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Abstract. In order to generate arbitrary mechanical displacements, i.e. acoustic signals of the
microsecond range in dispersive waveguides, different existing signal processing techniques were
analyzed and new techniques introduced. The proposed parameter Q was used for the comparison
of the arbitrary waveform acoustic signal generation techniques. The arbitrary acoustic signal
duration optimization parameter was introduced. The arbitrary waveform acoustic signal
generation techniques were applied for the generation of the microsecond range duration acoustic
signals.
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compensation.

1. Introduction

Determining the pulse response and frequency response characteristics of the low frequency
acoustic emission transducers (AET) by the calibration process is one of the most important
procedures in ensuring the traceability of the acoustic emission measurement results in the
non-destructive testing (NDT). The demand for the novel and smart AET transducers and their
calibration methods in the NDT market and among the AET producers are showing clear growth
potential. The existing standardized AET calibration methods, such as the step-function
calibration and the reciprocity calibration ASTM E1106 [1] and ISO 12713 [2], enable to acquire
the frequency and pulse response characteristics using laboratory equipment.

The development of portable AET calibration equipment using standard methods is difficult
yet not feasible due to big dimensions of the calibration block and requiring feedback channel for
precise displacement measurement. During the development process of portable calibration
equipment for the low frequency AET with the purpose to create the predefined arbitrary
mechanical displacement waveforms in the AET aperture, a rod-shape solid bar type (steel or
brass) waveguide was proposed as the acoustic waveguide.

Research results revealed that for the calibration of AET using longitudinal wave and
rod-shape solid bar type (steel or brass) waveguide, its length needs to be from 0.5 m to 1 m. At
this length, the waveguide’s dispersive properties becomes significant. The excitation signal,
caused at one end of the waveguide and resulting the vibration at the other end of the waveguide
are different because of dispersion. Acoustic signal depends on the waveguide’s length and
diameter. Conventional acoustic signal excitation techniques do not allow to generate arbitrary
type signals required for the calibration of AET.

The wave dispersion phenomenon is widely known in fiber optic communications [3],
non-destructive testing [4, 5], submarine acoustics [6-8] and other fields. The existing solutions
for eliminating the wave dispersion are based on the time reversal mirror implementation and
deconvolution-based signal processing. The deconvolution based method is more complex and
requires more processing power and time. The time reversal mirroring method is simpler and
requires smaller amount of calculations, and both of these methods are applied in many fields,
including acoustics and optics. The drawback of the existing solutions is that they can lead to
additional noise and lack a parameter which would allow the quantitive evaluation of the acoustic
signals.

This paper analyses and compares the existing signal processing techniques for the generation
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of arbitrary mechanical displacements of microseconds range in dispersive waveguides. The
proposed parameter Q is used for the comparison of techniques. The new arbitrary signal
generation techniques are introduced and analyzed, and the arbitrary signal duration optimization
parameter is introduced. The application of these technologies allow to generate arbitrary
waveform acoustic signals of the microsecond range, which are measured with an interferometer
and a capacitive displacement measurement transducer.

2. Arbitrary signal generation methods

The analysis of time reversal and deconvolution based methods for arbitrary signal generation,
as described in the other works, show satisfactory results under certain conditions. The time
reversal method [9] can be expressed in time domain Eq. (1):

Xi = YN-ir i = 1, N, (1)

where x; is the calculated excitation signal sample, N is the number of measured samples, i is the
signal sample number, y is the measured waveguide response to the rectangular pulse excitation
signal, considered as the transfer function.

The expression in frequency domain is given in Eq. (2):

x(jw) = H*(jw), 2)

where H*(jw) is a complex conjugate of waveguide transfer function H(jw).
The deconvolution-based method in frequency domain, which is described in [10], is realized
according to the equation Eq. (3):

Y(Gw)H*(jw)

0 = faGar +

3)

where X (jw) is the excitation signal spectrum, k is a constant, H(jw) is the transfer function,
H*(jw) is the complex conjugate of the transfer function, Y (jw) is the Fourier transform of the
arbitrary signal.

