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Coded Waveform Excitation for High-Resolution
Ultrasonic Guided Wave Response
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Cem Selcuk, and Tat-Hean Gan

Abstract—Ultrasonic guided wave-based nondestructive
testing systems are widely used in various fields of indus-
try where the structural integrity of components is of vital
importance. Signal interpretation in these systems might
become challenging due to multimodal and dispersive
response of the interrogated structure. These phenom-
ena degrade the signal-to-noise ratio and also lower the
spatial/temporal resolution. This paper compares the use
of Maximal Length Sequences and linear chirp excitation
signals to develop a novel signal processing technique
using dispersion compensation and cross-correlation. The
technique is applied to both simulated and experimental
multimodal signals from an aluminium rod for performance
assessment. It is quantitatively validated that the tech-
nique noticeably improves the signal-to-noise ratio of the
guided wave response and is able to acquire an accurate
time of flight of the individual wave modes, and hence,
the propagation distance. The technique is compared for
both linear chirp and maximal length sequences excitation
signals. Noise analysis for these excitation signals is also
presented.

Index Terms—Broadband chirp, cross-correlation,
dispersion compensation, maximal length sequences
(MLSs), pulse compression (PuC), ultrasonic guided waves
(UGWs).

I. INTRODUCTION

O PERATIONAL and environmental factors affecting vari-
ous components used in industry might eventually lead

to degradation of the structural health of these components
and could also raise health and safety concerns. Ultrasonic
guided wave (UGW) testing, owing to its inherent long range
coverage capabilities, emerged in the last decades as a popu-
lar nondestructive testing (NDT) technique to assess structural
integrity of various components, generally for corrosion and
flaws. In light of well-established theoretical advances and its
swift adoption to industry, UGW has been popular for the
inspection of structures such as pipes, plates, and rods, and
more recently, for more complex structures such as cables and
rails [1].
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Although advances in hardware development and signal pro-
cessing algorithms have paved the way for a better defect
localization and characterization, various limitations still exist.
Due to material and geometry dependent attenuation, inspection
range is limited and less robust to noise. In addition to attenua-
tion, several wave modes may exist depending on the material
and geometry of the structure and the frequency contents of
the wave. These wave modes generally experience dispersion,
which leads to broadening of the pulses and thus degradation
of the spatial resolution and localization of defects. In order
to combat aforementioned problems, various signal processing
algorithms have been proposed.

The autocorrelation properties of certain coded waveforms
have been exploited for compressing the pulses. This tech-
nique, often referred to as pulse compression (PuC), has been
adopted for applications such as material characterization [2].
In the NDT context, PuC is commonly used in air-coupled test-
ing, since the high acoustic impedance mismatch between air
and the transducers can lead to reduced signal-to-noise ratio
(SNR) for this technique. Luo et al. used Golay codes to inspect
aluminum plates [3], Senni et al. used chirp to inspect large
forgings [4], and Zhang et al. used chirp signals to inspect steel
pipes [5]. Other studies combined other techniques with PuC
for further improvement; Zhou et al. combined wavelet trans-
form and Barker codes to perform PuC [6] and Ricci et al.
used chirp combined with �1-norm total variation deconvolu-
tion [7]. However, PuC performance is still limited in dispersive
regions due to pulse broadening; hence there is a need for
further advances to combat pulse broadening.

Dispersion compensation techniques, due to their capabil-
ity of compressing (i.e., un-dispersing) dispersed signals, have
been widely adopted for UGW-based NDT applications. Sicard
et al. and Wilcox reported their pioneering methods to com-
pensate for the effects of dispersion for UGW signals in [8] and
[9]. Yamasaki et al. compared experimental and simulated time-
reversed square pulses for dispersion compensation [10]. Even
though SNR improvement is reported, no propagation distance-
related information in a multimodal response are presented. Lin
and Zeng proposed a chirp-based dispersion precompensation
technique using a priori knowledge of propagation distance
[11]. It is shown that the excitation signal can be tailored to
achieve a good resolution to extract accurate time of flight
(ToF). However, whenever multimodal responses are taken into
account, the technique is not successful in extracting accurate
ToF. Moreover, the technique is not automated, which makes it
prone to human errors. Xu et al. used dispersion compensation
in multimodal cases to estimate plate thickness, which can also
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be used for propagation distance estimation [12]. Xu et al. also
presented a wideband dispersion reversal (WDR) technique to
self-compensate fundamental wave modes in a steel plate [13].
It is shown that the simulated WDR signals can effectively
create single wave mode packets, which in turn identifies the
modes effectively and also makes signal interpretation easier.
However, WDR technique requires a priori knowledge on the
propagation distance in this paper, though it has the poten-
tial to work without the need of propagation distance, as it is
capable of thickness evaluation [14]. Several studies have com-
bined PuC with dispersion compensation for further SNR and
localization improvement. Toiyama and Hayashi used PuC with
dispersion compensation using chirp waveforms [15]. However,
no quantitative SNR improvement was presented in this paper
and the technique was applied to single wave mode scenar-
ios. Marchi et al. used PuC with warped frequency transform
(WFT)-based dispersion compensation technique to enhance
the localization of a steel cylindrical mass (a simulated defect)
in an aluminium square plate [16]. However, the technique
requires wavelength filtering to effectively reduce the effect of
multimodal propagation. In one of the latest studies, Marchi
et al. extended WFT-based dispersion compensation to irreg-
ular wave guides and combined it with PuC [17]. However,
no experimental validation was presented and triangular pulse
excitation was used.

