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Abstract — In ultrasonic field measurements, the signal delivered
by the receiving transducer is affected by the receiver spatio-
temporal transmission properties. The pressure is spatially
averaged over its finite-size aperture. Furthermore, frequency
variations of its transfer function may distort the output signal.
The efficiency of the deconvolution of these effects is shown by
means of numerical simulations. The pulsed pressure field
radiated by a wideband 10.3mm-radius planar transducer, with a
central frequency f, = 2.25 MHz ( A.: corresponding ultrasonic
wavelength in water) is considered. The receiver is a linear
aperture 25 pm- thick PYDF membrane hydrophone. The study
shows that the quality of the reconstructed signal depends
strongly upon the signal-to-noise ratio (SNR), the aperture
dimensions and the distance from the source. For an aperture of
length L = 2.6 mm = 3.9\, placed on axis at z =3 mm, correlation
coefficients between the reconstructed pressure and the original
one, 7pp , of 0.999, 0.988 and 0.655 have been obtained, for SNRs
of 60, 40 and 20 dB respectively. For a greater aperture (L = 4.6
mm = 6.91.) and SNR = 40 dB, no satisfactory results could be
obtained at this distance (7pp = 0.912). At a greater axial distance
(z = 20 mm), better deconvolution results could be achieved
(rpp =0.928).

1. INTRODUCTION

For the measurement of pulsed ultrasonic fields, different
techniques exist. However, the most recommended technique
remains the use of piezoelectric PVDF hydrophones as
receivers. This is due to their advantageous acoustic properties
and commercial availability [1]. Nevertheless, the electric
signal delivered by these devices may be affected by their
spatio-temporal transmission properties. Because of the high
working frequencies, their aperture dimensions become greater
than the wavelengths of the ultrasonic wave. In this case, they
furnish a spatially averaged value of the measured acoustic
quantity. Furthermore, the variations of their sensitivity in this
frequency range have to be considered. The possibility of
deconvolving the spatial effects has been shown for harmonic
ultrasonic fields [2]. The present contribution is a step towards
the generalization of the study to pulsed ultrasonic fields.
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II. DIRECT PROBLEM

A. Linear, one-dimensional model

The pulsed ultrasonic field radiated in a liquid is considered.
This field is received by a hydrophone of linear aperture with a
finite length L and a relatively negligible width (linear
aperture). Thereby, a radial scan of the field, in the hydrophone
length direction (x -direction), at a distance z, from the
transmitter, is performed. The spatial domain studied is thus
restricted to one dimension. For an incident acoustic pressure
p(, z,,1) , the hydrophone considered as a space and time

invariant linear system, characterized by the spatio-temporal
impulse response % (x,7), delivers an electric voltage :

()

V(x, 2o, )=p(x, 2, D), (X, O+n(x, 2, 1) .

®),, 1s the spatio-temporal convolution operator and n(x, z, ?)
a non-correlated to the signal noise component.

For a synchronous vibration of all aperture points to an
incident plane wave, the impulse response /% (x,f) can be

written: A (x,£)=h, (x)h,(f), where h;(x) and h,(f) are the
spatial and temporal impulse responses of the hydrophone

respectively. Thus, the hydrophone output voltage becomes:

2)

VX, 2o, =<p (X, 2;, )> @, h(D)+n(x,z, 1) -

<p(x, 2y, )>=p (X, 2, )@ h (x) is the spatially averaged

pressure and, ®, and ®;, are the spatial and temporal

convolution operators respectively.

B. Hydrophone spatio-temporal transmission effects

As a basis for the numerical simulation, the pulsed field of a
planar circular piston (radius: 10.3 mm) set in a rigid baffle is
considered. The temporal variation of the pressure generated at
the transmitter surface is that of a Gaussian modulated sinusoid
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Figure 1. Radiated pressure and output voltage of the hydrophone of
linear aperture (L=2.6mm=3.9 A¢, Ac¢=0.67mm),

on axis at z, =3mm (SNR = 40dB).

of frequency f. = 2.25 MHz, which corresponds to a central
wavelength of the ultrasonic pulse in water Ac¢=0.67mm. At

the axial distance z,, and for different radial positions x , the

ultrasonic pressure shows the well known contributions of
plane and edge waves. On axis, the two contributions have the
same amplitude and opposite polarity (Fig. 1).

