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Wave Mode Discrimination of Coded Ultrasonic
Guided Waves Using Two-Dimensional Compressed
Pulse Analysis

Sergio Malo, Sina Fateri, Makis Livadas, Cristinel Mares, and Tat-Hean Gan

Abstract— Ultrasonic guided waves testing is a technique
successfully used in many industrial scenarios worldwide. For
many complex applications, the dispersive nature and multimode
behavior of the technique still poses a challenge for correct defect
detection capabilities. In order to improve the performance of
the guided waves, a 2-D compressed pulse analysis is presented
in this paper. This novel technique combines the use of pulse
compression and dispersion compensation in order to improve
the signal-to-noise ratio (SNR) and temporal-spatial resolution of
the signals. The ability of the technique to discriminate different
wave modes is also highlighted. In addition, an iterative algorithm
is developed to identify the wave modes of interest using adaptive
peak detection to enable automatic wave mode discrimination.
The employed algorithm is developed in order to pave the way
for further in situ applications. The performance of Barker-
coded and chirp waveforms is studied in a multimodal scenario
where longitudinal and flexural wave packets are superposed. The
technique is tested in both synthetic and experimental conditions.
The enhancements in SNR and temporal resolution are quantified
as well as their ability to accurately calculate the propagation
distance for different wave modes.

Index Terms— Barker-coded, dispersion compensation, pulse
compression (PuC), 2-D compressed analysis, wave mode dis-
crimination.

I. INTRODUCTION

URRENTLY, many industries require  new

nondestructive testing (NDT) and structural health
monitoring (SHM) solutions to provide information about
the integrity status of different structures. Ultrasonic guided
wave (UGW) is a worldwide NDT and SHM technique,
successfully employed in many different applications on
a wide range of structures [1]. Its ability to cover long
distances with relatively low attenuation gives it highly
promising features for many prospective new applications.
However, its multimode behavior and dispersive nature can
affect the signal’s integrity, making its analysis a challenging
task. The propagation of UGW commonly involves a
multimode scenario; multiple modes are normally excited
and/or originated by mode conversion. Some of these wave
modes at certain frequencies can be highly dispersive. As a
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result of dispersion, wave packets spread over time and
space, which can affect the signal-to-noise ratio (SNR),
inspection resolution, and complicate signal interpretation [2].
For this reason, dispersive regions of the dispersion curves
are commonly avoided for certain applications such as
pipe or rod inspections. Therefore, wave mode selection
and the frequency range employed could be confined to
nondispersive areas. In order to overcome these challenges
and improve the capabilities of the UGW technique, several
investigations are currently being carried out regarding the
transducer, electronic technology development, and digital
signal processing (DSP) methods.

Different DSP approaches have been used in order to
mitigate or remove the effect of the dispersive nature of the
guided waves [2]-[5]. Wilcox et al. [2] proposed a signal
processing technique that simulated the linear effect of dis-
persion as the waves propagated through the waveguide. In a
later investigation, they developed a dispersion compensation
technique that made use of a priori information about the
dispersion of the wave mode to compensate the wave packet
[3]. De Marchi et al. [5] proposed a different approach for the
compensation of the waves by using the warped frequency
transform (WFT) that produced a flexible sampling of the
time-frequency domain. The technique was successfully tested
on an aluminum irregular waveguide with different cross
sections. However, these dispersion compensation techniques
were not evaluated in a multimodal scenario.

As previously mentioned, the multimodal behavior of the
UGW complicates the analysis of the signals; for this reason,
different approaches have been used to achieve wave mode
discrimination [6]-[8]. Among them, some have used the
dispersion of the waves not only to restore the shape of the
waves and remove the effect of the dispersion, but also to
improve wave mode discrimination capabilities. Xu et al. [8]
utilized the dispersion of the different wave modes to develop
a method for wave mode separation. Dispersion compensation
was applied to compress the signals and remove any overlap
between the modes. Then, rectangular time windows were used
to separate each mode. Mode separation was achieved and
the technique was proven as a thickness estimation method.
However, this method required a priori knowledge of distance
propagation, in order to estimate the plate thickness. Following
this paper, Xu et al. [9] proposed a wideband dispersion
reversal (WDR) technique for pure wave mode compensation.
Naturally dispersive target modes were selectively excited and
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short pulses were obtained with the use of WDR. However,
the technique requires the target mode to be highly dispersive
for correct implementation, which could represent a limitation
in its application.

