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ABSTRACT

In ultrasonic nondestructive evaluation (NDE) of ma-
terials, pulse echo measurements are masked by the
characteristics of the measuring instruments, the prop-
agation paths taken by the ultrasonic pulses, and are
corrupted by additive noise. Deconvolution operation
seeks to undo these masking effects and extract the
defect impulse response which is essential for identi-
fication. In this contribution, we show that the use
of higher-order statistics (HOS)-based deconvolution
methods is more suitable to unravel the aforementioned
effects. Synthetic and real ultrasonic data obtained
from artificial defects is used to show the improved
performance of the proposed technique over conven-
tional ones, based on second-order statistics (SOS),
commonly used in ultrasonic NDE.

1. INTRODUCTION

Pulse echo signals measured in ultrasonic NDE include
the effects of the measuring systems, the propagation
paths taken by the ultrasonic waves, and are corrupted
by additive noise. For instance, the ultrasonic signals
for a particular reflector recorded under the same con-
ditions, but using different transducers can be quiet dif-
ferent. This leads to the difficulty of comparing and an-
alyzing signals particularly in automated defect identi-
fication systems using different transducers. Generally,
it is assumed that the ultrasonic model is governed by a
linear mechanism. Deconvolution operation therefore,
seeks to undo the masking effects and extract the de-
fect impulse response which is an essential step for the
identification and characterization of defects. Conven-
tional deconvolution techniques such as least squares
(LS), Wiener filter, and minimum variance deconvo-
lution (MVD) [1] are sensitive to the additive Gaus-
sian noise and yield a minimum phase defect signature
which contradicts the nonminimum phase property of
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ultrasonic signals {1]. The paper objective is to formu-
late the ultrasonic model in HOS domain using cumu-
lants. The processing in HOS domain is more suitable
to recover the defect impulse response due to the de-
sirable properties of HOS [3]. Comparison of impulse
responses obtained using the proposed HOS-based de-
convolution technique and conventional Wiener filter
technique demonstrates clearly the superiority of the
former technique. In the next section, we present the
Wiener filter deconvolution scheme, and show in sec-
tion III how this scheme can be extended to HOS do-
main. Simulation results are presented in section IV
where it is shown that the proposed method is a good
candidate for the deconvolution of NDE signals.

2. CONVENTIONAL SOS-BASED
DECONVOLUTION METHODS

A measured ultrasonic flaw signal, y(k), can be mod-
eled as the convolution of the measurement system im-
pulse response function, z(k), with the defectd impulse
response function , h(k), plus noise, n(k) 1. The model
can be written as:

y(k) = z(k) ® h(k) + n(k) 1)

where ® denotes the linear convolution operator. With
this model, defect of a particular geometry would be
completely characterized by h(k). Many deconvolution
techniques, that have been developed in different engi-
neering areas ranging from seismic exploration to med-
ical imaging, can be used to extract h(k) from Eq. 1.
Chen and Sin [1, 2] studied the applicability of existing
deconvolution techniques to ultrasonic NDE. Wiener
filter method was found to be the most appropriate
scheme for the NDE context. Wiener filter requires
a-priori knowledge about the noise and the defect scat-
tering amplitude distribution. In practice, information

IThe discrete representation is used throughout the paper.
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about the defect scattering amplitude is available only
in rare instances [5]. Also, reliable estimates of the
noise distribution parameters are generally unavailable
in the NDE context. The lack of this a-priori knowledge
constitues a major limitation of Wiener filter method.
The HOS formulation will remove this limitation.

