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A Tool to Estimate the Phase Velocity Dispersion of
Different Lamb Wave Modes Using Datasets of

Two Signals Measured at Identical Distances
Lina Draudvilienė and Asta Meškuotienė

Abstract—This study introduces an approach for evaluating
the phase velocity dispersion of the Lamb wave both A0 and S0
modes using only two signals measured at identical distances.
To select two suitable measurement points, it is first necessary
to calculate the maximum possible distance between the two
signals. Once a packet of two signals has been received to select
the appropriate threshold level. Theoretical and experimental
investigations are conducted using A0 and S0 mode signals at
a 300-kHz frequency range propagating through an aluminum
plate. Four pairs of signals for each A0 and S0 mode measured
at the same distances are employed in the theoretical analysis.
The calculated mean relative error consistently remained below
0.5% in all cases. Similarly, six pairs of signals are used in the
experimental study, and the relative error on average remained
below 2%. A comprehensive uncertainty analysis is conducted to
assess the method’s reliability. The study explored the impact of
various error sources on velocity measurement parameters and
discussed their significance for both A0 and S0 modes. The mean
relative error of 1.7% for the A0 and of 2% for the S0 modes
are obtained, along with extended uncertainties of ±2.6% and
±3.2% at a 95% confidence level, respectively. The proposed tool
is suitable for determining two suitable measurement points and
estimating the phase velocity of both A0 and S0 modes of Lamb
waves. This approach offers an advantage by eliminating the
need for time-consuming object scanning.

Index Terms—Accuracy, asymmetric mode, dispersion curves,
frequency, Lamb waves, phase velocity, symmetric mode, uncer-
tainty, zero-crossing method.

I. INTRODUCTION

LAMB waves are effective in detecting cracks, corrosion,
delamination, material fatigue, and so on in various types

of structures and are therefore widely used in a wide range
of industrial applications [1], [2]. These waves can propagate
inside the thin wall structure over significant distances with
low attenuation and high sensitivity to structural changes [3],
[4]. Therefore, these waves have been successfully used for
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structural health monitoring (SHM) and nondestructive testing
(NDT) applications. However, the two main inherent proper-
ties of Lamb waves, such as dispersion, which is manifested
by velocity variations with frequency and characterized by
phase and group velocities and an infinite number of modes,
make their application difficult [3], [5]. Therefore, the different
signal processing methods (SPMs) have to be used for the
evaluation of the group and phase velocities. Since this work
concerns phase velocity and the analysis of a specific SPM
for its determination, the difficulties and limitations affecting
phase velocity determination are discussed in the following.

One characteristic of Lamb wave signals propagating
through a dispersive medium is that different frequency
components propagate at different velocities, which leads to
distortion of the overall waveform [6]. Depending on the
propagation distance, the signal amplitude decreases and the
waveform elongates [7]. This phenomenon makes it difficult
to identify the same phase point in the signal waveform.
Therefore, the objects are scanned at multiple locations along
the wave propagation path, and the specific SPMs are used
to estimate the phase velocity. Numerous (SPMs) have been
developed and applied. These techniques include the 2-D fast
Fourier transform (2D-FFT) and its variations, the wavelet
transform (WT), the Wigner–Ville distribution (WVD), and
its variations, and among others [8], [9]. However, using
these methods, the time required for scanning limits rapid
data acquisition, as the process is time-consuming and labor-
intensive. Thus, new approaches are being explored to expand
the use of Lamb waves and obtain the most comprehensive
and reliable information possible without scanning. One such
approach is to estimate phase velocity using only two signals.
The SPMs for evaluating the phase velocity of dispersive
modes using only two signals are currently under development
and being studied for their applicability. The SPMs, such as
the short-time chirp-Fourier transform (STCFT) method [10]
and a combined Hilbert transform and cross correlation tech-
nique [11], have been proposed. These methods reconstruct
the segments of the phase velocity dispersion curves using
two received signals. However, some key limitations to the
application of these methods should be given.

