizing less correlated
signals, the vector receiver can perform as a more effective
multichannel processor.

V. CONCLUSION

Experimental results are presented in this paper for signal
acquisition in underwater communication systems, using a ring
vector sensor receiver. This receiver utilizes multiple signals of
the underwater acoustic field, i.e., its vector and scalar
components. The vector components are the acoustic particle
velocities in the x and y directions, whereas the scalar
component is the acoustic pressure. Our measurements indicate
that the multichannel vector receiver provides higher SNRs and
lower correlations, compared to the conventional approach of
using scalar sensor receivers. These can lead to stronger peaks
at the output of the chirp matched filter, when the ring vector
sensor is used. Overall, the ring vector receiver appears to be
advantageous in underwater communication systems and
applications.
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