This paper utilizes Maximal Length Sequence (MLS) sig-
nals to produce a brute-force search-based automated technique
using dispersion compensation and cross-correlation to locate
defects. The short-time Fourier transform (STFT) is used to
obtain spectrograms for time-frequency visualization of the
signal. This is one of several time–frequency representations
(TFR), such as Wigner–Ville [18], which could have been used.
The performance of the technique using MLS is assessed and
compared with a linear broadband chirp. It is shown that such
a combination with cross-correlation can improve SNR and
facilitate the accurate extraction of ToF, thus the propagation
distance, even in complex multimodal scenarios.

This paper is organized as follows. The theoretical back-
ground is given in Section II and the proposed technique is
described in Section III. First, the technique is applied to
synthesized MLS and chirp waveforms in Section IV and
then to experimentally acquired MLS and chirp waveforms
in Section V. The noise performance of the technique is also
presented in Section V.

II. THEORETICAL BACKGROUND

A. Pulse Compression

PuC techniques have been developed for applications such
as electromagnetic (EM) radar systems, to strike a balance
between detection of close reflectors, coverage range, and hard-
ware output power; and also to acquire the impulse response of
a system [19]. For the proper exploitation of the technique, a
signal with a good autocorrelation function ccf(x(t), x(t)) ∼=
δ(t) is required. Signals with satisfactory autocorrelation prop-
erties that have been commonly used are chirped sinusoids
or pseudorandom binary sequences. Barker codes, MLS, Gold
codes, Golay codes, Chaos sequence, and Legendre sequence

are examples of pseudorandom binary sequences used in [20].
In this paper, MLS and linear chirp signals are used and thus
explained in the following parts.

B. Maximal Length Sequences

MLS are generated using linear feedback shift registers
(LFSRs) with N-delay taps, resulting in a sequence of length
L = 2N − 1. The autocorrelation function of a L-length MLS,
an important feature exploited in this paper, is given as

ccfa,a(t) =

{
1, lag = 0

1/L, lag �= 0.
(1)

It has a δ-function like autocorrelation function and has a
flat spectral density with a near-zero dc component. More
information about MLS can be found in [21].

C. Chirp

Chirped sinusoids are broadband signals, which can be
created and tailored according to the frequency components
desired in the signal. Chirp signals might have positive or neg-
ative chirp rates, i.e., the instantaneous frequency increases or
decreases with time, and moreover, it could have linear or non-
linear trajectories. Since linear chirp signals are used in this
study, a generic linear chirp equation is given as

x(t) = sin
(
θ0 + 2π

[
f0 +

a

2
t
]
t
)

(2)

where θ0 is the initial phase, f0 is the starting frequency, and a
is the chirp rate, which is given as

a =
f1 − f0

t1
(3)

where f1 is the final frequency of the chirp and t1 is the
corresponding time of the final frequency. The instantaneous
frequency f(t) may be calculated from the rate of change of
the phase of (2) giving

f(t) =
1

2π

∂

∂ t

(
θ0 + 2π

[
f0 t+

a

2
t2
])

= f0 + a t. (4)

D. Dispersion Compensation

Dispersive wave modes spread out over time and space
during propagation, which lowers the spatial resolution and
complicates the signal interpretation accordingly. Dispersion
compensation techniques [8], [9] have been used to un-disperse
the dispersed signals to combat spatial resolution degradation.
The algorithm used in this paper is originally published in [9],
and it makes use of a priori knowledge of the dispersion curve
of a UGW mode and maps signals from time domain to spatial
domain and thus reverses the dispersion process.

