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Abstract—This paper introduces the concept of coupling ul-
trasound transducers with piezoelectric accelerometers for active
ultrasound bedload monitoring in underwater environments. A
general system calibration procedure is proposed which allows
the enduser to establish a real-time link between the energy of
the received signals and the bedload transport phenomena.

I. INTRODUCTION

Monitoring the bedload transport in underwater environ-
ments is crucial for understanding stability issues such as
reservoir silting or channel self-cleaning. In this context,
sediment traps are widely used to derive the sediment bal-
ances. The Birkbeck sampler has become one of the preferred
method for in situ bedload measurements [1]. Being an integral
measure of the transported sediment volume in a certain time
interval, this direct method suffers from one main drawback:
it has a finite capacity. Without the use of devices such as a
sludge pump to empty the accumulating sediment, the sampler
fills and eventually ceases to yield data.

An alternative nonintrusive bedload monitoring instrument
is the buried geophone station [2], [3], [4]. Under protection
of steel plates, several geophones can provide continuous
and automatic measurements, even during large floods. Every
stone passing the steel geophone equipped plate generates an
impulse recorded by the signal acquisition board. Using a
calibrated voltage thresholding scheme the grain impacts are
recorded and counted. One can notice that this instrument
is highly sensitive to the environmental noise, since it is
operating at low frequencies (< 1KHz).

In [5], Bogen and Moen used piezoelectric acoustic trans-
ducers for bedload monitoring stations in Norway. The re-
ported results present a clear correspondence with the sediment
flow, but no estimation scheme is proposed.

In this paper, the potential of ultrasound (US) transducers
coupled with piezoelectric accelerometers for bedload moni-
toring stations is further explored in a controlled laboratory
environment. The main objectives are:

• to increase the operating frequency of the acoustic trans-
ducers,

• to provide consistent calibration and processing,
• to evaluate the uncertainty of the derived measurements.

To pursue these objectives, an experimental platform, illus-
trated in Fig. 1-(a) has been developed and tested in a
controlled tank system.

(a)

(b)
Fig. 1. Multi-sensor bedload monitoring platform: (a) general view, (b) setup
of the acoustic sensors on the top steel plate.

II. CALIBRATION AND MEASUREMENT

As illustrated in Fig. 1-(b), the following sensors have
been employed: 4 ultrasound contact transducers PAC R50
(EM, R2, R3, R4), 2 calibrated piezoelectric accelerometers
Endevco 233E (A1, A1) and 1 geophone R.T. Clark (G). The
EM US transducer has been excited using the ENI 2100L
power amplifier and the Picotest G5100A arbitrary signal
generator. The received signals from A1, A2, R3, R4 have been
conditioned using the Nexus low noise amplifier and recorded
using the PXIe-1082 NI system. For the active configuration,
the multi-sensor platform has been calibrated both in static
and dynamic regimes.

The static calibration is a direct relationship between the
output and the input of the system determined experimentally.
Static calibration requires a reference standard, to which the
output is reported. For our system of sensors, the calibration



process determines a relationship between the input voltage
controlling the EM US transducer and the output characteristic,
called static characteristic curve or calibration. Fig. 2 shows
the static characteristic in water, measured by transmitting a
sinusoid signal and looking at the reception of the peak value
of the Fourier transform. The value obtained supports the
idea that our system is linear in all cases. In circumstances
where the assumption of stationary is unsustainable, linear
dynamic models need to be replaced by more sophisticated
models. The linear theory provides a point of departure for
such developments.

Fig. 2. Multi-sensor bedload monitoring platform: static characteristics.

The dynamic characteristic of each sensor is related to the
performance when the input EM voltage signal is a function
of time. The speed of response of a system refers to the
ability to respond to sudden changes in the amplitude of
the input signal. Thus, the response rate is calculated based
on the parameters describing the system performance under
the transition: constant measuring of the time delay (latency
measurement), setup time (settling time), the dead time and
range dynamics.

For a second order system, the transfer function can gener-
ally be expressed as:

G(s) =
Y (s)

X(s)
=

b0
a2s2 + a1s+ a0

, (1)

where the X(s) and Y (s) are the Laplace transforms of the
input and output signals.