The same figure shows the open-circuit output voltage of the

hydrophone, when it is placed on axis, at z,=3mm. This signal

has been calculated according to (1), by assuming a
hydrophone aperture of length (L =2.6mm=3.9A¢) on which

the receiving sensitivity is constant (ideal aperture). The
hydrophone considered is constituted of a 25um thick PVDF
membrane with 0.lpm thick spot poled gold electrodes.
Furthermore, the hydrophone output signal is supposed to be
corrupted by a stationary, non-correlated, white and Gaussian
noise, with a signal-to-noise-ratio SNR=40dB, the reference
being the response to the maximal pressure amplitude of the
incident plane wave [3].

The figure shows that, the influence of the hydrophone
temporal impulse response on the “measured” pressure field is
of less importance (same waveform for the plane wave). This is
due to the “slow” variations of the hydrophone temporal
transfer function in the frequency band of the incident pressure
pulse [3]. On the contrary, spatial averaging considerably
affects the edge wave.

III. INVERSE PROBLEM

In order to retrieve the radiated pressure field from the
“measured” data, a method based on the deconvolution of the
hydrophone spatio-temporal effects is proposed.

A. Temporal deconvolution

The aim of the method is to obtain an estimated value of the
averaged pressure from the hydrophone output voltage. The
acquisition system being supposed linear, the estimated value

<p(x,zy,t)> can be obtained by using a temporal filter with the

impulse response /i, (¢) .That is:
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Figure 2. Reconstructed averaged pressure by means of a temporal inverse
filter. Aperture: L=2.6mm, SNR=40dB.

€)

<P, 2o, 0)>=hyy (O, v (x, 2 ) -

For the deconvolution, a temporal inverse filter is used. Its
transfer function is simply the inverse of that of the

hydrophone ( H, (f)=1/H,(f) ). Fig. 2 shows that this operation
leads to excellent results.

B. Spatial deconvolution
The objective is to obtain an estimated value, p(x,zy?) , of

the “original” incident pressure, p(x,z,f), from the estimated
value of the spatially averaged one, <p(x,z,¢)> . This can be
achieved by using a reconstruction filter of spatial impulse
response /iy, (x) ; that is :

P 2y 11 =hyy ()@ < (X, 20, 1)> - ()

As a criterion for the evaluation of the quality of the

deconvolution procedure, the correlation coefficient, Tip s

between the reconstructed pressure p (x,zy,¢) and that radiated,

p(x,2y,0) , is used. On axis, this coefficient is given by:

pp =élP*(io’k)f?(io’k)/\/éJp(io’k)P']glm(io,kﬂz . Q)

iy and k are the indices related to the position x=0 and the
time ¢ respectively and N is the number of temporal samples.

1) Spatial inverse filter
The spatial transfer function of this filter is the inverse of the

hydrophone transfer function (Hp, (fx)=1/H; (fx) ). When

using this filter, the deconvolution result is shown in Fig. 3. In
this case, a correlation coefficient for the ultrasonic pressure

reconstructed on axis Tip =(0.855 is obtained. In contrast to the

temporal deconvolution, the spatial inverse filter doesn’t permit
the reconstruction of the pressure field because of the zeros of
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Figure 3. Reconstructed pressure, on axis at z, =3mm, by using a spatial
inverse filter (L=2.6mm, SNR=40dB).

the spatial transfer function of the hydrophone. This highlights
the ill-posedness of this inverse problem. Even if these zeros
are numerically avoided, the problem remains ill-conditioned
because of the drastic amplification of the noise (Fig. 3).

2) Spatial Wiener filter

To overcome the ill-posedness of the problem, a
regularization procedure based on a Wiener reconstruction
filter is used. Its spatial transfer function is given by [3,4]:

H* X X
HF](ﬁc ): 2](f )%P(f ’ZO) (5)
‘H 1 )] Poplf 2 DPun(f Zp)
where * denotes the complex conjugation operation.

Dy (fx ,29) and Du (fx ,z,) are respectively the spatial power
spectrum densities (PSD) of the pressure to be reconstructed
and of the noise. This filter has been implemented under two
different conditions :

Wiener filter with a-priori known PSDs

In this case, a-priori knowledge of the PSDs in (5) is
supposed. The comparison of the reconstructed pressure (Fig.
4a) when using this “ideal” Wiener filter with the radiated
pressure (Fig. 1) shows that, under these ideal conditions,

excellent reconstruction results can be achieved (rﬁp =0.995).

