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This study examines the feasibility of designing a multi-frequency acoustic surveying tool based on the
saturation effect. The transmitter is driven by a high-power single tone-burst: nonlinear propagation cre-
ates the beams at harmonic frequencies. A simple pseudo one-dimensional model is used to estimate the
expected on-axis harmonic levels generated with a rectangular aperture. First measurements are
reported and compared with the estimations.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Classical acoustical surveying systems collect seafloor data usu-
ally on a narrow frequency bandwidth; a single system does not
provide frequency diversity in the collected acoustic backscattered
echoes. The ability to collect data at different frequencies would be
an interesting asset for seafloor characterization. Geological sur-
veys, industrial monitoring of underwater structures, and environ-
mental protection are potential applications [1]. For example, the
interest in the multi-frequency approach has been put in evidence
in a study on the capability to detect sunken oil slicks [2]. Results
showed that high-frequency sources revealed the presence of flat
superficial spots (specular reflection, no backscattered energy),
whereas low-frequency responses showed the underlying sub-
strate (transmission through the thin layer of oil). The combination
of all acquired information makes it possible to deduce the pres-
ence of oil slicks. At the present time, gathering multi-frequency
information implies the use of different systems [3]. Consequently,
the collected data are not perfectly matched in time and space, and
their fusion is problematic.

This study investigates the feasibility of an original system that
takes advantage of nonlinear propagation to achieve a multifre-
quency source. The principle is to generate a harmonic pulse with
sufficient energy so that the saturation phenomenon emerges
[4–6]. As a result, a single source generates a whole set of beams
at harmonic frequencies, and all these beams are perfectly super-
posed both in time and in space. From a practical point of view,
it is desirable that the beam patterns feature a large aperture along
one dimension. Hence, the difficulty lies in designing a transmitter
that produces harmonic beams with such a geometry, while
All rights reserved.
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keeping sufficient source levels. We present here the advances
and trials results with a rectangular array. Preliminary orders of
magnitude have been set with a simple pseudo one-dimensional
(1D) model. Experimental results are presented, and are compared
with the numerical estimations.

2. Pseudo 1D model

2.1. Theory

It is a common practice to model finite-amplitude fields of prog-
ressive acoustic waves with the Khokhlov-Zabolotskaya-Kuznetsov
(KZK) equation [7]. The model is based on the assumption that the
sound beam is confined around the paraxial region. A few attempts
to model the acoustical fields generated with wider apertures can
be found in the literature [8]. To evaluate the on-axis multi-fre-
quency levels that can be expected using elongated rectangular
sources, we use a simple pseudo-1D model. It is based on the gener-
alized Burgers equation [9], taking into account attenuation, diffrac-
tion, and nonlinear phenomena. We recall here some highlights of
this model.

The wave energy is assumed to be collimated in the near field
(plane wave propagation) and uniformly distributed over a cone
in the far field (spherical spreading). For a rectangular projector,
a transition region featuring cylindrical propagation has to be con-
sidered in between (see Fig. 1).

The transitions between these three regions occur respectively
at the Fraunhofer (or Rayleigh) distances LFA = A2/k0 and
LFB = B2/k0, where A and B denote the characteristic dimensions of
the source and k0 is the wavelength at the fundamental frequency
f0. The angles delimiting the beamwidth in the cylindrical and
spherical regions correspond to the half-apertures at �3 dB, hA

and hB. The main hypothesis in this model is that the acoustic field
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Fig. 1. Scheme of the energy distribution [10].
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is homogeneous within each defined zone. Expressing the Lapla-
cian operator in terms of radial coordinate r, the pressure depends
only on r = |r| and t. Because it is a pseudo-1D model, one imposes
r = z in the plane wave zone. The model can be expressed in terms
of pressure by the equation:
@P
@r
¼ �LðPÞ �m

r
Pþ b

2q0c3
0

@ðPÞ2

@t
with m ¼

0 if r < LFA

1=2 if LFA 6 r < LFB

1 if r P LFB

8><
>:

ð1Þ
where c0 is the sound speed and b is the coefficient of nonlinearity
(b = 3.5 in fresh water). The coefficient m takes into account the
diverging propagation loss: m = 0, 1/2, 1, respectively for plane,
cylindrical and spherical waves. Actually, Eq. (1) is the combination
of the generalized Burgers equation for diverging waves (see Eq.
(58) in Chapter 3, Ref. [7]) propagating in dispersive media [9].
LðPÞ is a linear operator that describes different phenomena related
to attenuation as thermoviscous attenuation and dispersion due to
relaxation process. From a practical point of view, attenuation can
be considered a function of frequency f by using the attenuation
coefficient aðf Þ:
Lðej2pftÞ ¼ aðf Þej2pft ð2Þ

In sea water, the Francois-Garrison model [11] is commonly
admitted.