A special chirp signal is used to generate the Lamb waves
when applying the STCFT method [10]. This method of
generation makes it difficult to identify the A0 and S 0 modes
separately depending on the distance. The choice of the
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distance between two adjacent signals is not given, and there
is no analysis of what parameters have to be estimated,
what signal characteristics influence the choice of the two
measurement points, and the resulting experimental errors are
up to 10% in certain frequency ranges. The next method is
a combined Hilbert transform and cross correlation method
proposed to estimate the phase velocity of the A0 and S 0
modes [11]. This method is very sensitive to mode shape
distortion, and the measurement points for the A0 and S 0
modes were chosen at different wave propagation distances.
There are any justification as to how the distance between
the two measurement points was chosen, nor did it analyze
what parameters or wave propagation characteristics affect this
choice, and the analysis of the errors was not given. It is then
difficult to determine and assess the reliability with which the
method works. Our previous study [12] has shown that the
phase velocity dispersion curves of the A0 and S 0 modes can
be reconstructed using two signals obtained for each mode in a
combined zero-crossing and spectral decomposition approach.
It was found that using this method, the distance between two
measurement points for the S 0 mode must be greater than
that for the A0 mode; otherwise, large errors are obtained.
Other authors have used a clustering algorithm to calculate
the phase velocity [13], stating that the number of points
is a crucial element in its calculation using this algorithm.
Thus, the segments of the phase velocity dispersion curves for
the A0 and S 0 modes were obtained using ten measurement
points. Therefore, reliable methods are sought to estimate the
phase velocity of different Lamb wave modes using as few
measurement points as possible, while avoiding scanning.

Our previous work [6] explored how to evaluate the phase
velocity of the dispersive A0 mode using the signals measured
only at two positions. It was found that in order to obtain
suitable signals to estimate the phase velocity dispersion, the
maximum possible distance between the two measurement
points must be known. This parameter thus limits the mea-
surement basis, which makes the selection of the appropriate
two measurement points difficult. The study has presented
how to determine the maximum possible distance between
two measurement points, and on this basis, the phase velocity
dispersion curves of the A0 mode at different frequency ranges
have been reconstructed using the zero-crossing method. The
results obtained demonstrated the feasibility of the zero-
crossing method for the estimation of the phase velocity of
the A0 mode using only two signals, since the calculated mean
relative error was no more than 1.4% in the experimental
study [6].

Other authors have used a clustering algorithm to calculate
the phase velocity [13] and state that the number of points
is a crucial element in the calculation of the phase velocity
using this algorithm. Thus, the average relative error of the
measured Lamb A0 or S 0 dispersion curves propagating in
the aluminum plate was obtained within 1% but using ten
measurement points. Our previous study [12] has shown that
the phase velocity dispersion curves of the A0 and S 0 modes
can be reconstructed using two signals in a combined zero-
crossing and spectral decomposition approach. The experiment
shows that the A0 mode is reproduced with 1.04% and the

S 0 mode with 0.6%. However, it should be pointed out that
such higher accuracies have been obtained using signal pairs
measured at different distances for both modes.

The next step of the study is to present how time and
effort can be further minimized while more information can be
obtained. The signals of the asymmetric A0 and symmetric S 0
modes carry different information as they propagate through
the medium. This means that it is important to develop a
method that can obtain information from both modes quickly
and reliably.

This study aims to present a method for reconstructing the
phase velocity dispersion curves of the A0 and S 0 Lamb wave
modes using datasets of two signals measured at identical
distances; identify the main parameters and principles to be
evaluated in order to select suitable pairs of two signals for
different modes; and assess the method’s reliability through
a comprehensive error and uncertainty analysis, including
characteristic quantification.

