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Abstract— We investigate a characterization of underwater
acoustic signals using extracted time-scale features of the propa-
gation channel model for medium-to-high frequency range. The
underwater environment over these frequencies causes multipath
and Doppler scale changes on the transmitted signal. This is the
result of the time-varying nature of the channel and also due
to the relative motion between the transmitter-channel-receiver
configuration. As a sparse model is essential for processing
applications and for practical use in simulations, we employ
the matching pursuit decomposition algorithm to estimate the
channel time delay and Doppler scale change model attributes
for each propagating path. The proposed signal characterization
was validated for sparse channel profiles using real-time data
from the BASE(7 experiment.

I. INTRODUCTION

The characterization of underwater acoustic signals in terms
of propagation medium attributes is essential for a large
number of applications, including communications, sonar, and
marine environment monitoring. The propagating signal is
most often subject to undesirable distortion effects due to
the time-varying nature of the ocean environment and also
due to the relative motion between the transmitter-channel-
receiver configuration. For medium-to-high frequency (500 Hz
to 20 kHz) range signal propagation, the distortion can be the
result of time delays or multipath as well as Doppler scale
changes on the transmitted signal. These distortion effects
have been represented using a wideband linear time-varying
(LTV) channel model formulation [1]-[3]. This is a represen-
tation in terms of a continuously-varying, wideband spreading
function that is directly related to the physical nature of the
distortions intensity and spread in the channel. In order for
this representation to be useful in processing and in providing
increased performance by model-inherent diversity paths, a
discrete multipath-scale system characterization was proposed
in [4]-[6]. Such a characterization can decompose a wideband
LTV channel output into discrete time shifts and time scale
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changes on the input signal, weighted by a smoothed and
sampled version of the wideband spreading function.

Although this discrete channel model is appropriate to use
when estimating underwater wideband channels, it can also
be computationally intensive. This computational cost would
especially not be warranted when the wideband spreading
function characterizing the channel is sparse. In [7], the
estimation of the underwater acoustic channel profile was
obtained using a matching filtering operation. Since the motion
of the transmitter-channel-receiver configuration is not known
a priori, the received signal can be correlated with a family
of reference signals with different time delays and Doppler
scale factors [8]. In [9], shallow water environment profiles
were obtained to investigate the wideband Doppler effect.
Also, in [10], a channel estimation approach was used based
on matching filtering that was combined with a new motion
compensation method based on the use of warping filtering
techniques and the wideband ambiguity function.

In this paper, we consider sparse underwater channel profiles
in the medium-to-high frequency range. Due to the sparsity in
the actual physical model of the channel, the transmitted signal
will only undergo a small number of multipath and Doppler
scale changes. Thus, we propose to use the matching pursuit
decomposition (MPD) algorithm [11] that can decompose
underwater acoustic signals in the time-frequency plane and
provide reduced attribute parameters in terms of time shifts and
scale changes to represent the wideband channel. The proposed
algorithm will make use of a signal dictionary matched to the
channel that is derived following our previous work on the
wideband ambiguity function [9], [10].

The paper is organized as follows. Section II presents
multipath and the Doppler scale effects on underwater acoustic
signals. The implementation of the MPD algorithm is de-
scribed in Section III, and application of the proposed signal
characterization to real data from the BASEQ7 experiments is
presented in Section IV.



II. MULTIPATH AND DOPPLER SCALE CHANGES ON
UNDERWATER ACOUSTIC SIGNALS

For most underwater acoustic applications, such as com-
munications, sonar and tomography, the propagating signal is
considered to have wideband properties. This is due to the
fact that the underwater environment causes time delays and
Doppler scale changes on the transmitted acoustic signal. In
order to describe the motion effect in a multipath underwater
scenario, we consider a stationary receiver and a transmitter
moving at a constant speed. We assume that the source emits
a signal for T seconds while moving at a constant speed v
along the horizontal z-axis, as illustrated in Fig. 1. Following
a transmission, the x component of the source position satisfies

(xo—g)sﬂcs(xw%), (M)

where g is the horizontal component of the source position
at T/2 seconds. We assume that the transmit time to and the
receipt time ¢ are related by

to + 7i(to) = t, 2)

where 7; (o) is the time of propagation in the ¢th path and the
range of possible values of tj is given by
T T
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Equation (2) states that a signal transmitted at time ¢ will
be received with a propagation time delay 7;(to) in the ith
path. When the transmitter moves at a constant speed along
the z-axis, the propagation time delay in Equation (2) is given
by [9]
J?i(to) + 2:12 :
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where c is the constant velocity of sound underwater, x;(to) =
(xg — v; to) is the horizontal component of the virtual source
position, z; is the depth of the virtual source in the z-direction,
and v; is the speed of the virtual source. Note that by virtual
source, we refer to an imaginary source from which the signal
appears to have directly arrived.

