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Abstract—The form function of an elastic target can be obtained from the scattered signal through a decon-
volution process. The deconvolution process uses the signal measured from an acoustically hard target (ref-
erence signal) to compensate for the impulse response of the measurement system. In this paper, it is shown
that this approach limits the usable frequency range of the signal and leads to inaccuracies in the final results.
An alternative approach is proposed in which the reference signal is replaced by the specular echo. A proce-
dure is described for extracting the specular echo from the measured signal even in cases where it is not com-
pletely isolated from the resonant components. Modifications are made to the existing deconvolution formu-
lation and it is further extended to be applicable to multiple scattering measurements. Experimental results
show that the new approach provides improved accuracy and wider usable frequency range in both single and

multiple scattering experiments.
DOI: 10.1134/81063771011030201

1. INTRODUCTION

Resonance Scattering Theory (RST) shows that
the backscattered amplitude spectrum of an elastic
scatterer is a combination of resonant components
superimposed on a smooth background [1—4]. It also
provides mathematical tools for separating these two
components. Resonance Acoustic Spectroscopy
(RAS), which is an outcome of RST, focuses on the
resonance effects present in acoustic echoes of an elas-
tic target when the target is excited by an incident
acoustic wave. For many years, RAS and other acous-
tic scattering techniques have been used for remote
classification of submerged targets. In recent years,
this technique has also been utilized for material char-
acterization and nondestructive evaluation purposes
[5, 6].

Together with theoretical developments of RST
and RAS, experimental aspects of these processes have
also been considered by many researchers. Maze et al.
[7] presented the first experimental quasi-line spec-
trum obtained by the Method of Isolation and Identi-
fication of Resonances (MIIR) [8]. MIIR provides
experimental verification and illustration of RST.
Although tone bursts of long duration were used in
early MIIR studies, it was later shown that short-pulse
MIIR is less time consuming and more convenient [9].

Since the introduction of RST and its correspond-
ing experimental techniques, many researchers have
used them to study various aspects of wave scattering.

L The article is published in its original form.

Maze and Ripoche [10] discussed the use of MIIR for
RAS of'elastic objects. Brill etal. [11, 12] used RAS for
characterization of the geometry of fluid scatterers.
Honarvar and Sinclair [13, 14] used the short-pulse
MIIR to measure the scattered pressure field of long
solid elastic clad rods at both normal and oblique inci-
dent angles and showed the potential of RAS for the
purpose of nondestructive evaluation (NDE) of cylin-
drical components. Mathieu et al. [15] used the back-
scattered echo received from a wire target to evaluate
its size. Scipioni et al. [16] used two different methods
for estimating the diameter of a metallic wire based on
RAS.

Besides studies based on scattering from individual
targets, researchers have also been interested in multi-
ple scattering from a group of targets. An experimental
study of the A-wave was conducted by Kheddioui et al.,
where two identical immersed shells were insonified by
an acoustic wave in an eclipsed configuration [17].
A-waves are circumferential surface waves propagating
in the surrounding medium around an immersed
cylindrical shell. Lethuillier et al. studied the reso-
nance scattering by two elastic cylindrical shells
immersed in water [18]. Their study included both
theoretical analysis and experimental measurements.
Later, they conducted experimental and theoretical
studies on acoustic wave scattering from a finite linear
grating of elastic cylindrical shells [19].

The aim of this paper is to introduce an alternative
approach to conduct short pulse MIIR measurements.
In the short pulse MIIR technique, a reference signal
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Fig. 1. Backscattered echo from a copper cylinder
immersed in water [23].

is used to compensate for the impulse response of the
measurement system. This reference signal is usually
obtained from an acoustically hard target such as a
tungsten fiber. We show that by using such a reference
target, the accuracy of the measurements is reduced
and limitations are imposed on the usable range of the
frequency spectrum. The proposed approach does not
suffer from these limitations.

2. SINGLE SCATTERING EXPERIMENTS

2. 1. Short Pulse MIIR Method

In the short-pulse MIIR technique, the scatterer is
insonified by short, broadband pulses. A typical echo
backscattered from a copper rod is shown in Fig. 1.
The first backscattered echo of the pulse returning
back to the receiver corresponds to the specular reflec-
tion. The subsequent echoes are due to resonances
generated by surface and subsurface waves encircling
the body of the scatterer and producing leaky standing
waves. The frequency spectrum of the backscattered
echo is a convolution of the wave scattered from the
cylinder and the impulse response of the measurement
system. By compensating for the impulse response of
the measurement system, and plotting the resulting
spectrum as a function of the normalized frequency,
ka, the form function |, |, of the cylinder is obtained.