The main limitation of these techniques is that, even if
the full dispersion is removed, the inspection resolution relies
on the length of the excitation waveform. A Hann-windowed
tone burst is commonly employed where the resolution relies
on the selected number of cycles. In contrast, some authors
have studied alternative excitation waveforms by using pulse
compression (PuC) as a postprocessing technique. Different
approaches of the PuC technique have been used in the
field with promising results regarding SNR enhancements.
Gan et al. [10], [11] employed PuC technique using
a Hanning chirp signal as the excitation waveform.
Garcia-Rodriguez et al. [12] studied the application of Golay
codes by comparing the most suitable excitation bit length
and the frequency response of the transducers. Recently,
Zhou et al. [13] studied the use of PuC in combination with
wavelet filtering as a hybrid method applied to air-coupled
ultrasonic testing. Using a Barker code waveform as excitation,
a Wavelet transform thresholding was applied previously to
the matched filter. However, these previous investigations were
carried out under nondispersive scenarios, where the effect of
the dispersion on the performance of the PuC technique was
not considered.

Due to the effect of the dispersion on the wave shape,
especially for broadband excitations such as chirp waveforms,
a combination of dispersion compensation and PuC techniques
has been employed. Luo er al. [14] used Golay code PuC
in combination with dispersion compensation in order to
improve the inspection resolution but also to carry out mode
purification. However, the SNR and resolution enhancements
were not quantified as well as time of arrival (ToA) accuracy.
Lin et al. [15] studied different PuC excitation waveforms
in combination with a dispersion compensation method. The
frequency content of the different waveforms was studied
and adapted to the excitability of the transducer. The differ-
ences between the performances of the coded signals were
studied by comparing their main lobe width (MLW) and
sidelobe level (SLL). However, this analysis was done in an
ideal situation with no superposition between different wave
modes. No information about the accuracy of the method
detecting ToA of the different wave packet was produced.
Yucel et al. [16], [17] integrated both the aforementioned
techniques in a brute-force search algorithm, and then com-
pared the performance of maximal length sequence (MLS)
and chirp excitation waveforms in terms of ToA accuracy
and SNR enhancement. Their results proved the ability of the
method to detect accurate ToA for flexural wave modes in
multimodal and superposed scenarios. In contrast, significant
errors were found experimentally for the case of longitudi-
nal wave modes. The ability of the algorithm for accurate
ToA relies on the dispersive nature of the wave mode of
interest, which limits the method’s application. In addition,
this algorithm extracts the accurate ToA using a brute-force
search method, where a suitable distance range needs to be
predefined.

1093

In this paper, PuC and dispersion compensation techniques
are combined to perform wave mode discrimination and
enhance the SNR and the temporal-spatial resolution of the
signals. Barker-coded and chirp excitation waveforms are
proposed as an alternative to the conventional tone burst
waveforms. The effect of different dispersion compensations
(in terms of distance) on the cross correlation response of
the wave modes of concern is analyzed in two dimensions
of time and distance. The 2-D compressed analysis presented
allows the effects of the dispersion compensation on the cross-
correlated signals to be studied, not only on the wave mode of
concern, as in previous studies, but also on the other echoes
present in the signals that correspond to any other wave modes.
This information was used to design a novel adaptive peak
detection (APD) algorithm for wave mode identification in a
multimodal scenario. This iterative algorithm is mathemati-
cally efficient and allows the extraction of the wave packets
present in the signal with accurate ToA and high resolution,
as well as to which mode they correspond. This is done
without a predefined distance range on a superposed scenario.

This paper is organized as follows. The fundamentals of the
techniques are presented in Section II. The performance of the
methodology on synthetic signals is presented in Section III,
together with the iterative algorithm performance on the pre-
viously simulated signals. The experimental results, in order
to validate the method, are included in Section IV. Finally,
Section V includes the discussion and conclusions of this

paper.