It is assumed that the transducer is ideal and only excites the
desired wave modes at the given location. The received signal
x̃(t) at a given propagation distance d may be modelled [9] as

x̃(t) =
∑
j

∫ +∞

−∞
Aj(ω) F (ω) ei (−k(ω) d+ω t) dω (5)
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where Aj(ω) is the reflection coefficient of each reflector
(assumed frequency independent and constant throughout this
paper), F (ω) is the Fourier transform of the input signal f(t)
excited at d = 0, ω is the angular frequency, and k(ω) is the
wavenumber defined as

k(ω) =
ω

V ph
(6)

where V ph is the phase velocity of the wave. The effect of dis-
persion can be eliminated by choosing a centre frequency for
dispersion compensation fc and then adjusting the other fre-
quency components to centralize all frequency components at
time τ = d/V gr(fc), where V gr is the group velocity of the
wave. Waveform h(t), which is dispersion compensated for
distance d, can then be written as

h(t) =

∫ +∞

−∞
G(ω) ei (k(ω) d+ω (t−τ)) dω (7)

where G(ω) is the Fourier transform of the received signal x̃(t).
Once the compensated signal is acquired, the acquired time
trace can be converted to distance domain using

d = V gr(fc) t (8)

where V gr(fc) is the group velocity for a single central fre-
quency fc. In this work, this fc was chosen to be the frequency
component of the signal with highest amplitude, which was the
technique used by Wilcox [9]. While this is an obvious choice
for narrow band signals, it is less so for broadband signals and
can potentially be a source of error.

III. PROPOSED TECHNIQUE

A dispersed signal can be compensated for the degrading
effects of dispersion using (7). Although it would have better
SNR and localization compared to its raw version, in more com-
plex scenarios, signal interpretation could still be difficult. In
such cases, PuC technique can be used to further improve SNR
and localization.

A dispersion compensated signal, denoted by x̃(t), would
have good cross-correlation with x(t); the signal excited
from the transducer. Maximum value of their cross-correlation
max( ccf(x̃(t), x(t))) would provide the accurate location of
the defect echo.

A technique is presented in this paper, which combines PuC
with dispersion compensation in an iterative manner. The dis-
persed signal x̃(t) is compensated for the dispersion that a
single wave mode would experience for a propagation distance
d(n). This dispersion compensated version of the received sig-
nal hd(n)(t) is then cross-correlated with the excitation signal.
The maximum value cd(n) of the cross-correlation output is
obtained. This process is repeated for a range of propaga-
tion distances d = [d(1), . . . , d(n), . . . , d(N)]. The output of
this iterative process is an array of maximum cross-correlation
values c = [cd(1), . . . , cd(n), . . . , cd(N)], where each value cor-
responds to a different propagation distance. Echoes from
defects ideally should show up as peaks in these maximum
cross-correlation values. Such an iterative analysis would also

remove the need for a priori knowledge on the propagation dis-
tance for accurate dispersion compensation. It must be noted
that although the dispersion compensation is performed for a
single wave mode, propagation distance would still be extracted
successfully for multimodal cases. This is due to the fact that
the other wave mode (not dispersion compensated) would either
be under compensated or over compensated, since the existing
wave modes are unlikely to have the exact dispersion curve.
This under compensation or over compensation would lead to
degraded results for that specific propagation distance (which is
not the correct propagation distance), thus eliminating the need
for multiple mode compensation at the same time.

A. Noise Performance Analysis of the Proposed
Technique

The effect of noise on the proposed technique for experi-
mental signals were analyzed using the introduction of additive
white Gaussian noise (AWGN) of different levels (−20 to
20 dB, with 5 dB steps). SNR values throughout the paper were
calculated as follows:

SNR = 20 log10

( |Pe|
σx(t)

)
(9)

where Pe is the echo’s peak amplitude and σ is the standard
deviation of x(t), the signal under consideration [22]. The noise
addition procedure has been repeated 100 times for each noise
level and proposed technique is then applied on noisy sig-
nals. In the noise-analysis section, which is performed only for
experimental signals, only flexural-based compensation is con-
sidered. Extracted propagation distance values are divided into
four categories and defined as follows.

Let d be the extracted propagation distance with additive
noise for chirp and MLS and dx be the extracted propagation
distances to be used as references (without the added noise)
for chirp and MLS. The noisy signal classification is then
performed using four classes: 1) class 1 (d = dx ± 0.05 m);
2) class 2 (d = dx ± 0.5 m); 3) class 3 (d = dx ± 1 m); and
4) class 4 (d < dx − 1 m or d > dx + 1 m). Results of this
noisy signal detection classification are presented in Tables III
and IV.