The research is divided into three main sections: a the-
oretical study, an experimental study, and an evaluation of
the method’s reliability characteristics. Section II delves into
the fundamental principles and computational methods for
analyzing Lamb wave propagation. Section III focuses on
the practical implementation and validation of the proposed
method. Section IV dedicated to assess the method’s robust-
ness and limitations. It identifies and quantifies potential
sources of uncertainty, providing a comprehensive analysis of
accuracy to establish the method’s overall reliability and its
comparability with the existing techniques.

II. THEORETICAL STUDY

A. Simulation of Signals

The aluminum plate with a thickness of 2 mm was used
in the study. The plate had the following elastic properties:
density ρ = 2710 kg/m3, Young modulus E = 71.7 GPa, and
Poisson’s ratio ν = 0.33. A three-period, 300-kHz harmonic
burst with a Gaussian envelope was used as the incident signal,
u0(t). The set of simulated A0 mode signals was obtained by
applying the simplified complex transfer function of Lamb
waves propagating in the selected medium [14]

u (x, t) =
1

2π

Z ∞
−∞

FT (u0(t)) e− jω x
cp (ω) e jωtdω (1)

where u0(t) is the excitation signal, FT is the Fourier transform,
t is the time, ω = 2π f is the angular frequency, f is the
frequency, and j is the basic imaginary unit j =

√
−1. Since

the attenuation of Lamb waves propagating in metal plates is
very low, this parameter is neglected [15].

The received signals u(x, t) for both A0 and S 0 modes of
Lamb waves were calculated at 0–200 mm with a step of
0.1 mm and 2001 simulated signals are obtained. The B-scan
images of both modes are presented in Fig. 1(a) and (b),
respectively.

The B-scans of both A0 and S 0 modes Fig. 1(a) and (b)
clearly indicate the differences in the phase velocity propaga-
tion between these modes at 300-kHz frequency range [6].

The A0 mode exhibits significant dispersion, with distinct
phase and group velocities cph = 1999 m/s and cgr = 2972 m/s,
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Fig. 1. B-scan image of the simulated (a) A0 mode and (b) S 0 mode.

respectively, while the S 0 mode is either not dispersive or only
slightly dispersive cph = 5380 m/s and cgr = 5314 m/s.

It has been shown [14] that the maximum distance ∆l
between two suitable signals can be determined from the phase
and group velocity dispersion curves calculated analytically
(e.g., using the SAFE method). The maximum distance ∆l is
calculated according to [14]

∆l ≤
1
f
·

cgr( f ) · cph( f )ˇ̌
cgr( f ) − cph( f )

ˇ̌ (2)

where cgr( f ) is the group velocity at the central frequency,
cph( f ) is the phase velocity at the central frequency, and f is
the central frequency.

The conducted study clearly demonstrated that the segments
of the A0 mode phase velocity dispersion curve at various
dispersion levels can be reproduced, given a corresponding
pair of signals [14]. However, the specialized SPMs are
required to evaluate the phase velocity of dispersive Lamb
wave modes. The zero-crossing method, adapted for this
purpose, is described in Section II-B.

B. Zero-Crossing Method

The zero-crossing algorithm divides a signal into half-
periods based on identified zero-crossing points. This algo-
rithm consists of four main steps: selecting a threshold level L;
calculating phase velocity values (cphn); determining frequency
values ( fn); and pairing these values { fn, cphn} [6].

1) Threshold Level Selection L: As a prerequisite, the
time points crossing the zero-amplitude line must be
chosen, so that the same phase point is detected for
both selected signals. The threshold level is thus a
critical parameter for the correct determination of the
time instants. Therefore, how to select this parameter
will be discussed in the next section using the datasets
of two signals of the dispersive A0 mode.

2) Calculation of the Phase Velocity Values (cph): Time
instants at which both signals cross the zero-amplitude
line t1(x1), t2(x1), . . . , tN(x1) and t1(x2), t2(x2), . . . , tN(x2)
are measured. The phase velocity values are calculated
using expression

cph,k =
x2 − x1

tk (x2) − tk (x1)
(3)

where k = 1, 2, . . . ,N; k is the number of zero-crossing
instant in the signals; N is the total number of measured

Fig. 2. A mode signals measured at distances (a) x1 = 63 mm and (b) x4 =
81 mm.

zero-crossing instants in the signals. In this way, the time
of flight (ToF) values of both signals are fixed according
to the zero-crossing points, and then, the phase velocity
values are calculated.