II. BACKGROUND THEORY AND PROPOSED METHODS
A. Pulse Compression

PuC is a postprocessing method that has been employed
in many different applications such as radar [18] or diag-
nostic ultrasound [19], with the aim of increasing the exci-
tation power introduced by the waveform while keeping
the temporal-spatial resolution constant. For UGW testing
applications, PuC and the use of coded excitation waveforms
represent an alternative to the common use of windowed
tone burst where the temporal-spatial resolution relies on
the number of cycles employed. The autocorrelation prop-
erties of these coded waveforms are used to compress the
signals and improve the inspection resolution. Therefore,
an excitation signal with good autocorrelation properties is
required. Different waveforms have been previously employed
such as chirp [11], MLS [17], Golay codes [12], or Barker
codes [13], [15]. The achieved resolution is dependent on the
autocorrelation properties of the specific waveform employed.
The received signal is cross correlated using the excitation
waveform, denoted as the reference signal. The outcome of
this process will generate specific peaks for those matches
between the reference and the received signal. For this reason,
the technique’s resolution relies mainly on the cross corre-
lation properties of the excitation waveform and not on the
length of the signals. Consequently, the energy introduced
into the waveguide can be increased without compromising
the high-resolution of the technique if required [20]. Two
alternatives to the conventional Hann-windowed excitation are
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evaluated: Barker code and chirp excitations. Both waveforms
have been selected due to their post-processing simplicity
and the reported results of using these waveforms for UGW
applications [13], [15], [17]. To determine the autocorrelation
properties of the waveforms and the benefits of their use, two
factors are compared: the difference between the main and
side lobes of the autocorrelation function or the SLL and the
MLW.

1) Barker Code : Barker codes are a series of biphase
code sequences of different lengths with high autocorrelation
properties. With lengths from 2 to 13 bit, most authors have
focused on 11 and 13 bit lengths due to better autocorrelation
properties (Table I). Barker code SLL is defined by (1) where
M is the length of the sequence

SLL = 201log (1/M). (1)

Barker code sequences, instead of being transmitted directly,
are modulated to a base pulse sequence to adapt the signal to
the transducer’s frequency response [21]. A sinusoidal pulse
of 50-kHz cycle was used in this paper (Fig. 1). The phase
change corresponds to a change from 0° to 180° [13], [15].
Fig. 1 shows the autocorrelation properties and the frequency
content of six different Barker code excitation waveforms,
where the number of cycles per code bit varies from 1 to 3 for
two Barker code sequence lengths: 11 and 13 bit. SLL and
MLW were measured and are included in Table I. In order to
measure the MLW, a threshold was applied at a level of 0.3 as
was done in [15] [Fig. 1(a) and (¢)].

2) Chirp: Chirped sinusoids are frequency modulated sig-
nals with a broadband bandwidth. Their wide frequency
spectrum has been used as a means of studying the wave
propagation properties of the waveguide. The frequency modu-
lation of chirp signals provides them with good autocorrelation
properties, optimal for application in PuC technique [15], [17],
[22]. This paper employs linear chirped sinusoids, defined by

x(f)=sin (00+27r [ fo—i—@*ﬂ r) )
1

where O represents the initial phase, fo and f; are the starting
and final frequencies, respectively, where ¢ represents the time
instances and #; represents the time instance at which f} is
generated. In order to adapt the frequency response of the
transducer to the frequency bandwidth of the chirp excitation
signal, the following chirp was used: fy and f; are equal
to 20 and 125 kHz, and #; = 2 ms (Table II). This waveform
is represented in Fig. 2(a) while Fig. 2(b) and (c) shows
its autocorrelation function and the frequency content of the
signal. SLL. and MLW are also included in Table II.