IV. SIGNAL SYNTHESIS

The proposed technique was first analyzed with simulated
signals using chirp and MLS excitation signals. The chirp signal
(500 samples) was created using (2) with fo = 10 kHz, f1 =
125 kHz, and t1 = 0.5 ms, and a sampling rate of 1 MHz. The
MLS excitation signal (127 samples) was sampled at 250 kHz,
which results in a signal that has time-invariant broadband
frequency components up to 125 kHz (Nyquist rate).

Dispersion simulations were performed for an aluminium
cylindrical solid rod with a diameter of 8 mm for the funda-
mental flexural and longitudinal wave modes. Group velocity
dispersion curves for this rod were obtained using Disperse,1

see Fig. 1. The excitation signals were artificially dispersed

1[Online]. Available: http://www3.imperial.ac.uk/nde/products.



260 IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 12, NO. 1, FEBRUARY 2016

Fig. 1. Group velocity (V gr) dispersion curves of an aluminium rod of
8 mm diameter. All existing modes (except fundamental torsional mode)
up to 300 kHz are shown and indicated in the plot.

Fig. 2. STFT representations of simulated multimodal signals for (a) lin-
ear chirp and (c) MLS. The theoretical arrival times are overlaid for
the fundamental flexural (black solid lines) and longitudinal (white solid
lines) wave modes. Propagation distances for these two wave modes
were 4.3 and 8.6 m, respectively. The dispersion compensated versions
of the signals are plotted for (b) chirp and (d) MLS, where the compen-
sation is performed for the flexural wave mode and for a propagation
distance of 4.3 m. The center frequency for dispersion compensation
was 48 kHz.

for the flexural wave mode, assuming a propagation distance
of 4.3 m (first echo from the end of the rod). The same pro-
cess was performed for the longitudinal wave mode, assuming
a propagation distance of 8.6 m (second echo). These two dis-
persed signal were then summed. It can be seen that this case
results in these two wave modes being superposed, as opposed
to simpler cases such as two wave modes being dispersed for
the same propagation distance, where two reflections will not
be superposed. Mode and frequency dependent attenuation was
ignored.

A. Flexural Mode Compensation

Dispersion compensation was first performed on the flexural
wave mode, assuming a propagation distance of 4.3 m. Fig. 2(a)

Fig. 3. Plots show the windowed time-domain representations of sim-
ulated (a) chirp signal, (b) dispersion-compensated chirp signal, where
the compensation has been performed for the flexural wave mode echo,
which has propagated a distance of 4.3 m, and (c) cross-correlation
between excitation and dispersion compensated chirp signal. The cor-
responding dispersion compensated and cross-correlatated signals for
the longitudinal mode echoes are shown in (d) and (e).

and (c) shows the STFT representations of dispersed signals
for chirp and MLS excitations, respectively. Plots shown in
Fig. 2(b) and (d) shows the dispersion compensated (for 4.3 m)
time traces for chirp and MLS excitations. It is evident that the
first wave packets (the flexural wave mode) are compensated
for dispersion (since they are the same with the transmit signal
spectrogram), whereas the second wave packets (the longitudi-
nal wave modes) are further dispersed, since two wave modes
have different dispersion curves. Fig. 3 (a)–(c) shows time
domain plots of the dispersed signal, compensated signal (for
the flexural wave mode and the correct propagation distance)
and the cross-correlation of the excitation and compensated sig-
nals for chirp excitation. Refer to [23] for corresponding plots
for MLS excitation. As can be seen in previously mentioned
figure, multimodal time traces are successfully compressed.

The iterative search technique was applied on the above-
mentioned signals for a range of distances between 0 and 10 m
with a step size of 1 cm. Although the interference of the lon-
gitudinal wave mode resulted in higher cross-correlation values
for incorrect distances, the iterative technique still managed to
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Fig. 4. Plot shows the results of the iterative technique for the signal
synthesis; maximum cross-correlation trace, as a function of distance,
of chirp (red) and MLS (blue) signals (compensation performed on flex-
ural). Longitudinal-based compensation results are shown in black and
green lines (chirp and MLS). All cases managed to extract the exact
propagation distance. Results are obtained by applying the iterative
technique with 0.01-m distance resolution.