3. HOS-BASED DECONVOLUTION

Using the HOS properties [3], Eq. 1 can be written in
HOS domain as:

Cy!{(wly"'1w"—l) =Cﬁ(wl,--~1‘wn—l)'

H(wl)~-~H(w,._|)-H'(wl,...,w"_l) (2)

where H(w) is the Fourier transform of h(k). Eq. 2 can
be further reduced to:

=CZ(wy, ..., Wn-1)"
Cﬁ(wl,... ,w,,_l) (3)
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where C,’}(wl, «vry Wyt ) is the “polyspectrum” of h(k).
Only the bispectrum (n=3) is used in this work. For
n=3, Eq. 3 is written as:

C¥ (w1, we) = C§(wr,ws) - C’;’(wl,u@) (4)

It is should be noted that n(k) does not need to be
Gaussian, but can have any symmetrical probability
density function (PDF). Eq. 4 is used to obtain a high
resolution estimate of h(k). Details of the estimation
procedure are given below.

3.1. Signal Recovery From the Bispectrum

An estimate of h(k) can be obtained from CJ(w;,ws).
The signal (phase) recovery operation requires consid-
erable efforts [3, 6] and a-priori phase information (usu-
ally not available). Moreover, the recovered signal is
contaminated with an estimation error that can have
a high variance [3]. Taking the complex logarithm
of Eq. 4 yields the bicepstrum defined by Pan and
Nikias {3, 7]:

bY(m1,my) = b3 (m1,m2) + b5 (M1, m2) (5)

bY(my, ms), b§(m1,my) and b}(m,,m,) represent the
bicepstrum of y(k), z(k) and h(k), respectively. Based
on Eq. 5, we describe in this paper a simple but accu-
rate recovery method. The recovery method is based
on the inter-relation between the bicepstra and the bis-
pectra defined by Pan and Nikias [3, 7] as:

Fy {7'1 .c;‘(Tl,Tz)}] 6)

B _ -1
my - b5 (m,ma) = Fy [ Fy {ch(r,m)}

where F, [} and F;'[}] denote the 2-dimensional for-

ward and inverse Fourier transforms, respectively. cf (7, ;)

and b,','(ml,mz) are the third-order cumulants and the
bicepstrum of h(k). Using the properties of the Fourier
transform, Eq. 6 can be expressed as:

L[ 38 {Ch(w, we)}
Ch(wy,ws)

my b (my,mp) = Fy

()

where 5—3; (-) is the partial derivative with respect to
w; and j = vV=1. Eq. 7 forms the basis of the recovery
technique. First, it shows an alternative relationship
between the bicepstrum and the bispectrum using the
derivative of the logarithm rather than the logarithm
relation traditionally used. Second, it does not require
any phase unwrapping technique needed by the com-
plex logarithm operation. This enables the recovery
method to be highly accurate when compared to other
recovery techniques [3, 6]. h(k) is readily estimated
from the cepstral parameters A(™ and B(™ associ-
ated with b%(mq,m2) [3, 7. The proposed algorithm
used to estimate the defect impulse response h(k) is as
follows:

1. Estimate the bispectra of (k) and y(k) using any
of the availbale estimation techniques [3].

2. Use Eq. 7 to estimate the bicepstrum of z(k) and
y(k).
3. Calculate the bicepstrum of the defect using Eq. 5.

4. Obtain the bicepstral parameters A and B(™)
from ¢} (m1,m2). Details are given in [3, 7).

5. Use Oppenheim and Schafer algorithm [4, 7] to com-
pute an estimate of h(k) from the bicepstral pa-
rameters A(™ and B("™),

4. SIMULATION AND RESULTS

In this section, we first use synthetic data generated
using the model shown in Fig. 1 to test and compare
the proposed deconvolution technique with Wiener fil-
ter method. Thereafter, real ultrasonic data obtained
from artificial defects will be used. The input signal,
z(k), is taken as a Gaussian pulse that is amplitude
modulating a single tone carrier whose frequency lies
in the ultrasonic range. The noise, n(k), having a nor-
mally distributed PDF, is scaled by a factor & to ac-
count for the different SNR levels considered. The de-
fect impulse response, h(k), is modeled by the following
system who is known to have a maximum phase part,
and having a transfer function given by:

H(z) = 0.2179z — 0.747 + 0.60852~" +0.15332~2
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Figure 1: Ultrasonic Defect Model.
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Figure 2: Estimated impulse responses at 40 dB SNR
level. HOS-based (a) and Wiener filter (b) methods.