The processing scheme consists of two parts:
(a) measuring the frequency spectrum of the backscat-
tered wave (see Fig. 2a), and (b) removing the fre-
quency characteristics of the measurement system.
This process is currently carried out by removing the
frequency characteristics of the transducer and system
electronics by a deconvolution technique which uses a
reference frequency spectrum that is free from reso-
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Fig. 2. Frequency spectra of the (a) backscattered echo of
the copper rod, and (b) backscattered echo of a tungsten
fiber [23].

nances; see Fig. 2b [20—24]. For this purpose, a small
diameter cylindrical component of a material with
high stiffness, such as tungsten, is used for producing a
reference spectrum. At low ka values, none of the res-
onance frequencies of the tungsten fiber are excited
and its frequency spectrum is smooth, see Fig. 2b. The
experimental form function can then be obtained from
the following equation [24]:

1= (52

a'l\2

a

|75 (1)

where S() is the frequency spectrum of the specimen,
S'(w) is the frequency spectrum of the tungsten fiber,

| f;0| is the form function of the tungsten fiber, and a

and a' are diameters of the sample rod and tungsten
fiber, respectively. In Eq. (1), S(®w) and S'(®w) are

experimentally measured and | f OO| is numerically cal-
culated.

2.2. Effect of Target Diameter

The desired frequency range of the form function
should be small enough so that none of the resonance
frequencies of the tungsten fiber appear. In Fig. 3, it
can be seen that in order not to have any of the reso-
nances of the tungsten fiber excited, all measure-
ments should be performed in the frequency range of
0 < ka < 4, as designated by a thick solid line. This
restriction forces the use of a thin tungsten fiber and a
transducer with a relatively low frequency. For exam-
ple, for a 500 kHz ultrasonic transducer having a use-
ful bandwidth of 200—800 kHz, the diameter of the
tungsten fiber should be less than 1.17 mm. This is
usually quite different from the diameter of the test
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Fig. 3. Numerical form function of a tungsten fiber.

sample which is typically at least several millimeters.
This difference in diameters of the specimen and ref-
erence sample could have significant effect on the final
results. To investigate the effects of this difference, we
measure the backscattered echo from three steel rods
with different diameters. These rods have diameters of
0.38 mm, 1.60 mm and 6.34 mm and are tested by a
500 kHz immersion ultrasonic transducer.

The frequency spectra of the three rods are shown
in Fig. 4 and the center frequencies and maximum
amplitudes of their spectra are listed in Table 1.
According to Table 1, as the diameter increases, the
center frequency of the spectrum decreases while its
corresponding maximum amplitude increases. There-
fore, the center frequencies of the signals obtained
from a small diameter tungsten fiber and the large
diameter sample could be quite different. Increase in
the maximum amplitude of the spectrum could be
attributed to the larger reflecting surface of the thicker
rods. Moreover, since high frequency components are
more attenuative, it is speculated that with the
increase of the diameter of the rod, the center fre-
quency of the signal would decrease [25, 26]. Conse-
quently, one would have different frequency spectra
for the thick and thin rods.

When there exists a significant difference between
diameters of the sample and reference target (tungsten
fiber), the signals reflected back from them have dif-
ferent center frequencies and amplitudes. This differ-
ence will not lead to accurate results when these sig-
nals are implemented in the deconvolution process of
Eq. (1). To demonstrate this, experiments conducted
in [13] are repeated here. Figures 5a and 5b show the
frequency spectra of a 0.25 mm diameter tungsten
fiber and an 18.30 mm diameter copper-clad alumi-
num rod, respectively. Considerable difference is
observed in both the center frequency and maximum
amplitudes of the two frequency spectra. The ultra-
sonic transducer used has a bandwidth of 200—
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Fig. 4. Frequency spectra of the scattered echo from
(a) 0.38 mm diameter steel rod, (b) 1.6 mm diameter steel
rod, (¢) 6.34 mm diameter steel rod obtained by a 500 kHz
transducer.