The received signal characterizing the two transducers types
are illustrated in Fig. 3 One can notice that the system settling
time of the two accelerometers is greater than the settling
time of the two ultrasound transducers. As a consequence,
the triggering signal is set to be the signal received from the
two accelerometers.

To obtain the performance parameters of a second order
system, one can apply the Hilbert transform in order to retrieve
the envelope of the received signal. According to Fig. 4, the
important parameters are:

1) the payback period (Td) - time between two consecutive
peaks after exceeding

Fig. 3. Multi-sensor bedload monitoring platform: step response.

(a)

(b)
Fig. 4. Multi-sensor bedload monitoring platform: (a) step response param-
eters, (b) resulting frequency response.

2) the overshoot (OS) - difference between the maximum
signal value and the final value

OS = ymax − yfin = (yfin − y0)e
− ξπ√

1−ξ2 , (2)

3) the depreciation rate (ξ) - describes how fast the signal
is stabilized

ξ√
1− ξ2

=
1

π
ln

(
yfin − y0
OS

)
, (3)



4) the natural damping frequency (ωn)

ωd =
2π

Td
= ωn

√
1− ξ2, (4)

5) the static sensitivity (K) - difference between the ampli-
tudes of the received signal before and after the settling
time

K =
yfin − y0
C − C0

. (5)

The obtained dynamic characteristic are illustrated in Fig.
5 and match the previously derived static characteristic.

Fig. 5. Multi-sensor bedload monitoring platform: dynamic characteristics.

Finally, the transfer function of an acoustic transducer
can be computed by positioning two transducer elements in
transmission configuration:

1) by continuous excitation of one transducer with wide
band white Gaussian noise, the other responds in its
nominal frequency band.

2) by considering the performance parameters illustrated
in Fig. 4-(b), one can define an impulsive excitation for
estimating the system transfer function. Accordingly, by
taking the impulse duration (short sine waveform) to be
smaller than the system stabilization time, the transducer
is sensing this calibration signal as an impulse and not
as a step function.

In this paper, the second method for estimating the transfer
function is employed and the results are illustrated on Fig. 6.

III. RESULTS

Four configurations have been tested in the controlled water
tank facility :
• passive configuration in the nominal bandwidth of the

impact (< 14 KHz),
• passive configuration outside the nominal bandwidth of

impact (20 to 40 KHz),
• active configuration with continuous sine excitation at 21

KHz,
• active configuration with chirp excitation at (20 to 40

KHz).
After using controlled steel balls for calibration, two types

of sediments were investigated and confidence intervals for
the mass measurements have been obtained. Notice that the
maximum speed in water have been reached before hitting
the multi-sensor bedload monitoring platform in all cases. An

(a)

(b)
Fig. 6. Transducer transfer function: (a) accelerometer, (b) ultrasound
transducer.

example of spectrogram of the received signals for steel ball
calibration is illustrated on Fig. 7.

Fig. 7. Multi-sensor bedload monitoring platform: spectrogram of the received
signals for steel ball calibration.

Figs. 8, 9, 10 and 11 illustrate the obtained results.
One can observe that the active ultrasound bedload monitor-

ing platform can provide similar results (in terms of measure-
ment error and confidence intervals) as conventional passive
bedload monitoring in controlled noise free environment. This
opens a new opportunity to increase the robustness of bedload
monitoring system in underwater environments, where the
frequency bands below 15 KHz are quite sensitive to the
environmental noise.

IV. CONCLUSION

The general system calibration procedure presented in this
paper offers an alternative option to monitor bedload transport
phenomena in underwater environments. The main advantage



Fig. 8. Bedload mass measurements with passive configuration in the nominal
bandwidth of the impact (< 14 KHz).

Fig. 9. Bedload mass measurements with passive configuration outside the
nominal bandwidth of impact (20 to 40 KHz).

of the proposed experimental setup is better noise robustness
at lower acoustic frequency bands. Future studies include the
full performance analysis in real underwater conditions.
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