Estimation of h(k) using z(k) and y(k) is carried out
using Wiener filter and the proposed technique. The
results reported in this paper represent the ensemble
average of 50 different runs with data length equal to
1024. Fig. 2(a and b) shows the estimated impulse
responses at an SNR level of 40 dB. For comparison,
the true impulse response is also displayed. For such a
high SNR level, Wiener filter (Fig. 2(b)) method yields
a reasonably good estimate as expected. However, for
low SNR levels, the obtained estimate deviates consid-
erably from the true one, while the HOS-based method
yields a highly accurate estimate. Fig. 3(a and b) il-
lustrates the simulation result at 10 dB SNR level. It
is noted, in both cases, that Wiener filter method fails
to preserve the nonminimum phase character of the de-
fect impulse response. Next, the performance of the
proposed technique is evaluated at different SNR lev-
els. The error norm between the true and estimated
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Figure 3: Estimated Impulse responses at 10 dB SNR
level. HOS-based (a) and Wiener filter (b) methods.

Figure 4: Wiener and HOS-based methods perfor-
mance versus SNR levels.

impulse responses is computed to quantify the decon-
volution performance. Fig. 4 shows the performance of
the proposed deconvolution method versus SNR levels
in dB. In conformity with theory, the HOS-based de-
convolution technique yields accurate and high resolu-
tion estimates of h(k) even at extremely low SNR levels.
For comparison, the performance of the Wiener filter is
also included. A gain in performance of approximately
30 dB is achieved using the proposed method at the
expense of an increased computational complexity [3].
The proposed deconvolution technique is tested using
real ultrasonic data [1, 2], which are part of a larger
data set obtained from the Army’s Material Technol-
ogy laboratory (Watertown, MA). The ultrasonic sig-
nals used are shown in Fig. 5; namely, T15A0, and
T15A2. T15A0 (Fig. 5(a)) is the measurement sys-
tem impulse response, also known as the reference sig-
nal, while T15A2 (Fig. 5(b)) is the pulse echo from an
angular-cut hole (see [1] for an illustration of the de-
fect geometry). The center frequency of the transducer
is 15 MHz, and the A-scan signals contain 512 data
points digitized at a sampling rate of 100 MHz. The
estimated impulse response of T15A2 defect using the
proposed scheme is shown in Fig. 6. The estimated
defect signature is characterized by its peak sharpness
and high resolution. These features are highly desired
in the ultrasonic NDE processing.

5. CONCLUSION AND DISCUSSION

For mathematical simplicity, the ultrasonic NDE model
is described by a convolutional operation. Extraction of
a signal that is insensitive to the noise and the measure-
ment system, but dependent on the defect type only,
is the ultimate goal and the challenge for today’s NDE
Scientific and Engineering communities. As ultrasonic
pulse echoes are found to be nonminimum phase sys-
tems, and that the acoustic noise due to scattering from
the grain inside the propagation media is not neces-
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sarily Gaussian, SOS-based deconvolution techniques,
being phase blind, cannot therefore, reliably estimate
the defect impulse response. In this contribution, we
have formulated the defect ultrasonic model in the HOS
domain in which the processings are more suitable to
easily filter out any additive noise with a symmetri-
cally distributed PDF. Simulation results using syn-
thetic data demonstrate that the proposed deconvolu-
tion technique is a good candidate for the extraction
of the defect signature from signals with extremely low
SNR levels. Real ultrasonic signals are used to extract
impulse responses of artificial defects, which are found
to be nonminimum phase systems. The estimated de-
fect signatures using the proposed HOS-based method
are characterized by their peaks sharpness and high
resolution.
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Figure 5: Experimental reference (a) and echo (b) signal of
defect A2 at 15 MHz.

Figure 6: Estimated impulse response of defect T13A2 us-
ing the HOS-based method.
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