Deconvolution-based methods require calculation of theoretical arbitrary signal y(t) or
Y(jw). The duration y(t) is limited by the transfer function’s H(jw) bandwidth, which is
determined by the type of a piezo-ceramic excitation actuator used, as well as the properties of the
dispersive waveguide. In order to obtain the shortest possible acoustic signal, an arbitrary signal
duration optimization parameter z,,;,, was presented. In order to calculate the optimization
parameter z,,;,, the set of N time domain signals y(t) with the different time scale g needs to be
calculated:

y(t)g = (sinc(t : g))z, g=0,1..,N, 4

where N — number of signals, g — signal index.
Signal spectrums are calculated according to Eq. (5):

Y(jw), = FFT(y(t),). )

When spectrums of Y (jw) are known, possible H(jw) and Y (jw) spectrum overlappings are
calculated according to Eq. (6):
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L = Z Yinax | _ |Z Hinax
9 Y(jw), H(jw)
where Yo, = max(Y(jw)g), Hpax = max(H(jw)y), z; — numbers representing spectrum
overlapping.
The minimal value of the parameter z, represents the optimum overlapping of the spectrums

H(jw) and Y (jw). This parameter is obtained using the signal index g,,;, Eq. (6), which then can
be used for calculation of arbitrary signal y(t) Eq. (8):

: Q)

Zmin(g) = min(zg) = Imin (7)
y(©) = (sinc(tgmm))” = Y (jw) = FFT(y(0)). ®

The signal y(t), calculated using the index g, , obtained from Eq. (7), represents the
shortest possible signal duration in the system with the transfer function H(jw).

Since the ratio of the average and minimal value of H(jw) can be in range of 60 dB, the
division from H(w) causes problems in the fragments of the signal where the value of H(jw) is
relatively small. Moreover, some values of H(jw) can be equal to zero and therefore, an unwanted
signal spectrum X (jw) noise can be induced.

Because of the limited resolution of the digital to analog converter and a limited excitation
signal amplitude, the measured signal is different compared to the calculated signal y(t). The
main components of signal error are waveform distortions, signal duration deviations and noise.

A constant k, which is added to H(jw) in Eq. (3), was introduced as a solution for the noise
generation problem. It solves the problem of division from values of H(jw) equal to zero, but
cannot completely solve the problem of big differences between the minimal and the average
H(jw) values. Therefore, the modified deconvolution Eq.(9) allows eliminating both of
the issues:

X(jo) = TUOLGD) _ (Y(J'w)> o (1 _ Cmax ) ,
H(jw) H(jw) C(jw)
where L(jw) is a window function, C(jw) = |Y(jw)/H(jw)|, W — 1,..., N, number must be
chosen according to the resulting value of Q Eq. (11).
Another solution developed during the research is the correction of spectrum samples
amplitude based on the limit coefficient Eq.(10). The solution can be used alongside
deconvolution or time reversal mirror methods:

&)

m r >
Xi(o)={ n ~ 7" (10)
Xi(].(l)), ri < l;

where X;(jw) is the excitation signal spectrum frequency sample, r; = |X;(jw)|/mean|X (jw)|, |
is the limit coefficient.

3. Arbitrary acoustic signal evaluation criteria

Methods for compensation of the dispersion in waveguides [2-8] do not present a criteria which
would allow the evaluation of generated acoustic signal. Since the noise is induced using any
dispersion compensation method, the acoustic signal evaluation criteria must reflect the ratio
between the signal and the noise amplitudes. The three time windows that were proposed to be
used for the acoustic signal evaluation are presented in Fig. 1.
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Time windows N;-N, and N3-N, represent an interval where there is no signal and measured
signal amplitude should be close to zero. Practically, there is always noise which is caused by the
measurement equipment or the dispersion compensation method.

The time window N,-N; represents the arbitrary acoustic signal duration. Window selection,
which is recommended in this paper and is used practically, was based on the signal zero crossings.

1 T R L o e T T —
Measured signal

05k ; L . S i

Zero crossing :

Relative units

o5k Noise ; i

SN N2 N3 N4 g

1 1 1 1 1
065 07 075 08 085 09 095 1 1.05
t{ms)

Fig. 1. Time windows for arbitrary acoustic signal evaluation

Evaluation of the acoustic signal generation method is performed using a dimensionless
parameter @, which is related to the signal quality and is calculated according to Eq. (11):

1 N3 2
0= Ny =N, Zion: (11)
1 ZNz 2 4 1 ZN4 2
N, — N, @i=n, Yi TN, = N, &i=N; i

where Q is a quality coefficient, N;, N,, N3, N, are sample numbers, y; is the signal sample.