B. Dispersion Compensation

The propagation of waves, which correspond to dispersive
wave modes, causes the wave packet to spread over time
and space, affecting the amplitude and inspection resolution
values of the signals [2]. Therefore, in the case of PuC,
the postprocessing matched filter between the received signal
and the reference waveform is affected by any change in the
shape of the signals. The dispersion of the signals affects the
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TABLE I
BARKER CODE SEQUENCE PARAMETERS

Code Code elements SLL MLW (us) for 1,2 and 3
length (M) (dB) cycles per bit
11 T 20.8 28, 58, 86
13 e 22.3 28, 58, 86
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Fig. 1. (a) Barker code waveform for M = 13. (b) Autocorrelation
functions of Barker code signals for M = 11. (c) Frequency content for
M = 11. (d) Autocorrelation functions of Barker code signals for M = 13.
(e) Frequency content for M = 13.

applicability of the PuC technique for dispersive scenarios;
this effect will be studied in Sections III and I'V. Dispersion
compensation was originally implemented in [3] and later
applied in combination with the PuC technique in [17]. The
received signal g;(¢) corresponding to the propagation of a
single wave mode for a specific propagation distance d can be
defined as

+o0
ga(0)= / A@)F (@) K@ g, 3)

where A(w) is the reflection coefficient, F(w) is the Fourier
transform of the excited signal f(¢) at d = O for an angular
frequency of . The wavenumber k(w) = w/Vpn, where
Vph is the phase velocity. In order to eliminate the effect
of the dispersion over a specific distance (d), the following
expression can be used:

nato = | ;OO

Gd(w)ei(k(w)d+w(t—r))dw 4)
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TABLE 11
CHIRP WAVEFORM PARAMETERS

Length(ms) Frequency range (kHz) SLL (dB) MLW (us)
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Fig. 2. (a) Linear chirp waveform. (b) Chirp autocorrelation function.

(c) Frequency content.

where G(w) is the FFT of the received signal; 7 refers to the
time compensation value 7 = d/ Vg where Vg is the group
velocity calculated for the center frequency (f.) of the input
signal. The selection of the center frequency, which in some
cases is trivial, such as Hann-windowed tone burst waveforms,
could be a source of error for wideband excitation signals like
chirp waveforms [3].

C. Proposed Technique and Implementation

The traditional approach for the implementation of PuC
and dispersion compensation methods is illustrated in Fig. 3.
It consists first of the dispersion compensation of the received
signal previous to the cross correlation with the reference
signal. With this technique, the specific propagation distance
traveled by the wave packet is necessary. Yucel ef al. [16]
implemented this as part of an exhaustive search algorithm that
compensated the signals for a range of propagation distance
values before the application of the cross correlation. Once the
signals were compensated for a specific distance and cross
correlated, the peak value of the signal was acquired. The
two principal limitations of this approach are that first, this
approach requires a predefined distance range for dispersion
compensation. Second, the wave packet corresponding to the
specific wave mode of interest is studied separately after
manual extraction from the received signal, therefore manual
intervention is required.

This paper presents an alternative iterative algorithm where
the specific wave mode of interest with its propagated distance
does not necessarily need to be predefined. Fig. 4 shows
the block diagram corresponding to the APD algorithm. The
principal difference of this algorithm relies on the fact that an
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Fig. 3. Block diagram for conventional dispersion compensation and PuC
implementation.

initial cross correlation between the received signal and the
reference is carried out before any dispersion compensation
as presented in Fig. 4(a). This is done in order to identify
the candidate wave packets in the signal. Then each of
these candidate wave packets is independently and separately
processed. The distance compensation values, necessary to
apply the dispersion compensation, are obtained by applying a
peak detection (PD) algorithm [Fig. 4(a) PD1]. The minimum
time increment between each candidate point is predefined as

tmin = MLW + 6 (5)

where ¢ corresponds to a small margin that was set to be
10% of the MLW. fy, therefore represents the minimum
resolvable distance between a pair of signals. The proposed
algorithm’s principal advantage is that it compares the effects
of the dispersion compensation in the cross-correlated results
as an iteration condition as presented in Fig. 4(b). Ideally,
the correct dispersion compensation fully restores the shape
of the signals to that of the original input signal. Therefore,
it improves the posterior cross correlation results between the
received signal and the reference signal. In the same manner,
the application of the incorrect dispersion compensation has
the opposite effect on the waves, producing the distortion
of the signals and therefore affecting the cross correlation
outcome. This incorrect dispersion could be due to either
over- or undercompensation of the signal. The use of the
dispersion curves corresponding to a different wave mode
other than the one originally propagated also has the same
effect on the waves [14]. Both scenarios are used by the
proposed APD algorithm to analyze first if the correct wave
mode dispersion curves are being used (dh, > dg;, Fig. 4)
and second, whether the result could be improved for a
more accurate ToA calculation (dhy > dh,, Fig. 4). These
conditions rely on the fact that if the correct wave mode
dispersion compensation is applied, the match between the
reference signal and the received echo is improved and, as a
consequence, the amplitude of the cross correlation response is
increased. Therefore, if the accuracy of distance value for the
compensation is improved, the amplitude is further increased.
These iterations continue until no further improvement is
obtained. The robustness of the proposed algorithm will be
studied in the following sections in the context of synthetic
analysis and experimental results.