TABLE I
SIMULATION SNR VALUES FOR CHIRP AND MLS EXCITATION
SIGNALS. “RAW" COLUMNS ARE THE SNR VALUES OF RAW
SIGNALS, THE “RESULT" COLUMNS ARE RESULTING SNRS

OF DISPERSION COMPENSATED AND THEN
COMPRESSED PULSES

extract the exact propagation distances both for chirp and MLS
signals. Results are shown in Fig. 4.

Quantification of the SNR improvement for signals can be
seen in Table I. The SNR improvement for the MLS signal
is approximately the same as the chirp’s SNR improvement
(which are 11 and 11.7 dB, respectively). Chirp is fairly self
compensated for dispersion and it has a higher peak in the first
wave packet (which corresponds to flexural wave mode).

SNR improvements for both signals are approximately the
same and satisfactory.

B. Longitudinal Mode Compensation

The simulation of dispersion compensation and cross-
correlation was implemented with compensation for the lon-
gitudinal wave mode and an assumed propagation distance of
8.6 m. Other parameters and signals were the same as for
Section IV-A. Fig. 3(a) shows the simulated dispersed signals
for chirp. The dispersion compensated signal for the longitu-
dinal mode and cross-correlation are shown in Fig. 3(d) and
(e). Refer to [23] for corresponding plots for MLS. It can be
seen that the compensated signals are similar to dispersed sig-
nals. This can be explained by the fact that longitudinal wave
mode is not dispersed much, even for a propagation distance of

Fig. 5. Representative diagram for the experimental setup.

8.6 m. The compensated chirp shows a relatively distinct peak
compared to compensated MLS, which is nearly the same as its
raw (dispersed) version. Following the dispersion compensa-
tion, when signals are compressed, distinct peaks are observed
for both chirp and MLS signals. In addition to the localization-
wise improvement, SNR improvements are also clear for both
signals. Approximately 7 and 6 dB increase in SNR values are
observed for chirp and MLS, respectively. These results follow
the trend seen in Section IV-A, where SNR improvements for
both signals are similar.

The iterative search technique is applied on the above-
mentioned signals for a range of distances between 0 and 10 m
with a step size of 1 cm. Extracted propagation distances for
longitudinal-based compensation are expected to be worse than
flexural-based compensation due to the former’s nondisper-
sive nature (which leads to high cross-correlation values for
all distances the technique is applied for), yet MLS and the
chirp signal managed to extract the exact propagation distances.
Results are shown in Fig. 4.

V. EXPERIMENTATION

A. Experimental Setup

The iterative technique is assessed through experimentation
on a 2.15-m long aluminium cylindrical rod of 8 mm diame-
ter (same structure that is modelled in Section IV). The same
dispersion curves shown in Fig. 1 are used in this section.

A single shear-mode lead zirconium titanate (PZT) trans-
ducer was attached to one end of the rod with a clamp (con-
figured to exert uniform force on the transducer) in pulse echo
configuration. These transducers have been reported to have
a sufficiently flat frequency response in the desired frequency
spectrum [24]. A Teletest2 unit was used to drive the transducer.
The analogue input sampling rate was set to 1 MHz. Power gain
levels were fixed to 10 dB. No averaging was performed on
received signals. The received signals were then transferred to
a PC for analysis in MATLAB. A representative diagram of the
experimental setup is shown in Fig. 5.

The signals (both received and excited), before being fed to
the iterative technique, were normalized via �2-normalization
to make sure both signals are comparable in terms of power.
The excitation signals were a 250-sample positive linear chirp
sampled at 1 MHz that has frequency components between 10
and 125 kHz and a 63-sample MLS sampled at 250 kHz. The
durations of the MLS and chirp excitation signals were thus
approximately the same (0.26 and 0.25 ms, respectively). The

2[Online]. Available: http://www.teletestfocus.com/teletest-focus-plus/.
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Fig. 6. Chirp excitation signal and its auto correlation are shown in plots
(a) and (b), respectively. The corresponding plots for MLS are shown in
(c) and (d), respectively.

excitation signals can be affected by the transfer function of the
hardware and the transducers. As this has the potential to influ-
ence the effectiveness of the cross-correlation technique, the
output signal generated by the Teletest unit, with a transducer
as a load, was measured using an oscilloscope, see Fig. 6(a)
and (c). These signals were used in this work with experimental
data for obtaining propagation distances.

