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Using the Correlation Function in
Ultrasonic Non-destructive Testing

M. Kreidl, P. Houfek

This paper deals with ultrasonic signal de-noising by means of correlation. It is commonly known that the cross-correlation function shows
the statistical dependence between two signals. In ultrasonic inspection, the measured signal is taken as the first signal. The most important
aspect of this method is the choice of the second signal. Various types of the second signals can be tried.
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1 Introduction

Ultrasonic testing is a widely used non-destructive testing
method for inspection and monitoring. Ultrasonics can be
used in many ways for testing. The basic characteristics of an
ultrasonic instrument and probe are their sensitivity and reso-
lution [2]. Evaluation of flaws is based on deciding whether a
reflector is or is not the flaw echo, and consequently noise re-
duction is a method that raises the quality of test equipment
[3]. Signal de-noising is a critical property of any ultrasonic
test system.

2 Theoretical

This paper describes the algorithm for noise suppression
using the cross-correlation function. The algorithm is based
on a well-known equation, Eq. (1).

Ry (rTy) = % Zx(nTv)y(nTv +1T,), (1)
n=1

where T,

¥ sampling period,

x(nT,) ultrasonic signal,

y(nT,) simulated signal of the ultrasonic impulse,
y(nTy)=0 for nT, <0,

N number of samples,

r=-=N, ..., N.

The correlation function can reach the maximum for sig-
nals of similar shape. When we measure an ultrasonic signal
x(nT,) with additive noise, we can use a suitable simulated
signal y(nT,) for contrasting the flaw echoes. This paper
discusses two possible shape models, i.e., two possible simu-
lated signals y(nT,) of the ultrasonic impulse with the varying
parameters. The parameters should be chosen according to
an analysis of the ultrasonic signal with flaw echo.

The first computer simulated ultrasonic impulse signal is
expressed by the equation

L 0<nT, <T/2
y(nTy)=|4, T/2<nT, <T (2)
0, nTy, >T
The model given above represents two rectangular im-
pulses with wide 7/2. The second pulse is shifted in relation

to the first about the value 7/2. Assuming that the reflected
ultrasonic impulse has the shape of a damped sinusoidal
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curve, then signal y (n7) is a sign function of one period of the
reflected ultrasonic impulse, and 772 is a parameter.

For the second simulated ultrasonic impulse signal y (7)),
we selected a modulated sinusoidal Gaussian pulse that is very
similar to the ultrasonic pulses reflected from the material.

The modulated sinusoidal Gaussian pulse is defined by
the following equation

2
y(nly)= COS(?TEf nTy - (PO) : e—n((mTv ~%0) > 3)
where @ phase shift,
f frequency,
c damping coefficient.
The phase shift ¢, can be used for setting the initial phase

of the impulse. In our case the value ¢y=7-1/2 was chosen.

Two variable parameters can be used to achieve con-
formity with the reflected ultrasonic impulse:

e the frequency of impulse f,
o the damping coefficient c.

In order to verify the algorithms, the signal x(n7\,) was
simulated in the Matlab environment [1]. This signal simu-

lates a classical high frequency ultrasonic signal with the
initial, flaw and final echo without any noise. (Fig. 1).

Signal x(nT,)

........................................................

Fig. 1: Synthetic signal x(nT\)

The parameters of this synthetic signal correspond to the
signal on the output of the ultrasonic device with the work-
ing frequency of the acoustic wave equal to 20 MHz and
the equivalent sampling frequency equal to 256 MHz. The
simulated flaw is situated approximately in the middle of
a material 10 mm in thickness. From the statistical analysis of
the real ultrasonic noise it is evident that the probability
distribution is nonstandard. Therefore the simulation of the
ultrasonic noise signal was performed by numerical methods,
applying the statistical characteristics of the real noise [1].
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The variable value of the signal to noise ratio SNR was
obtained through increasing and adding to the synthetic
signal. The signal to noise ratio SNR can be expressed by
Eq. (4)

SNR - QOIOg( u efj, )
Ner
where Uy RMS (root mean square) value of a noiseless
ultrasonic signal,
Nes RMS value of additive noise.

For verification purposes, an analysis was made through
the computer-simulated noise signal, corresponding to the
value of the SNR coefficient in the range from 0 dB to 21 dB.

To compare the algorithms, the coefficient of the noise
reduction 6SN was defined, as follows Eq. (5).

88N=2010g(Uef2 Uefl} [dB], 3)

Neo/ Nefl

where N,  RMSvalue of the additive noise in the signal,

Ngo  RMS value of noise included in the signal
after application in a given algorithm,

Uesi  RMS value of the ultrasonic signal, e.g., cor-
responding to the flaw echo in the measured
signal,

Usgp  RMS value of the ultrasonic signal, when

applying the tested algorithm.