We can assume that the propagation time and the projection
of the motion vector in Fig. 1 are constant during transmission
provided that the propagation distance is negligible when
compared to the separation distance between the source and
the receiver. Under this assumption, the propagation time delay
7;(to) does not depend on the transmit time ¢y, and can be
approximated by 7;. This is then given by

2
n=2 4 6
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After some manipulations, it can be shown that [9]
to =i (t — i), (6)

where 7; is the scale change parameter of the ith path that
is introduced by the wideband Doppler effect of the channel.
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Fig. 1. Mobile transmitter and stationary receiver scenario.
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In Equation (6), the term 7; corresponds to the time-delay
associated with the ith path for a fixed source located at x =
Zp. As shown in Fig. 1, the motion vector is projected on the
ith path with declination angle 6;, thus indicating that each
path can be characterized by a unique Doppler scale parameter
that is related to the speed v;. The ith path is an amplitude-
attenuated, time-delayed and Doppler scaled version of the
transmitted signal s(t). Using Equation (6), the signal received
from the ¢th path can be expressed as

ri(t) = ai/mi s(m (t— Ti)), n; # 0. ®)

The received signal r(¢) is the sum of all the received paths,
r;(t). Thus, the received signal is given by

)
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where N is the number of propagation paths and 7; is
the Doppler scale parameter of the ith path. The received
signal characterization in (9) states that, for each path i,
i=1,..., N, there corresponds a time delay 7; and a Doppler
scale change 7;. In addition, each delay-scale distorted path ¢
is attenuated by the factor a;.

III. UNDERWATER SIGNAL CHARACTERIZATION USING
MATCHING PURSUIT DECOMPOSITION

A. Matching Pursuit Decomposition Algorithm

The matching pursuit decomposition (MPD) algorithm is
an iterative processing method that expands a signal into a
weighted linear combination of elementary basis functions (or
atoms) chosen from a complete dictionary [11]. The resulting
expansion of a finite energy signal x(¢) is given by

x(t) :Zaigi(t)v (10)



where g¢;(t) is the basis function selected from the MPD
dictionary D at the i¢th MPD iteration and «; is the corre-
sponding expansion coefficient. In practical applications, the
MPD signal expansion is given by

M-1

2(t) = > o gi(t) + pa(t),

=
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where py(t) is the residual signal after M MPD iterations
such that
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and [|z||3 = [ [a(t)[*dt.

The steps of the MPD iterative algorithm are summarized
as follows.

At the beginning of the iteration, po(t) = x(¢). Then, at the
ith iteration, ¢ = 0,1, --- , M — 1, the projection of the residue
p;i(t) onto every dictionary element ¢(?)(¢) € D is computed
to obtain

(d) s [T
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where * denotes complex conjugation. The selected dictionary
atom g;(t) is the one that maximizes the magnitude of the
projection

gi(t) = argmax |A§d)|. (14)
g (t)eD
The corresponding expansion coefficients is given by
+oo
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and the residues at the ith and (i + 1)th iterations are related
as

Pit1(t) = pi(t) — aigi(t). (16)
In order to best fit the underwater channel model with
multipath-scale signal distortions, the atoms in the dictionary
are chosen to be time-delayed and Doppler scale changed
versions of the transmitted signal s(¢) as in (8). Specifically,
the ith atom in the dictionary will correspond to
9i(t) = i s(ni (t — 7)), m: # 0. (17)
Using this dictionary, which matches the time-scale propaga-
tion nature of underwater acoustic channels, with the MPD
algorithm, we can obtain highly-localized and sparse signal
characterizations. The characterizations will correspond to the
expansion parameters (a;,7;,7;), ¢ = 0, 1, -+, M —1,
obtained after M MPD iterations.