Denoting v0 as the velocity normal to the projector surface, Eq.
(1) can be written in the dimensionless form with p = P/q0c0v0:
Table 1
Source levels (dB re 1 lPa rms) and shock distance versus input power.

Pe P0 P at 1 m LS

1.2 kW 221 dB 225 dB 6.9 m
5 kW 227 dB 231 dB 3.6 m
20 kW 233 dB 237 dB 1.8 m
@p
@r
¼ �m

r
p� 1

La
L0ðpÞ þ 1

LS
p
@p
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ð3Þ

Eq. (3) outlines the influence of all the phenomena that dictate
the pseudo-1D propagation through the following characteristic
distances: La = 1/a(f0) is the attenuation distance, LS = c0

2/2pbv0f0

is the shock formation distance, s = 2pf0t is the dimensionless time,
and L0 ¼ L=aðf0Þ is the dimensionless attenuation propagator that
simplifies into L0 ¼ @2=@s2 for pure fresh water. The relative mag-
nitudes of the lengths LS, LF, and La reveal the relative influence of
each effect during the propagation. The nonlinear phenomenon is
observable if LS is shorter than the other two distances, i.e. the
Khokhlov number K = LF/LS and the Gol’dberg number U = La/LS

are larger than unity.
2.2. Numerical implementation

The numerical code is developed by using the fractional-step
procedure performed along the main propagation direction r
[12]. The main phenomena occurring during propagation are pro-
cessed consecutively at each step Dr. The second-order accuracy
can be reached by using, for instance, the Strang splitting scheme
[13]. Hence, the step value is derived from a reference length that
is defined as the smallest of La, LF, and LS. Another point to be con-
sidered is the choice of the computational domain in the numerical
implementation. The results presented next are obtained with a
hybrid method [14]: geometrical spreading and absorption are
solved in the frequency domain while nonlinearity is solved in
the time domain. The first two contributions are handled with
the exact solutions, i.e.

@p
@r
þm

r
p ¼ 0 ! p=rm ¼ const ð4Þ

@p
@r
¼ � 1

La
L0ðpÞ ! pðf Þeþaðf Þr ¼ const ð5Þ

The nonlinear contribution is evaluated by using a development
of the implicit Poisson solution:
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The solution is obtained in this scheme by interpolating the
sound pressure signal at each step with a distorted time. To avoid
multi-valued solutions, it is sufficient to take provision that the
maximum time shift in Eq. (6) remains smaller than the numerical
time sampling Ds – i.e. maxðjpjÞDr=LS 6 Ds. This condition is al-
ways verified if Dr 6 LS=N, where N denotes the number of samples
per period.

Detailed descriptions of the pseudo-1D model and its numerical
implementation can be found in [15].

3. Experimental set-up

A rectangular source is designed to transmit a 1� � 25� aperture
beam at 100 kHz. The size of the array is 3.1 cm � 78 cm. With a
1.5 cm wavelength, the corresponding Fraunhofer distances are
6 cm and 40 m. The transmitting voltage response is 176 dB re
1 lPa/V@1 m.

3.1. Set-up

The source is tested in the sea water tank
(50 m � 12.5 m � 10 m) at the Ifremer facilities in Brest (France).
The array is deployed from a mobile deck that enables rotational
and translational movements. The receiving chain consists of a
hydrophone (Reson TC4034) connected to the acquisition system
NI PXIE 6366 via a preamplifier (Reson VP1000). Because of the
hydrophone bandwidth (1 Hz–500 kHz), only the measurements
on the first five harmonics are reported. During the experiments,
the sound speed is 1507 m/s (derived from the Lovett model [16]
with T = 14.9 �C and salinity of 35.5‰). The attenuation distance
is La ¼ 235 m at the fundamental frequency (denoted F0 or H1).



Fig. 2. Harmonics’ level versus distance for three applied electrical powers Pe. (a) Pe = 1.25 kW, (b) Pe = 5 kW and (c) Pe = 20 kW.

Fig. 3. Directivity of the first five harmonics (z = 41.4 m, Pe = 20 kW) (a) x-axis and (b) y-axis.

Table 2
3 dB beam-width measured at 41 m from the array.