The parameter Q was chosen as a ratio between average signal square values ratio at a sample
range N,-N; and a noise in sample range N;-N, and N;-N,. Time windows selection depends on
the arbitrary acoustic signal application requirements

4. Arbitrary acoustic signal generation equipment

The experimental research was performed using the equipment for the arbitrary acoustic signal
generation techniques and their applications. The equipment connection diagram is presented in
Fig. 2.

Programmable
arbitrary signal  [<—{ Computer - Oscilloscope
generator

+ A

Electric signal

amplifier
Acoustic signal y(t)
x(t)
Acoustic signal
Piezo transducer Waveguide 1 measurement
equipment

Fig. 2. The block diagram of equipment connections

The acoustic signal measurement was performed using a Polytech OFV-512 interferometer
(sensitivity 2 V/um, speed sensitivity 5 mm/s/V). The electric signal from the acoustic signal
measurement equipment was fed to the “Gwinstek” GDS-1052-U oscilloscope. The calculated
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excitation signal x(t) was generated using a “Tectronic” AFG3000C arbitrary signal generator
and an EPA-104 linear piezo amplifier.

The piezo transducer was excited using a signal x(t) from the arbitrary waveform generator
attached at the end of the steel bar, several of which were used in a variety of diameters.
Measurements of the generated arbitrary waveform mechanical displacements were performed at
the other end of the bar, where the exposed circular cross section of the waveguide allows
calibrating the AET under load conditions.

5. Experimental results

According to the block diagram presented in the Fig. 2, the experiment data was acquired the
waveguide impulse response characteristic was measured applying 10 V, 1 ps electrical pulse to
the piezo transducers attached to the waveguides, an interferometer was used for the
measurements of the mechanical displacements in the zone of waveguide aperture.
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Fig. 3. Impulse response of dispersive acoustic waveguides

Arbitrary acoustic signal generation methods were evaluated by generating sinc square pulse
acoustic signal at the end of the waveguide and using different excitation signal calculation
algorithms. The 24 mm diameter and 600 mm long steel bar was chosen as a waveguide.
Capacitive transducer was used for measurements that are directly proportional to the mechanical
displacement. The acquired results are expressed in voltage units and presented in Fig. 4, Fig. 5
and Fig. 6. Measurement results are presented in Fig. 7.
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Piezo transducer attached to the waveguide was excited with 10 V and 1 ps signal. The
measured impulse response h(t) is presented in Fig. 7(a) and calculated transfer function H (jw)
is illustrated in Fig. 7(c).

Arbitrary signal y(t) generation methods were compared by calculating the parameter Q,
according to Eq. (11). The maximum theoretical value of the parameter  for the chosen arbitrary
acoustic signal was equal to Q = 75.615. The value of the Q was calculated using theoretical
signal y(t) presented in Fig. 4(b).

Arbitrary acoustic signal y(t) was generated in two cases. In one case the minimal and average
ratio of H(jw) values (MAR) did not exceed 20 dB as it is presented in Fig. 6. In another case,
the MAR in frequency range from 0 kHz to 5 kHz exceeded 60 dB as shown in Fig. 5.
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Fig. 4. a) Measured waveguides impulse response signal, b) calculated theoretical arbitrary acoustic signal
and parameter Q = 75.615, c¢) calculated transfer function signal spectrum, d) calculated theoretical
arbitrary acoustic signal spectrum

3

002 T T T

T ! x10
Deconvolution methad

0015+ SO S PTPT FIN

2 0005
5

-0.005

001 I i i i 1 I A !
i 50 00 180 200 260 300 30 40 50 100 150 200 250
t{us) fikHz)

a) Q = 9.3926

4052  ©JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2015, VOLUME 17, ISSUE 7. ISSN 1392-8716



08

04

02

02

04

1818. EVALUATION OF ARBITRARY WAVEFORM ACOUSTIC SIGNAL GENERATION TECHNIQUES IN DISPERSIVE WAVEGUIDES.
V. AUGUTIS, D. GAILIUS, E. VASTAKAS, P. KuzAs