III. SYNTHETIC ANALYSIS

The performance of the combined PuC and dispersion
compensation techniques is studied in single and multimodal
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the first echo of F(1,1) (d = 2.15x2 m). The SNR, resolution,
and localization accuracies obtained by both Barker code and
chirp excitation waveforms were compared in Table III. The
SNR, expressed in decibels, compares the peak value of the
target zone and the standard deviation of the signal in the
proximity of the analyzed echo [17], the resolution is defined
by the MLW value of the specific wave packet [15], and the

i
L®
i i < number of
i peaks
i
i l ¥ (0) NO
i
' g@® h(t) i (0) an,
H Dispersion Cross- PD2 dhy > dg,
H compensation correlation algorithm
i YES
i
3 l Yr(t)
i dh,
1 YES
' g h(®) dh
H Dispersion Cross- xh (1) PD2 °
i compensation correlation algorithm dhy, > dhg
! NO
i
i End
Fig. 4. APD algorithm’s block diagram for dispersion compensation and PuC iterative implementation. a) Candidate points selection. b) PuC iterative
implementation.
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Fig. 5. Dispersion curves (group velocity) diagram for 8-mm aluminum rod
including F(1,1) and L(0,1) modes.

scenarios. The waves were numerically simulated using MAT-
LAB. In order to illustrate the advantage of the proposed
technique with respect to the classic use of windowed signals,
a 10-cycle Hann-windowed tone burst is also included in this
analysis.

Two of the most common excitation waveforms for PuC
were employed, Barker code and chirp. A Barker code signal
with a single cycle per bit and a length of 13 bit was used
due to its superior cross correlation properties (Table I). The
chirp waveform employed was presented in Section II (Fig. 2).
The simulated signals correspond to the received signal in
an aluminum rod of a length of 2.15 m with pulse echo
configuration, similar to that used in [16]. The dispersion
curves, Fig. 5, were obtained with the use of Disperse. The
analysis focused on the first 2 ms of the signal where three
wave packets are present, L(0,1) first and second echoes and
F(1,1) first echo. The length of the rod was decided in order
to generate superposition between F(1,1) and L(0,1).

Fig. 6 corresponds to the cross correlation results after
dispersion compensation using the conventional compression
method (Fig. 3) for the three excitation waveforms. The red
signals refer to the cross-correlated results after dispersion
compensation for the second L(0,1) echo (d = 2.15 x4 m); for
the green case the dispersion compensation was performed for

ToA error estimates the difference between the obtained ToA
with the theoretical value. Chirp waveforms proved to give
better resolution compared to Barker code results as expected
according to their MLW. However, the SNR of both results
were relatively similar. As can be observed in Fig. 6(a), Hann-
windowed provided better SNR than the other two waveforms
but lower resolution for both longitudinal and flexural wave
modes. More importantly, Fig. 6(a) also shows how Hann-
window failed to discriminate the wave modes of concern, for
this reason it was excluded from the analysis of Table III.
In contrast, Fig. 6(b) and (c) illustrates how the technique
is able to restore highly dispersive waveforms of Barker code
and chirp, respectively (first F(1,1) echo), and at the same time
minimize the presence of other wave modes (longitudinal), due
to the dispersion overcompensation.