B. Experimental Results

The received signals are windowed to obtain a certain part
of the signal that contains only two echoes (first echo of flex-
ural and second echo of longitudinal), see Fig. 7(a) and (c). It
must be noted that the wave modes arising from the chirp and
MLS excitation are superposed in the frequency region of 20–
65 kHz and 20–80 kHz, respectively [Figs. 7(a) and (c)]. The
transmit waveforms for both chirp and MLS had been designed
to have frequency components up to 125 kHz. Therefore, the
received signals were filtered to remove the frequency com-
ponents beyond the frequency region of interest. This was
achieved using a square low-pass window function. Due to
the coupling of the transducer, the fundamental torsional wave
mode is not excited. Equation (8) was used to convert the time
trace to distance using a central frequency fc of 48 kHz. This
corresponds to the highest amplitude frequency component in
the signal.

C. Flexural Mode Compensation

The dispersed, compensated (for the flexural wave mode and
a propagation distance of 4.3 m), and compressed signals are
shown in Fig. 8 for the chirp signal. Readers are referred to [23]
for the corresponding plots of MLS. The chirp signal exhibits a
temporally spread behavior and the wave modes can not be dis-
tinguished from each other. After the dispersion compensation

Fig. 7. Time windowed measured signals’ spectrograms with funda-
mental flexural (black solid lines) and longitudinal (white solid lines) V gr
dispersion curve overlaid. Shown plots are (a) linear chirp, (b) dispersion
compensated linear chirp, (c) MLS, and (d) dispersion compensated
MLS. Two wave modes shown in (a) and (c) are the first echo of the
fundamental flexural mode and the second echo of the fundamental lon-
gitudinal mode. Dispersion compensation is based on the flexural wave
mode and it is performed for a propagation distance of 4.3 m. Center
frequency for dispersion compensation is 48 kHz.

and cross-correlation, as shown in Fig. 8(b) and (c), chirp signal
has a clearly better SNR value based on the flexural wave mode.
Sharp peaks also show a pronounced improvement in localiza-
tion of structural discontinuities. The SNR improvement for
MLS and chirp are reported as 4.8 and 11 dB, respectively.
SNR improvement for the experimental signals are also shown
in Table II.

The iterative search for the cross-correlation maximum is
performed for ranges between 0 and 10 m with a step size
of 0.01 m. The multimodal nature of the signals (especially
the longitudinal wave mode as it has low dispersion) and the
effects of hardware/transducer imperfections lead to high cross-
correlation values in short distances, as shown in Fig. 9. To
overcome this, one can look at the maximum cross-correlation
of the wave mode of interest rather than the entire signal.
This, however, would require accurate spatial/temporal sepa-
ration of two modes, which may not be feasible in scenarios
where modes are heavily superposed. A simple peak detection
algorithm based on the prominence characteristics of the peaks
is derived to address this issue. As observed in Fig. 9, peak
values that have a rather uniform drop off on both sides of
the peaks indicate the actual propagation distance. Therefore,
to distinguish actual peaks from the oscillatory peaks in the
first 1 m, above-mentioned characteristics of the actual peaks
is exploited, and accurate results are obtained; 4.29 m for MLS
and 4.39 m for chirp, which yields 0.01 m error for MLS and
0.09 m error for chirp. It must also be noted that results are
within 0.01-m confidence level due to step size of distance
(0.01 m).
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Fig. 8. Example plots show the windowed time domain representa-
tions of (a) measured chirp signal, (b) dispersion compensated chirp
signal, where the compensation has been performed for the flexu-
ral wave mode echo which has propagated a distance of 4.3 m,
and (c) cross-correlation between excitation and dispersion compen-
sated chirp signal. Plot (d)–(e) shows the corresponding signals for the
longitudinal dispersion compensation.

TABLE II
SNR VALUES FOR CHIRP AND MLS EXCITATION SIGNALS. “RAW"
COLUMNS ARE THE SNR VALUES OF RAW SIGNALS, THE “RESULT"
COLUMNS ARE RESULTING SNRS OF DISPERSION COMPENSATED

AND THEN COMPRESSED PULSES

D. Longitudinal Mode Compensation

The iterative technique is also implemented for dispersion
compensation of the longitudinal mode and a propagation dis-
tance of 8.6 m. Examples of the dispersed, longitudinal mode
dispersion compensated, and the cross-correlation of the trans-
mit and dispersion compensated signal can be seen in Fig. 8 (a),
(d), and (e), respectively. Refer to [23] for corresponding plots
for MLS. It can be seen that the dispersed raw signal is approx-
imately the same with the longitudinal dispersion compensated
signal since the longitudinal mode experiences low dispersion.