B. MPD Implementation for Signal Characterization

In order to truly achieve a parsimonious representation with
the MPD, especially when the channel itself is sparse, we need
to address some issues on the implementation of the MPD
algorithm for use in the underwater signal characterization.
The first step is to compute the dictionary D for the appropriate
range of time delays and scale changes. The atom dictionary
D needs to represent signals computed as in Equation (17),
where s(t) is the transmitted signal.

In [4], a complete and discrete time-scale characterization of
wideband time-varying systems was presented, from which the
expected time delay and scale change parameters, needed here,
can be obtained. Another approach is to consider the Doppler
tolerance of known signals and then decide on the range of
the scale change parameter according to this tolerance. For
example, if a linear frequency-modulated (LFM) chirp signal
is transmitted, the Doppler tolerance (i.e., half-power contour)
is given by [9], [12], [13]

Vb = :I:T knots, (18)

d
where Ty is the duration and W is the bandwidth of the LFM
signal. As the scale change parameter is affected by the source
velocity, the velocity parameter sampling rate is chosen as
1

ov = 3 Vb. (19)
Let us assume that the expected velocities are bounded in
v € [Viin, Vinax] and the expected time-delays are bounded in

7 € [0,T}], where T; is the time delay spread of the channel.
Then, the atoms in the dictionary D are obtained as
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Tn = n/ fs. (22)

Here, f, is the sampling frequency, and the integers m and n
satisfy
m € [1, (Viax —

Vmin) 2 VD] ; (233)

n € [1, fTy). (23b)

As the MPD is a recursive algorithm, the residual energy
can be used as the algorithm’s stopping criteria. If the signal-
to-noise ratio (SNR) of the signal is known, then the MPD
can stop iterating when the ratio of the signal energy to the
residual energy reaches the SNR. Other plausible stopping
criteria include the rate of decrease of the residual energy or
a fixed number of iterations based on some prior knowledge
on the range of values of the channel parameters.
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Fig. 2. Wideband ambiguity function plane of the simulated multipath
propagation. The relative speed is 5 m/s and the separation distance between
the source and the receiver is 500 m. The cross symbols represent the maxima
detected after each MPD iteration.

IV. ALGORITHM SIMULATION WITH DIFFERENT
UNDERWATER CHANNEL MODELS

A. Pekeris Waveguide Underwater Channel Model

The proposed MPD-based signal characterization was ap-
plied to underwater propagation signals that were simulated
using the Pekeris waveguide channel model [14]. We devel-
oped software that simulate the propagation process based
on using ray theory for signals transmitted from a moving
source [9]. In order for the simulation to resemble a realistic
shallow water scenario, we chose appropriate parameters for
the Pekeris waveguide model. Specifically, the water column
had a constant sound speed of 1,500 m/s, 1,000 kg/m3
density, and 130 m depth. The simulated sea bottom was a
flat sandy mud bottom with a sound velocity of 1,550 m/s
and 1,700 kg/m® density. The transmitter depth was 24 m,
the hydrophone was at 90 m deep, and the range between the
transmitter and the receiver was 500 m. The simulated source
motion was rectilinear and constant at 5 m/s. The transmitted
signal was an LFM with 1,300 Hz central frequency, 2
kHz bandwidth and 4 s duration. The transmitted signal’s
bandwidth is very large compared with the signals central
frequency.

Figure 2 illustrates the results obtained using the MPD al-
gorithm. As we can observe, the wideband ambiguity function
of the received signal shows the first seven arrival paths. The
multipath profiles obtained using the MPD are illustrated with
the wideband ambiguity function as a background in order to
show that the expansion parameters (7);,7;) are coherent and
match the local maxima of the wideband ambiguity function.
The crosses represent the parameters of the selected MPD
atoms after each MPD iteration, from which the expansion
coefficients of the decomposition are computed. Specifically,
the ith cross indicates the expansion parameter set (7;, 7;). We
observed that the residual energy dropped fast during the first
few iterations and then began to decrease slowly, as shown
in Fig. 3, which represents the energy of the first ten residues
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Fig. 3. Percentage of the residual energy relative to the total energy of the

received signal versus the number of MPD iterations.
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Fig. 4. Multipath channel profile obtained using three approaches: (a) MPD-
based approach (crosses); (b) warping-based lag-Doppler filtering method
(solid line); and (c) theoretical approach (circles).

divided by the total energy of the received signal. As expected,
the curve of the residual energy follows a logarithmic shape.
The MPD-based results are compared to the warping-based
lag-filtering (WALF) method in [10] and the comparison is
shown in Fig. 4. The multipath profile generated by the
MPD algorithm leads to a highly localized, sparse signal
characterization (crosses). This sparse profile is comparable to
the continuous, motion-compensated channel profile obtained
using the WALF method (solid line) and the sparse theoretical
channel profile (circles).