The RMS values of the simulated signal were obtained
from digital samples corresponding to the flaw echoes before
and after application of a given algorithm.

All the above items are non-dimensional:

Uen :( - \J Ueo = Any
Ulmax ef nymax of

N N
Nery :[ L j Ne :[ 2 j
Nlmax ef N9 max ef

First, the optimum choice of value 7" was given by correla-
tion analysis between the synthetic signal x(n7,) and the
simulated ultrasonic impulse y(n1}), according to Eq. (2). Itis
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Fig. 2: Dependence of the noise reduction 8SN coefficient on
the value of coefficient SNR for the optimum value
T=0,05 ps. The simulated signal was defined by Eq. (2).
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obvious that value T is determined as the reciprocal value of
the acoustic wave frequency. For a frequency of 20 MHz it
is consequently 7'=0,05 ps. Then, numerical calculation
determined the increase in coefficient SN depending on
value of coefficient SNR. The result is shown in Fig. 2.

Second, the optimum choice of the value parameters
according to Eq. (3) was tested. Fig. 3 displays a 3D chart of
the coefficient of the noise reduction 8SN depending on the
acoustic wave frequency and on the Gaussian pulse damp-
ing coefficient. The noise level was chosen for the value
SNR =21 dB. Fig. 3 shows that the maximum noise reduction
of the simulated signal x(n7,) was achieved with a frequency
f=20 MHz and a damping coefficient 6=9.

max 26,7 dB

g
=l

5 SN [dB]

T

Fig. 3: Relationship between noise reduction coefficient SN of
the synthetic signal x(n7,) with the noise ratio
SNR =21 dB, frequencies f and damping coefficients ¢ of
the simulated ultrasonic impulse defined by Eq. (3)

To determine the noise reduction range, the 3SN values
are displayed in Fig. 4 for different values of the simulated
noise levels.
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Fig. 4: Dependence of the noise reduction SN coefficient on the
value of coefficient SNR for optimum values of parameters
[=20MHzand =9
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As mentioned previously, the results show that this
method reduces the noise, owing to the optimum choice
of the simulated signal parameters. The suitability of the
algorithms is conditioned by the agreement between the flaw
wave shape of the real and simulated ultrasonic signals. The
ability of the method to reduce noise was then tested on real
data.

3 Experimental

The proposed noise reduction algorithms, based on the
cross-correlation function, were tested on real data [1]. The
measurement was performed with the use of a special scale,
made of two welded metal sheets 9.2 mm in thickness. The
flaw was artificially manufactured on one part of the scale.
Spark technology was used to make a hole 0.5 mm in dia-
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Fig. 5: Results of noise reduction with the use of computation of
the cross-correlation function for a simulated impulse,
according to Eq. (2) with 7'=0.05 ps: a) detail of the real
signal with flaw echo, b) estimation of the cross-correla-
tion function Ryy.
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meter. Firstly, in order to test the algorithms, we used the
model of the ultrasonic impulse expressed by Eq. (2).

Fig. 5 illustrates signal de-noising with the exception a fre-
quency of 20 MHz. This part of the real signal is caused by
the reflection of ultrasonic waves from the structure grain
boundaries and/or microscopic reflectors in the material.

Next, a simulated signal modulated Gaussian pulse was
used, according to Eq. (3). The optimum parameters of this
impulse were computed. The change of the ratio 3SN in de-
pendence on the parameters is shown in Fig. 6 and in Fig. 7.
The values of the noise are drawn without units, because the
determination of the noise level is inaccurate. It is evident
from the graphs in Fig. 6 and in Fig. 7 that the optimum pa-
rameters of the simulated signal are f=20 MHz and ¢ =20.
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Fig . 6: Dependence of the noise reduction 3SN coefficient on
different values of T for the simulated ultrasonic impulse,
according to Eq. (2)
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Fig. 7: Dependence of the noise reduction 8SN coefficient on dif-
ferent frequencies f and damping coefficients ¢ for the
simulated ultrasonic impulse, according to Eq.(3)

The following figures demonstrate the real ultrasonic sig-
nal and this signal after applying the algorithm based on the
cross-correlation function with optimum parameters of the
Gaussian pulse.
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Fig. 8: Results of noise reduction, using computation of the cross-
-correlation function for the simulated impulse, according
to Eq. (3) with parameters f=20 MHz and 6 =20

Conclusion

One of the most important properties of ultrasonic mea-
surement is the suppression of additive noise. Undesirable
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signal noises arise from contact between the probe and the
material, from the amplifier and as a result of scattering at
inhomogeneties in the material structure. This paper has
provided two algorithms for noise reduction in an ultrasonic
signal based on the cross-correlation function. The use of two
models of the ultrasonic impulse, according to Eq. (2) and
Eq. (3), assuming of the correct choice of model parameters,
indicates that the new algorithms are suitable for all practical
purposes.
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