Fig. 9. Plot shows the results of the iterative technique for the windowed
data; maximum cross-correlation trace, as a function of distance, of
chirp (red) and MLS (blue) signals (compensation performed on flex-
ural). Longitudinal-based compensation results are shown in black and
green lines (chirp and MLS). The iterative technique failed to extract the
correct propagation distance (8.6 m for longitudinal) in the case of lon-
gitudinal compensation. Results are obtained by applying the iterative
technique with 0.01-m distance resolution.

After dispersion compensation and PuC, both chirp and MLS
show distinct peaks for the second wave packet (the longi-
tudinal mode). SNR values for this section can be found in
Table II.

Similar to previous results, MLS had a lower SNR improve-
ment compared to chirp (5.5 and 7.5 dB, respectively). The
SNR improvement for MLS for flexural and longitudinal modes
are close. However, the SNR improvement for chirp for flexu-
ral and longitudinal modes are not that similar. It can, therefore,
be said that the iterative technique based on longitudinal-based
compensation offers a good SNR improvement for both signals,
albeit slightly worse than flexural-based compensation.

The iterative technique had worked well for the flexural mode
in terms of detecting the location of defects. However, it did
not perform well in extracting the propagation distance for
the longitudinal mode for MLS and chirp signals used. The
traces shown in Fig. 9 have low variance and the peaks of
these traces are different from the expected value of 8.6 m. The
rather low variance of the traces is due to the inherent mini-
mal dispersion that the longitudinal mode undergoes. Although
the peak values of the longitudinal-based compensation trace
should give close values to the correct propagation distance
nonetheless (as observed in the longitudinal-based simulation
section), the sensitivity to the noise as well as the frequency
response of the medium indicate the iterative technique fails to
extract the correct propagation distance for longitudinal-based
compensation.

E. Noise Performance

Detection performance of chirp and MLS vary under dif-
ferent noise levels. As expected, in high-noise levels such as
−20 dB, the percentage of the accurate results (Class 1 in
Tables III and IV) obtained is really low. As the noise power
decreases, number of accurate detections both for chirp and
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TABLE III
DETECTION RATES (OUT OF 100 REPETITIONS) OF THE TECHNIQUE

(FOR FLEXURAL MODE COMPENSATION) USING EXPERIMENTAL
SIGNALS WITH VARIOUS NOISE LEVELS (−20 TO 20 dB) FOR

MLS EXCITATION. EACH COLUMN REPRESENTS A NOISE
POWER AND EACH ROW REPRESENTS A DIFFERENT

CLASSIFICATION. CLASS DEFINITIONS ARE
EXPLAINED IN IN SECTION III-A

TABLE IV
DETECTION RATES (OUT OF 100 REPETITIONS) OF THE TECHNIQUE

(FOR FLEXURAL MODE COMPENSATION) USING EXPERIMENTAL
SIGNALS WITH VARIOUS NOISE LEVELS (−20 TO 20 dB) FOR

CHIRP EXCITATION. EACH COLUMN REPRESENTS A NOISE
POWER AND EACH ROW REPRESENTS A DIFFERENT

CLASSIFICATION. CLASS DEFINITIONS ARE
EXPLAINED IN SECTION III-A

MLS excitations increase. However, as can be seen in Tables III
and IV, chirp excitation has a better performance in terms of
number of accurate detections as the noise power decreases.
Under 0 dB noise, for instance, chirp has 52% accurate detec-
tion rate whereas MLS excitation has only 30%. However, both
MLS and chirp excitations have around 90% accurate detec-
tion rates as the noise power is lowered to 20 dB, which makes
them feasible for this technique. It must be also noted that,
as explained in the noisy signal classification, extracted prop-
agation distance for the chirp signal is already 0.08 m off
than MLS.

In this work, the excitation duration, time bandwidth (TB),
was relatively short. The experimental excitation durations
were about half that of the simulated signals. This may have had
an effect on the noise performance of the cross-correlation tech-
nique and may have introduced some mathematical noise, such
as an increase in cross-correlation sidelobes. It is possible that
this may have had a more detrimental effect for MLS excitation
than chirp in the presence of additive noise. In the future work,
excitation signals with different TBs should be investigated to
see what effect this has on the achieved accuracy.

F. Remarks and Recommendations

Fig. 9 showed that the flexural-based compensation had
minor errors whereas longitudinal-based compensation had
large errors. It must be emphasized that the frequency char-
acteristics of the transducers and the hardware are influential
factors for the iterative technique. The results indicate that this
technique is more suited for dispersive wave modes. Although
simulation results provided accurate propagation distances,
arbitrary noise coupled with hardware/sensor imperfections are
likely to have led to the above-mentioned errors in experimental
results.