800 kHz, and therefore, it is expected that the
experimental results would be valid within the range
of 8 < ka < 31. By comparing the experimental form
function of Fig. 6a with its corresponding calculated
form function shown in Fig. 6b, we observe that the
experimental and numerical results only match in the
frequency range of 10 < ka < 20. Moreover, in Fig. 6a

Table 1. Centre frequencies and maximum amplitudes of
the frequency spectra of the signals scattered from different
steel rods

Rod diameter, | Center frequency, | Max. normalized
mm kHz amplitude
0.38 5.25 15
1.60 5.18 116
6.34 4.80 237
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Fig. 5. (a) Frequency spectrum of the backscattered echo
from a 0.25 mm diameter tungsten fiber, and (b) the back-
scattered echo from an 18.30 mm diameter copper-clad
aluminum rod obtained by a 500 kHz transducer.

the measured form function shows a descending pat-
tern as the normalized frequency ka increases.
Although, the (a'/a)'/? term in Eq. (1) is supposed to
compensate for the difference in diameters of the two
targets, noticeable difference can still be seen in max-
imum amplitudes of experimental and numerical
spectra in Figs. 6a and 6b.

2.3. Alternative Approach

In any backscattering measurement, the first echo
in the backscattered pulse is the specular reflection
corresponding to reflection from a rigid target. Echoes
pertaining to resonance effects follow this echo. If the
specular echo could be isolated from the rest of the sig-
nal, it can then be used as the reference signal for
deconvolution purposes. In most cases this isolation is
very difficult if not impossible. In what follows, we
propose a technique for extracting this echo from the
backscattered signal even if it is overlapping with reso-
nance echoes.

The isolation of the specular echo can be done
either during the measurement process or through
post-processing. During the measurement process,
this could be done by using a digital oscilloscope that
could simultaneously show the acquired signal and
its corresponding spectrum. We start with a signal
that only includes part of the specular echo. By grad-
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Fig. 6. (a) Experimental and (b) numerical form func-
tions of the copper-clad aluminum rod for the frequency
range of 8 < ka < 31.

ual increase of the horizontal range, we monitor the
frequency spectrum of the echo and decide where
the signal produces a smooth frequency spectrum.
This part of the signal is then saved as the reference
signal.

Alternatively, during the post-processing phase, a
computer code can gradually reduce the number of
data points considered in the time-domain signal until
the corresponding spectrum becomes very smooth (no
resonances present). The resulting signal would then
correspond to the reference echo. As an example, the
frequency spectra of the received signal from the cop-
per-clad aluminum rod and its corresponding specular
reflection are plotted in Fig. 7. Comparing Fig. 7 with
Fig. 5, we observe that in Fig. 7, the two spectra match
very well except for the resonance frequencies. How-
ever, significant differences are observed in both the
amplitudes and peak frequencies of the spectra shown
in Figs. 5a and 5b.

To use the specular echo as the reference signal,
some modification needs to be performed to Eq. (1).
The form function of the tungsten fiber, | /.|, should

be replaced with the form function of the specular
echo. Since the frequency spectrum of the specular
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Fig. 7. Frequency spectra of the copper clad-aluminum
rod (solid line) and its corresponding specular reflection
(dashed line).

echo corresponds to the form function of a rigid cylin-
der, we have [1]:

fo=10= Z ead,(ka)eosng,  (2)

A/Tclka

where g, is the Neumann factor (¢, = 1 for n = 0, and
g, = 2 for n > 0), ¢ is the receiving angle, and A, are
constant coefficients obtained from:

4 = ika) .

H,” (ka)

Substitution of Eq. (2) into Eq. (1) gives,

“

_ | S(w)
e ‘ o )\fw

where S(w) is the frequency spectrum of the signal
received from the specimen and S'(®) is the frequency
spectrum of the specular reflection.

Using the above formulation, the experimental
form function of the clad rod was recalculated and re-
plotted in Fig. 8. Comparison of the numerical and
experimental form functions in Figs. 6b and 8 shows
excellent agreement between the two curves through
the whole usable bandwidth of the transducer. More-
over, it can be seen that the variations of the experi-
mental form function is smooth and does not show a
descending pattern as before.
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Fig. 8. Experimental form function of the copper-clad alu-
minum rod obtained by using the specular echo as the ref-
erence signal.

3. MULTIPLE SCATTERING

When an incident wave impinges on a grating of
cylinders, each cylinder generates a scattered field.
The scattered field resulting from each cylinder
impinges on other cylinders and results in a secondary
scattered field. This process continues indefinitely,
and is referred to as “multiple scattering of cylinders”
and includes the interactions of the cylinders’ scat-
tered fields. Therefore, both the properties and geom-
etry of the individual cylinders plus the grating geom-
etry affect the resulting scattered field.

In single scattering, the form function yields three
types of information: the resonance frequencies of the
elastic cylinder, the profile and width of each reso-
nance, and the smooth background profile.

