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Characteristics of Acoustic Channel with Time-evolving Regular Surface
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An acoustic signal (20 kHz) transmission and reception experiment is carried out in a water tank with a traveling surface
wave to charactize an acoustic channel. Measurement data are analyzed with two acoustic propagation analysis schemes: a
ray theory and an integral equation with Kirchhoff approximation. The surface movement induces a Doppler shift in the
received signal with high fluctuations in its amplitude. The Doppler and amplitude fluctuations are caused by the interference
of different ray arrivals, and they depend on the azimuthal angle, source depth, and surface wave height.

INTRODUCTION

In the ocean, an acoustic wave radiated from a source is scat-
tered by the surface waves. The scattered acoustic field changes as
the surface wave evolves. In particular, the Doppler shift occurs,
and the arrival times and amplitudes of surface-reflected paths
fluctuate. They play an important role in the performance of
underwater acoustic systems, including acoustic communications.

Many studies on sea-surface effects on acoustic wave scatter-
ing have been performed. The scattering strength is evaluated
through experiments or scattering theories (Chapman and Harris,
1962; Thorsos and Broschat, 1995). Otherwise, acoustic chan-
nels are numerically simulated for deterministic sea surfaces, and
sea-surface effects on acoustic channels are analyzed with these
simulated results. Siderius and Porter (2008) suggested a ray-
based numerical model treating time-varying sea surface. Using
the ray model, they investigated the Doppler shift induced by
the moving surface. Besides the Doppler shift, an acoustic chan-
nel with a sinusoidal surface varies rapidly because the surface
wave leads to focusing and caustics (Preisig and Deane, 2004).
Tindle and Deane (2005) have analyzed this phenomenon with
simulated acoustic channels. The simulated results indicate that
multiple arrivals of surface bounce paths cause sudden changes in
the acoustic channels. For verification of this phenomenon, small-
scale water tank experiments were conducted (Tindle et al., 2009).

In our present work, an acoustic signal transmission and recep-
tion experiment is carried out in a water tank at Korea Research
Institute of Ships and Ocean Engineering (KRISO) to investi-
gate the moving regular surface effects and measurement data.
Acoustic channels for various cases are simulated, and parame-
ters that affect the acoustic channels are examined. In the second
section, the environment of the water tank experiment at KRISO is
explained and experimental results are shown. In the third section,
the numerical methods for simulating acoustic channels are intro-
duced. In the fourth section, the numerical methods are applied to
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the similar environment of the experiment, and the measurement
data are analyzed with the simulated results. In the fifth section,
acoustic channels for various cases are simulated, and the features
of the acoustic channels are investigated according to azimuthal
angle, surface wave height, and source depth. The sixth section
provides a summary of our present work.

WATER TANK EXPERIMENT

As shown in Tindle et al. (2009), the measurement data in
a water tank produced the phenomenon occurring in the ocean.
Referring to the work of Tindle et al., we conducted an acoustic
transmission and reception experiment in a water tank belonging
to KRISO to investigate surface movement effects on communica-
tion channel parameters: delay, amplitude, and Doppler frequency.
The dimensions of the water tank, experimental arrangement, and
surface wave properties (wave height 4hs5 and wavelength (�s5)
are shown in Figs. 1a and 1b. Omni-directional hydrophones,
B&K 8105 and 8103, were used as source and receiver, respec-
tively, and were placed parallel to the direction of the surface
wave. The sound speed was between 1468 m/s and 1475 m/s. Dur-
ing the experiment, a traveling, periodic, regular surface wave rep-
resenting a swell was generated, and channel impulse responses
were measured. Observing and analyzing scattered or diffracted
signals, which exist in measurement data from the ocean, by a
small roughness on the smooth surface wave is beyond the scope
of our present work.

The pseudo-random noise (PN) signal of 511-symbol length
was used as a source signal, and its carrier frequency was 20 kHz.
The source signal was transmitted continuously. The received sig-
nal was recorded for 5 s. The sampling frequency was 200 kHz.
A matched filter was applied to derive channel impulse responses,
which appeared along the transmitted ping time of the source
(Fig. 1c). The channel impulse response for each ping was plotted
horizontally as a function of delay relative to the reference time.
The reference time of the channel impulse response was chosen
as the mean arrival time of the direct path signal. Three separated
signals (direct, single surface bounce, and single bottom bounce
paths) arrived within 1.2 ms. Direct and single bottom reflected
signals (0 ms and 0.85 ms) showed constant delays since the
paths were of constant distance. On the other hand, single surface