In order to illustrate the effect of the compensation on
the dispersive waves as well as on the nondispersive ones,
a 2-D compressed analysis was designed. This analysis
presents the effect of different dispersion compensations
(in terms of distance) on the cross correlation response of
the wave modes of concern in two dimensions of time and
distance. In these 2-D compressed diagrams, the x-axis
represents the time domain (ms); the y-axis corresponds to
the compensated distance values (m); and the colored bar
represents the normalized amplitude of the cross-correlated
response. Fig. 7(a) and (b) shows the Barker code and chirp
simulation results for a range of distance compensation
values of [0-10 m] with an incremental resolution of 0.1 m
for F(1,1) wave mode. Both cases, Barker code and chirp,
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Fig. 6. (a) Simulated results for Hann-windowed, (b) Barker code, and (c) chirp excitation waveforms. Red and green lines represent the cross-correlated

signal after dispersion compensation for L(0,1) and F(1,1) wave modes.
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Two-dimensional compressed diagram of the synthetic results for F(1,1) dispersion compensation for (a) Barker code and (b) chirp excitation

waveforms, for a dispersion compensated distance range of [0—10 m]. Dispersion compensated distances axis representation of the previous 2-D compressed
diagrams focused on the time range of the reconstruction of F(1,1) echo for (c) Barker code and (d) chirp excitation waveforms.

TABLE III
SIMULATED RESULTS
Waveform Wave SNR Resolution ToA error
mode (dB) (us) (%)
Barker code L(0,1) 19.62 30 2.39
F(1,1) 19.61 30 0.04
Chirp L(0,1) 21.75 13 2.39
F(1,1) 23.49 13 0.04

illustrate how the correct compensation of the dispersive
wave mode was able to restore F(1,1) wave packet. This
verifies the results of the analysis shown in Fig. 6(b) and (c).
In addition, Fig. 7(a) and (b) shows the effect of the L(0,1)
overcompensation.

Both L(0,1) echoes were detected on the initial cross cor-
relation response without applying dispersion compensation

due to low dispersion characteristics (Fig. 5). While the
dispersion compensated distance value of F(1,1) increased,
both echoes were overcompensated, which affected their shape
and therefore reduced the cross correlation response amplitude
of both echoes.

The 2-D compressed diagrams, which show the changes
in the cross correlation results after dispersion compensation,
can be used for accurate ToA calculation. As was presented
by [17] the iterative dispersion compensation for a distance
range can be used as a ToA quantification technique for
flexural case. To illustrate this, the F(1,1) restored echo,
previously shown in Fig. 6, is now shown in Fig. 7(c) and
(d) for dispersion compensated distance axis. However, in this
research no attention was given to the time domain axis.
As shown in Fig. 7(a) and (b), and in Table III, this axis
also provides accurate information about the specific ToA of
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lines: flexural compensated iterative results after cross correlation. Red lines:
longitudinal compensated iterative results after cross correlation.

the restored waveforms. In conclusion, these 2-D compressed
diagrams allow for the extraction of accurate propagation dis-
tances for each wave mode. The proposed iterative algorithm
combines the information of both axes, extracting the specific
propagation distance from the time domain and applying the
corresponding dispersion compensation accordingly. The per-
formance of this algorithm for the simulated data is presented
in Section III-A.

A. APD Algorithm Performance Analysis

The APD algorithm is tested on the simulated signals in
order to illustrate its performance. The outcome of its iterative
process is shown in Fig. 8 top and bottom, for Barker code
and chirp excitation waveforms, respectively. The result of the
initial cross correlation is represented in blue. Then, the signal
response goes through a PD stage in order to identify the
possible echoes of interest.

To avoid the dispersion compensation of unwanted points
such as side lobes or coherent noise of the cross correlation
response, a threshold is set. This threshold was selected as the
double of the SLL as defined in (1). Next, the peak values of
the signal above the threshold are treated as candidate echoes
of the signal (blue points). If a smaller value of the threshold
is selected, the number of points of study increases but no
changes are expected in the results. However, the selected
threshold level skips unnecessary items being fed into the
dispersion compensation stage. After this, for each considered
point, dispersion compensation is applied separately for each
specific ToA estimate. The results of the iterative dispersion
compensation for each particular wave mode compensation
are represented in green and red for F(1,1) and L(0,1),
respectively. For clarification, only the iterations that increase
the amplitude of the wave mode of interest are displayed as
shown in Fig. 4. The results presented in Fig. 8 show how
the technique is able to detect wave packets present in the
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Transducer
Rod
]

2.15m

Fig. 9. Experimental setup diagram for an aluminum rod of 8-mm diameter;
the transducer employed corresponds to a piezoelectric transducer [23].

signal, discriminating the specific wave mode for each of them
and eliminating the effect of the dispersion. This is solved
in a multimode scenario without any need for a predefined
distance range and no previous information about the location
of the different echoes and to which mode they correspond,
as opposed to previous approaches [15], [17].