The procedure and formulation proposed for mea-
suring the form function of a single cylinder can be
extended to a grating composed of a number of elastic
cylinders. Once again, the smooth background ampli-

tude, , is calculated for a single rigid cylinder and

used for deconvolving the experimental signal in
Eq. (4). The wave interactions between cylinders are

not included in ‘ ff; , but would be included in the

experimental signal, S(w). In the method proposed for
single scattering experiments, we replaced the tung-
sten fiber signal with its specular reflection. We also
replaced the theoretical form function of the tungsten

fiber, |/ | , with the numerical form function of a rigid

cylinder. The same approach could be used in multiple
scattering experiments. In the case of multiple scatter-
ing, we can write,

e ‘ g((@))“fﬁl 5)
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Fig. 9. Frequency spectrum of the signal obtained from
a 6.34 mm diameter steel rod (solid line) along with the
frequency spectrum of its specular reflection (dashed
line).

where S(w) is the frequency spectrum of the signal
received from the grating, S"(w) is the frequency spec-

trum of the specular reflection of the grid, and | f f;| is
defined as

0

ff; _2 € J;l(ka)

= " (6)
Jrika“= "B (ka)

cosnd.

Normalized amplitude

1.4
1.2
1.0
0.8
0.6
0.4
0.2r T

0k
—0.2
—-0.4 L : .

T

SINA SODAGAR et al.

It should be noted that this method is only applica-
ble when all cylinders in the grating have identical
diameters.

To demonstrate the validity of the proposed
approach, we have tested a grid made from two
identical steel rods. Before testing the grid, a refer-
ence signal was taken from one of the steel rods. The
rod had a diameter of 6.34 mm and was illuminated
by a1 MHz, 0.5 in diameter immersion transducer
at normal incidence. The frequency spectra of the
received signal and its corresponding specular
reflection are shown by solid and dashed lines in
Fig. 9, respectively. The resultant form function of
the steel rod is shown in Fig. 10 in the frequency
range of 4 < ka < 21.

The configuration of the two rods and transducer is
shown in Fig. 11. The center-to-center distance
between the two rods is d;, = 30 mm. The same 1 MHz
transducer was used for illuminating the grating in
pulse-echo mode. The incident wave was directed
along the center-to-center line of the two rods and
normal to the z-axis. The frequency spectra of the
received signal and its corresponding specular reflec-
tion are shown in Fig. 12. The sampling frequency
was 50 MS/s in both single and multiple scattering
experiments. Using Eq. (5), the measured scattered
spectrum of the grating was deconvolved, see Fig. 13.
To verify this form function, we compare it with the
theoretical form function of the same grating dis-
cussed in [27] and shown in Fig. 14. It can be
observed that the experimental and theoretical
results agree very well.

Comparing the measured form functions of a single
steel rod shown in Fig. 10 and a grating of two identical
steel rods shown in Fig. 13, we observe that the scat-
tered spectrum obtained from the grating contains

4 6 8 10

12 14 16 18 20

ka

Fig. 10. Measured form function of the 6.34 mm diameter steel rod.
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Transmitter three distinct pieces of information. Two ofthem per-
and receiver tain to the frequencies and widths of resonances of
individual steel rods, as shown by arrows in Figs. 10

and 13. The third piece of information, shown in

a ® ® Fig. 13, features additional oscillations between each
two adjacent resonance frequencies. These oscilla-

dr tions could be attributed to reverberation of waves

between adjacent rods. This kind ofwave interaction is

Fig. 11. Configuration ofthe multiple scattering measure- expected and has already been reported in the litera-

ment conducted on a grating of two identical 6.34 mm
diameter steel rods separated by 30 mm. ture [28]-

Amplitude

0 2 4 6 8 0 12 14 16 18
Frequency, 105Hz

Fig. 12. Frequency spectra ofthe scattered signal from the grating (solid line) and its specular reflection (dashed line).
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Fig. 13. Measured form function ofthe grating.
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Fig. 14. Calculated form function of the grating.

4. CONCLUSIONS

In this paper, an alternative approach for obtaining
the experimental form function of single and multiple
cylinders was proposed. In this approach, the specular
reflection of the scatterer is extracted from the signal
and used for deconvolution purposes. It was shown
that there is a mismatch between the frequency spectra
of a reference sample such as a tungsten fiber and an
elastic rod, when their diameters are different. This
difference lowers the accuracy of the deconvolved
form function and limits its useful frequency range.
Based on the approach used in single scattering exper-
iments, a similar procedure was developed for multiple
scattering cases. Experiments were conducted to show
that the new approach resolves the existing problems
and provides improved accuracy in the measured form
functions in both single and multiple scattering exper-
iments.
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