Wiener Filter with estimated PSDs
Generally, there is no sufficient information on the
ultrasonic field to be investigated. In this case of no a-priori

knowledge of the PSDs, @®,, and ®,,, these quantities are

replaced by their estimated values, @, and &,;, respectively.
The latter can be obtained from the power spectrum of the

hydrophone output signal, @, [3]. The variations of the
pressure so reconstructed are shown in Fig. 4b. Though the use
of Wiener filter under these “real” conditions leads to results of

less quality (r;,=0.988) compared to those obtained in the

“ideal” case, there is still good agreement between the
reconstructed pressure and the radiated one.
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Figure 4. Reconstructed pressure, on axis at z, =3mm, by using a spatial

Wiener filter (L=2.6mm, SNR=40dB) with a) a- priori known PSDs,
b) estimated PSDs.

3) Effect of SNR

In order to study the influence of the noise on the
reconstruction quality, the deconvolution has been performed
on going from signals furnished by the hydrophone with
different noise levels. Fig. 5a is obtained for SNR= 60dB. It
shows that the “real” Wiener filter can furnish good
reconstruction results (r;,=0.999) when the “acquired” signals
are not too noisy. On the contrary, for a low SNR (20dB), the

reconstruction results become poor (Fig. 5b, r;, =0.655).

4) Effect of hydrophone dimensions

The less advantageous reconstruction procedure (Wiener
filter with estimated PSDs) has been tested for a greater
aperture ( L =4.6mm=6.9 A ¢ ) with an SNR= 40 dB. When the

reconstruction results obtained by using this filter (Fig. 6a) are
compared with those obtained at the same distance ( z, =3mm)

for an aperture of 2.6mm length (Fig. 4b), it can be noticed that
the quality of the reconstruction diminishes with increasing

hydrophone dimensions (r;,=0.912 instead of 0.988). In Fig.

6a, although the edge wave has a greater amplitude than that
spatially averaged (Fig. 2), the reconstructed pressure field
differs from the original one. This shows that for this noise
level (40 dB), the limits of the reconstruction procedure with a
“real” Wiener filter at this distance and for these dimensions
are already attained.
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Figure 5. Reconstructed pressure, on axis at z, =3mm, by using a spatial “real”
Wiener filter (L=2.6mm). a) SNR=60dB, and b) SNR=20dB.

5) Effect of axial distance to the source

The spatial frequencies bandwidth of the investigated
ultrasonic field decreases, at a given time-frequency with the
axial distance to the source [2]. The influence of this parameter
for pulsed fields, has been studied by performing the

reconstruction at a greater distance ( z, =20mm).

Fig. 6b shows the reconstruction results, at this distance,
obtained by using a spatial Wiener filter with estimated PSDs.
Here, the sound field has been “acquired” by a hydrophone of
4.6 mm aperture length and SNR=40dB. In this figure, the edge
wave, though interfering with the plane wave because of the
distance considered and the pulse width, is properly

This of the

reconstruction quality allows using greater aperture dimensions
at this distance before the limits of the procedures are attained.

reconstructed  ( Tip =0.928). improvement

IV. CONCLUSION

In this study, it has been shown that it is possible to
deconvolve the effects of the hydrophone spatio-temporal
transmission properties. On the contrary to the temporal
deconvolution, the spatial deconvolution is ill-posed. This has
been overcome by using regularization procedures such spatial
Wiener filtering. This permitted the pulsed pressure field to be
reconstructed from ‘“measurement” data with a better
resolution.
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Figure 6. Reconstructed pressure on axis, by using a spatial Wiener filter with
estimated PSDs. L=4.6mm, SNR=40dB. a) z, =3mm, b) z, =20mm.

The study has been achieved for the field of a circular planar
transducer and a receiver of linear aperture. It can, however, be
generalized to any kind of ultrasonic field and any aperture
geometry (circular, rectangular). Though the showed results
concerned the on-axis region, the deconvolution allows the
reconstruction of the original pressure at any region of the
ultrasonic field, provided SNR is sufficient.

The reconstruction results have shown the strong
dependency of the reconstruction quality upon SNR, receiver
aperture dimensions and axial distance to the source. In all
cases, the greater is the SNR, the better are results. In addition,
the farther is the scanned field region, the greater the aperture
dimensions can be, before the limits of the reconstruction
procedure are reached.
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