T 1 T
Deconvolution and limit ceeficient method | L -
o8l s : e .
i : oot
BB b i e J
0.008
04f- - —
= =
=3 5 006
02t s
0.004
0002 I
a4 i i i i i i i g i . i i \
0 50 100 150 200 250 300 350 40 50 100 150 200 250 300
Wus) f(kHz)
T T T T T T : 1 . : : : . : :
: 1 Modified decorvolution method ‘ : Modified deconvolution and limit coeficients methads
06k ]
| i i i . i i 04 i i i i ; i i
0 50 100 150 200 250 300 350 400 a0 100 180 200 250 300 350 400
tus) t{us)
c) Q = 65.8665 d) Q =63.213

Fig. 5. Measured arbitrary acoustic signals y(t) and the calculated value Q using different x(t) calculation
algorithms when ratio of h(w) minimal and average values are in the range of 60 dB: a) generated arbitrary
signal y(t) using deconvolution method and its y(w), b) generated arbitrary signal y(t) using
deconvolution and limit coefficient methods and its spectrum y(w), ¢) generated arbitrary
signal y(t) using modified deconvolution method, d) generated arbitrary signal y(t)
using modified deconvolution and limit coefficient methods

u(v)

Time reversal method

01

0.09
0.08
007
006l

= oos

5
0.04
0.03

0.02

100

300

350

f(kHz)

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2015, VOLUME 17, ISSUE 7. ISSN 1392-8716

0 50 150 250 400
t{us)
a) Q =21.8048
12
Tirme r | and
, lmi cofiicion methads i
08 0.025
06 0.02
0.4 . =
= 0015
0.2+
001
o
i3 0.008
0.4 . l
0 50 100 150 200 250 300 350 400
tus)
b) Q =42.1036

f(kiHz)



1818. EVALUATION OF ARBITRARY WAVEFORM ACOUSTIC SIGNAL GENERATION TECHNIQUES IN DISPERSIVE WAVEGUIDES.
V. AUGUTIS, D. GAILIUS, E. VASTAKAS, P. KuzAs

0z 1

Deconvolution method Decorvolution and

FIY=] P FHRTTUTURIOTS OO . T d : limit cosficient methods

as
04

03 : ] 0 b

EBEIRE

o1

02 i i i i H i i 04 i i i i H i i
0 Ell 100 180 200 250 am 350 400 0 =0 100 180 200 250 300 350 400
{us) tus)
) Q =71.1868 d) Q =70.622
1 T 1 T
Wodified decanvolution method : : ____ Modified decorvolution
and limit coefiicient methods
o8l 08 - s
06 o0&
0.4 i 04 1
= =
=) =
0.2

i i H L i i L i i L H L i
o 50 100 180 200 250 300 350 400 o 50 100 150 200 260 300 350 400

f{us) tus)
e) Q = 68.2096 f) Q = 86.2757

Fig. 6. Measured arbitrary acoustic signals y(t) and the calculated value Q using different x(t) calculation
algorithms, when ratio of h(w) minimal and average values is smaller than 20 dB, a) generated arbitrary
signal y(t) using time reversal method and its spectrum y(w), b) generated arbitrary signal y(t) using time
reversal and limit coefficient methods and its spectrum y(w) c) generated arbitrary signal y(t) using
deconvolution method, d) generated arbitrary signal y(t) using deconvolution and limit coefficient
methods, e) generated arbitrary signal y(t) using modified deconvolution method, f) generated arbitrary
signal y(t) using modified deconvolution and limit coefficient methods

Since the squared function signal y(t) was generated on the 24 mm diameter and 600 mm
length steel bar waveguide using modified deconvolution and limit coefficients method. The
measurements were performed using the interferometer and are presented in Fig. 7.

6. Conclusions

Disadvantages of the time reversal method (Fig. 6) were proven by the research results. This
method generates a high noise levels compared to deconvolution methods, as proven by the values
of the parameter Q and measurement results, and has a limited signal waveform manipulation
possibilities.

The possible arbitrary acoustic signal y(t) waveforms are influenced by the transfer function
H (w) bandwidth. The usable bandwidth of H (jw) can be evaluated using the proposed parameter
Zmin in Eq. (6) and Eq. (7).

The advantages of the proposed deconvolution method and the limit coefficients method can
be seen when the ratio between H (jw) average and mean values reached 60 dB. Otherwise, when
the ratio did not exceed 20 dB, the results obtained with the deconvolution-based methods yielded
similar results.
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