IV. EXPERIMENTAL ANALYSIS
A. Experimental Procedure

The performance of both PuC and dispersion compensation
techniques using the previous three excitation waveforms
(Hann-windowed tone burst, the chirp and the Barker code)
is now evaluated on an experimental case. An aluminum rod,
as was conducted in the simulation presented in Section III,
was employed with a pulse-echo configuration, described
in Fig. 9. In order to replicate the same conditions of the
simulated case, the analysis focused again on the first 2 ms
of the response where three wave packets are present, L(0,1)
first and second echoes and the F(1,1) first echo.

B. Results

Fig. 10 shows the performance of the three excitation wave-
forms (10-cycles Hann-windowed, Barker code 13-bit length
sequence and chirp) after cross correlation with dispersion
compensation of L(0,1) and F(1,1) for each specific length,
8.6 and 4.3 m, respectively.

The general performance of the method for the three wave-
forms is mainly poorer than the synthetic case. This is due
to the simplifications made in the simulated case where the
attenuation experienced by the waves and the transfer function
of the transducers were not taken into account. In addition, any
discrepancy between the theoretical dispersion curves and the
real behavior would affect the performance of the method.
This is especially clear for the Hann-windowed waveform
[Fig. 10(a)] where a more severe superposition of both F(1,1)
and L(0,1) echoes compared with the simulated case (Fig. 6)
is shown. The superposed waveforms appear as a single wave
packet, which makes the signal interpretation unmanageable.
Therefore, the quantification of the SNR, resolution and ToA
values is not applicable for these signals. The performance
of both Barker code and chirp excitation proved to improve
the temporal-spatial resolution of both echoes providing accu-
rate information about the ToA. Resolution values, SNR and
ToA accuracy were quantified and are included in Table IV.
Resolution values, as in the synthetic case, show a better
performance of chirp compared with Barker code, especially
for the F(1,1) echo. The SNR is also higher for chirp excitation
waveform for both echoes, F(1,1) and L(0,1). Finally, for the
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waveforms, for a dispersion compensated distance range of [0—-10 m]. Dispersion compensated distances axis representation of the previous 2-D compressed
diagrams focused on the time range of the reconstruction of F(1,1) echo for (c) Barker code and (d) and chirp excitation waveforms.

TABLE IV
EXPERIMENTAL RESULTS
Waveform Wave SNR Resolution ToA error
mode (dB) (us) (%)
Barker code L(0,1) 13.44 30 3.15
F(1,1) 12.84 49 3.35
Chirp L(0,1) 16.88 22 291
F(1,1) 19.93 48 3.35

ToA accuracy, both waveforms (Barker code and chirp) present
similar results with minimum errors in both cases. For the
ToA and resolution, both experimental and simulated results
confirm the potential of this method.

Regarding the dispersion compensation performance,
the method is able to successfully discriminate both
wave modes F(1,1) and L(0,1). In order to study the
cross-correlation response over a range of dispersion com-
pensated signals, a 2-D compressed diagram was used, as in
Section III. Fig. 11(a) and (b) shows how the dispersion

compensation of chirp and Barker code is able to reshape
F(1,1) echo for a dispersion compensated distance value
of 4.3 m. The same procedure generates distortion due to
overcompensation on both L(0,1) echoes, affecting the ampli-
tude of their cross correlation response. As can be observed
in Fig. 11 (a) and (b) for the chirp excitation, the technique
is able to reconstruct the F(1,1) echo with higher amplitude
and resolution than the Barker code case. These results agree
with the previous SNR and resolution analysis. As discussed
in Section III, the information provided by these 2-D diagrams
can be used as a ToA calculation technique. In order to
illustrate this, the F(1,1) echo is presented for the dispersion
compensated distance domain [Fig. 11(c) and (d)].