B. Underwater Acoustic Data from the BASEO7 Experiment

The BASEQ7 experiment was jointly conducted by the
NATO Undersea Research Center, the Forschungsanstalt der
Bundeswehr fiir Wasserschall und Geophysik, the Applied
Research Laboratory, and the Service Hydrographique et
Océanographique de la Marine (SHOM). Two additional days
of measurements were also conducted by SHOM to collect
data for geoacoustic inversion testing. Results based on the
BASEQ7 experiment can be found at [9], [15]-[17]. The real
data we used was collected from a shallow water environment
on the Malta Plateau. An LFM signal, whose spectrogram
time-frequency representation is illustrated in Fig. 5, was
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Fig. 5. Spectrogram of the LFM signal (transmitted by a moving source)

demonstrating the effects of the mutlipath underwater propagation such as
time-delayed echoes.
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Fig. 6. The crosses in the wideband ambiguity function plane represent
the time-delay and scale parameters selected after the first M/ = 20 MPD
iterations.

transmitted by a source moving rectilinearly at constant speed
from 2 to 12 knots and at different depths. The transmitted
LFM signal had a 2 kHz bandwidth, 1.3 kHz central frequency,
and 4 s duration. Also, the source was moving at a velocity of
2.1 m/s, and the range between the transmitter and the receiver
was 1,300 m.

Figure 6 shows the wideband ambiguity function of the
received signal, and the crosses correspond to the time-delay
and velocity (proportional to scale change) estimates obtained
from the first 20 MPD iterations. The multipath profile was
obtained from the selected MPD parameters (o, 74,7;), © =
0,1,...,19. This sparse multipath profile of the channel is
represented with crosses in Fig. 7, and each cross corresponds
to a multipath-scale path. In the same figure, the solid line rep-
resents the multipath profile obtained from the WALF method,
and as expected, the two profiles are well-matched. Figure 8
shows that the residual energy decreases logarithmically and
approaches the noise level (which was about 20% of the
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Fig. 7. Multipath profile generated by the MPD-based method (crosses) and
by the WALF method (solid line).
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Fig. 8. Percentage of the residual energy relative to the total energy of the
received signal versus the number of MPD iterations.

overall signal energy).

Although both the MPD-based method and the WALF
method result in well-matched signal characterizations, the
MPD-based method has some advantages over the other
method. One such advantage is that the MPD can accurately
recover the original received signal using only a few sets
of parameters. Although recovery with the WALF method is
still possible, it requires that the paths do not interfere in
the wideband ambiguity function plane. For the MPD-based
approach, the recovery of the received signal, #(¢), can be
computed using Equation (10)

Pt) = igilt). (24)
i
The reconstruction error is then given by
F(t) — r(t)|?dt
- L =P o)
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where r(t) is the received signal. For the experimental data
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Fig. 9. Time series of the reconstructed signal (solid line) and original
received signal (dashed line).
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Fig. 10. Shorter segment, around 1.315 s, of the time series signals in Fig. 9.

example considered here, the reconstruction error after the first
M = 20 MPD iterations was ¢ = 22%; this is close to the
ratio of the noise energy over the whole signal energy. The
reconstructed signal is illustrated in Fig. 9, with a smaller
duration segment plotted in Fig. 10. The time series of
the reconstructed signal (solid line) match well (up to the
reconstruction error) the time series of the received signal
(dashed line).

V. CONCLUSION

We introduced a new approach to characterize a signal
propagating over a sparse underwater channel with a stationary
receiver and a moving transmitter. The method is based on
the use of the matching pursuit decomposition algorithm to
extract time-delay and scale change parameters from the re-
ceived signal, resulting in a highly-localized and sparse signal
characterization. This method can be used for active or passive
tomography when the source velocity is respectively not well-
monitored or unknown. The new approach was successfully
evaluated using simulated data as well as data from the
BASEOQ7 experiment.
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