Pe = 1.25 kW Pe = 5 kW Pe = 20 kW

x-axis y-axis x-axis y-axis x-axis y-axis

H1 24� 1.04� 25� 1.06� 29� 1.15�
H2 17� 0.62� 18� 0.65� 24� 0.78�
H3 14� 0.52� 15� 0.52� 21� 0.66�
H4 12� 0.51� 13� 0.51� 20� 0.59�
H5 – – 12� 0.51� 19� 0.54�
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Note that the attenuation distance for higher harmonics ranges be-
tween 133 m (second harmonic H2) and 54 m (fifth harmonic H5).
The power is provided by a custom E/D class amplifier that delivers
up to 20 kW electric power. Because the output signal is square
shaped, its spectral content is a combination of odd harmonics.
Past experiences have shown that the components of these fre-
quencies interfere destructively with the harmonics generated by
nonlinear propagation. Consequently, a filter is inserted in the
matching circuit. The rejection of all the harmonics is better than
�30 dB. The source level at the fundamental frequency can be di-
rectly estimated from the voltage driving the array and the sensi-
tivity of the transducer (established at low transmitting levels).
Table 1 shows the acoustic levels obtained as a function of the
nominal electric power delivered by the amplifier (the global elec-
tro-acoustic efficiency of the transmitter is in the range of 65–70%).
When the characteristic distances are compared, it appears that La
is always much larger than LS and LF, so that the attenuation is
never the dominant effect. On the other hand, it can be seen that
diffraction and nonlinearity are competing effects: LS is included
in the cylindrical zone.

Working in piston mode, the active surface of the transmitters
is driven with a uniform normal velocity v0. In Table 1, the equiv-
alent pressure is defined as P0 = q0c0v0. The cavitation threshold
depends on different parameters, such as frequency, pulse length,
and static pressure. A significant clue that no cavitation occurs is
that repeated measurements exhibit very stable results.
4. Results

4.1. On-axis levels

Fig. 2 shows the on-axis levels measured for the first five har-
monics. They are presented as source levels, i.e. compensated for
a pseudo spherical divergence, and linear attenuation. However,
being the result of a nonlinear generation along the propagation,
these values are relevant at the distance of observation. The array
is driven with three different electrical powers. At the lower end
(1.25 kW), there is a weak nonlinear production. For example,
the H5 harmonic is 50 dB below the level of the fundamental F0,
hence close to the noise threshold. On the other hand, at maximum
electrical power, all the equivalent source levels are in the range of
219 dB to 236 dB re 1 lPa rms@1 m beyond a 20 m range. The
elongated rectangular geometry was thought to be very penalizing
because of the large aperture along one principal side. Neverthe-
less, it can be seen that very close, and still large source levels
can be achieved for the first harmonics.
4.2. Beam pattern

Fig. 3 shows the directivity patterns measured at a 41 m dis-
tance, using the maximal power. Table 2 reports the characteristic
�3 dB apertures obtained with the different applied powers. Mea-
surements are performed in a plane perpendicular to the z-axis, i.e.
not at a constant range. It can be observed that the higher the har-
monic, the narrower the aperture. However, the beam-width does
not depend linearly on frequency. Note that the fifth harmonic is
affected by noise. The beamwidth of each harmonic becomes larger
with the increase of the transmission level (Table 2).



Fig. 4. Acoustic level of the five harmonics versus range. Simulation and experimental results (a) Pe = 1.25 kW and (b) Pe = 20 kW.
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4.3. Comparison with numerical estimations

The on-axis levels measured at different distances are compared
with the estimations obtained with the pseudo-1D model in Eq.
(3). Fig. 4 shows a good agreement between simulations and mea-
surements. However, the model tends to underestimate the exper-
imental data. Note that the discrepancy observed with H5, at close
range from the transmitter and low electrical power, is mostly
caused by the poor signal-to-noise ratio of the experimental
records.

5. Conclusions

A multi-frequency source that takes advantage of the saturation
effect is studied. The beam aperture (1� � 25�) is sizeable with a
sidescan sonar application. Although the aperture is relatively
broad in one plane (25�), the equivalent source levels measured
with the first generated harmonics show satisfactory values. A
model has been used to estimate the on-axis levels produced by
a rectangular aperture. Although very simple, it shows a reasonable
agreement with the experimental data. Hence, this model qualifies
for a first-design dimensioning. The next step of this study will be
to test the source in the sea environment to record backscattered
echoes from several seafloor sediments. In addition, a more accu-
rate three-dimensional model must be built.
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