C. APD Algorithm Performance Analysis
for Experimental Signals

The APD algorithm is now applied to the experimental
data. Fig. 12, top and bottom, shows the results for both
the Barker code and the chirp, respectively. In both cases,



1100

[0}

E]

£ 12000

Q

£

S 10000

@ 1* echo .

S 8000 LO.1) 1 echo

g P F(1,1)

£ 6000 |

B 2" echo
5 4000 ) / L(0,1) }
o A

5 2000 ,/‘V*\A .........

°

2 0

5 06 08 1 12 14 16 18 2 22

12000 F

10000 |
1™ echo

F(L.1)

2" echo

/ L(0,1)

8000

6000

4000

2000 i [Mssanssaadie 1

Cross-correalated response amplitude

06 08 1 12 14 16 18 2 22
Time (ms)

Fig. 12. TIterations’ representation of algorithm result for the Barker code (top)
and the chirp (bottom) excitation. Blue lines: first cross correlation result.
Green lines: flexural compensated iterative results after cross correlation. Red
lines: longitudinal compensated iterative results after cross correlation.

the iterative algorithm is able to detect the three wave packets
present in the signal, two longitudinal echoes (red) and a
flexural echo (green). Regarding the points of interest studied
by the algorithm as possible echoes, a small number was again
selected for simplification. These results, as in the simulated
case (Fig. 8) show how the technique is able to detect both
dispersive and nondispersive wave packets, discriminating the
specific wave mode for each of them.

V. CONCLUSION

This paper presented a 2-D compressed analysis which
combines both PuC and dispersion compensation techniques
in order to improve the SNR, temporal-spatial resolution and
extract accurate ToA of UGW responses.

The performance of the two proposed excitation waveforms,
the Barker code and chirp, was compared with the traditionally
used Hann-widowed tone burst. The results, both simulated
and experimental, demonstrated the enhancement of ToA and
temporal-spatial resolution for these two alternative wave-
forms. The combination of both techniques also proved to be a
powerful tool for mode discrimination for both synthetic and
experimental signals for Barker code and chirp waveforms.
In contrast, Hann-windowed waveforms failed to discriminate
the wave modes of concern.

As illustrated with 2-D compressed diagrams, the correct
dispersion compensation is able to reconstruct the disper-
sive waves. In addition, the effect of the compensation of
other wave modes present in the signal was studied and
considered as opposed to traditional approaches [17]. The
results show how, thanks to the overcompensation of these
waves, the amplitude of their cross correlation response is
highly reduced. The 2-D compressed diagrams show how the
technique successfully recovers the F(1,1) echo and attenuates
both L(0,1) echoes for both Barker code and chirp wave-
forms. These results have shown the superior performance of
chirp compared with Barker code waveform regarding spatial
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resolution, SNR, and ToA extraction accuracy and also for
wave mode discrimination purposes. The authors attribute this
behavior to the better MLW and SLL values of chirp in
comparison with Barker code.

The 2-D compressed analysis has been shown to be effective
in recovering the dispersive waves, but the specific value for
the compensation is required. For its in situ applications,
the manual intervention is removed with an iterative APD
algorithm, which evaluates different points of the signal sep-
arately. If a candidate point recovers the wave packet after
dispersion compensation, the correct dispersion compensation
is applied and therefore corresponds to an echo of the wave
mode of interest. The proposed APD algorithm has been
tested with both synthetic and experimental data for chirp
and Barker code waveforms. The results have proved how
the algorithm is able to discriminate the wave packets present
in the signal as well as to which mode they correspond.
A threshold and range of study for each candidate echo is
selected to complete the automatization process. The level of
the threshold will determine the candidate points and therefore
must be set according to the sensitivity required by the system.
This paper has focused on an area of the dispersion curves
where both F(1,1) and L(0,1) present large differences in the
dispersion behavior. Further analyses are required to study
the applicability of the technique under different dispersive
scenarios as well as its dependence on the correct dispersion
curves. The authors also recommend further analysis under
different noise levels as well as additional wave modes.
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