Fig. 10. Plot showing cross-correlation of dispersed and undispersed
signals, where dispersion compensation was performed for the longitu-
dinal wave mode for chirp excitation.

The technique was also implemented with a lower distance
increment (0.0001 m). It was observed that the technique
produced the same peak values at close distances, which means
multiple maximum propagation distances were extracted. This
could be caused by the available resolution of the V gr disper-
sion curve data used for compensation. As the V gr dispersion
curve data had to be interpolated to cover a wide frequency
range for compensation, it is likely that this interpolation caused
minor errors in certain frequencies V gr values. Although not
visible up to certain distance increment, it was visible in
(0.1 mm) distance increment resolution. Therefore, the rela-
tively low resolution of V gr data can effectively be the reason
of failed propagation distance extraction for longitudinal mode
presented in Section V, since this mode goes through mini-
mal dispersion which might not be resolved properly by the
available V gr data.

VI. COMPARISON WITH CROSS-CORRELATION OF

DISPERSED AND UNDISPERSED SIGNALS

The longitudinal mode, in the frequency range of interest, has
relatively low dispersion. It, therefore, might be expected that
cross-correlation of the transmit signal with the dispersed signal
might be able to be used for distance estimation without the use
of dispersion compensation. Therefore, a comparison was made
of the propagation distances obtained using cross-correlation of
the transmit signal with both the dispersed signal and disper-
sion compensated signals, where compensation was performed
for the longitudinal wave mode. The dispersion compensation
was performed for the entire time trace, refer to reference [25]
for more detail. The resulting cross-correlated signals can be
seen in Fig. 10. The differences between the cross-correlated
peak times for dispersed and dispersion compensated signals
were small. These peak times were converted into propaga-
tion distances using (8) and a group velocity of 5094 m/s,
which corresponded to a central frequency fc of 48 kHz. For
chirp excitation, distances of 8.93 and 8.91 m were obtained
for, respectively, dispersed and dispersion compensated signals.
The corresponding distances for MLS excitation were 8.95 and
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8.91 m. These are higher than the actual propagation distances
of 8.6 m (four lengths of the rod). This error could be related to
the group velocity used, though more investigation is required.
This noniterative technique was tried for the dispersive flexural
wave mode but struggled to achieve accurate results.

VII. CONCLUSION

A novel iterative technique combining brute-force search-
based dispersion compensation and PuC was presented using
broadband MLS excitation. The technique iteratively searches
for the correct propagation distance using a priori knowl-
edge of the group velocity dispersion curve. Following a
thorough signal modelling and comparison between MLS and
linear broadband chirp waveforms, experimental performance
of MLS was assessed and compared with linear broadband
chirp. Measurements were made on a 2.15-m long solid alu-
minium rod using pulse echo configuration. It is observed that
despite the heavily superposed wave modes and measurement
noise, the iterative technique extracted an accurate propagation
distance for MLS with 1 cm error, which was superior to chirp
with 9 cm error, for the highly dispersive flexural wave mode.

A significant SNR improvement, slightly better for chirp
compared to MLS, was achieved for both excitation wave-
forms (Table II). The iterative technique was assessed for
SNR improvement and propagation distance extraction using
various wave modes both experimentally and through signal
synthesis (dispersive fundamental flexural and nondispersive
fundamental longitudinal). Experimental results indicate that
although SNR improvement can be achieved both for disper-
sive or nondispersive wave modes, the propagation distance
extraction is successful only for dispersive wave modes. Noise
analysis conducted for the dispersive wave mode shows that lin-
ear broadband chirp signal performs better than MLS in terms
of accurate extraction of propagation distance.

The iterative technique had worked well for the highly
dispersive flexural wave mode, but had not worked for the rela-
tively nondispersive longitudinal wave mode. Cross-correlation
was, therefore, also performed using a single cross-correlation
of the transmit signal with both dispersed and dispersion com-
pensated signals, where compensation was performed for the
longitudinal mode. The propagation distances obtained were
relatively similar for both dispersed and undispersed signals for
chirp and MLS. However, an overestimation in the propagation
distance of about 8–9 cm was obtained.

Overall, the findings of this paper indicate that the iterative
technique was successful for dispersive wave modes for MLS
and chirp excitation waveforms. However, for wave modes
which experience little dispersion, it was found that cross cor-
relation of the transmit and received signals was more suited
and that dispersion compensation may not increase the accu-
racy significantly. While these techniques have been used for
automated inspection of cylindrical structures, their use could
easily be extended for other types of structures.
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