3) The equivalent frequencies corresponding to the calcu-
lated duration of each selected half-period of second sig-
nal are estimated. The duration of second signal selected
half-periods T0.5,1(x2),T0.5,2(x2), . . . ,T0.5,N−1(x2) are cal-
culated by

T0.5,k (x2) = tk+1 (x2) − tk (x2) . (4)

Determination of the frequency value ( f0,5,k) for the
dispersion curve reconstruction

f0,5,k =
1

2T 0,5,k(x2)
. (5)

4) The phase velocity dispersion curve segment is deter-
mined, which is described by creating sets of pairs of
frequencies f0,5,k and determined phase cph,k velocitiesn

f0,5,k, cph,k

o
. (6)

Thus, the zero-crossing algorithm requires only two signals
per mode to determine phase velocity values and only one
signal per mode to determine frequency values. By pairing
the calculated phase velocity and frequency values, a segment
of the phase velocity dispersion curve is reconstructed. How
to apply this method and to determine necessary parameters
is presented in Section II-C.

C. Phase Velocity Evaluation of the A0 Mode

The maximum distance ∆l between two suitable signals
should be known. According to (1), this distance is calculated
and, in this case, is ∆l = 19 mm. Four signals at different
distances are selected for the study: x1 = 63 mm, x2 = 68 mm,
x3 = 73 mm, and x4 = 81 mm (Fig. 2). Three pairs of the
signals are used for the study. The selected different distances
between the two signals are used to explain what difficulties
are encountered and how to resolve them. The two signals
at distances x1 = 63 mm and x4 = 81 mm are presented in
Fig. 2(a) and (b), respectively.

The question is whether the zero-crossing points can be
properly selected from the obtained waveforms. According to
the algorithm presented in Section II-B, in order to determine
the correct zero-crossing points for both analyzing signals,
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TABLE I
SELECTION OF THRESHOLD LEVEL L FOR THE A0 MODE

first, the appropriate threshold level L should be selected.
Thus, three different threshold levels: L1 = 0.2, L2 = 0.1,
and L3 = 0.08 are selected for the study. The mean relative
error is calculated in each case according to

δ̄cph = 100% ·
1
N

NX
n=1

ˇ̌̌
cph − cSAFE

ph

ˇ̌̌
cSAFE

ph
(7)

where cph is the value of the phase velocity calculated by the
zero-crossing algorithm and cSAFE

ph are the values of the phase
velocity calculated by the analytical method.

Thus, using L1 = 0.2, δ̄cph = 35% is obtained. As mentioned
above, the dispersion influences the change in waveform
depending on the propagation distance. Thus, the first zero
crossing point is determined at different half-periods of both
signals using the threshold level of L1 = 0.2. In this way, the
ToF is measured between phase points that are in different
half-periods, which means that these phase poins are not the
same. The obtained δ̄cph = 0.1% clearly indicates that L2 = 0.1
is suitable for further calculations. The first zero-crossing
point for both signals is determined in the same half-periods
[Fig. 2(a) and (b)]. δ̄cph = 33% is obtained using the threshold
level of L3 = 0.08. The same situation is obtained as in case
with L1 = 0.2, and the first zero crossing point is determined
at different half-periods of both signals. Thus, it is not possible
to immediately determine visually which threshold level is
appropriate from the waveforms. Each selected threshold level
was applied to all selected pairs of signals, and the mean
relative error was calculated in each case. The obtained results
are presented in Table I.

The calculated mean relative errors in each analyzed case
clearly show which threshold levels are suitable for phase
velocity estimation. The selected distance at x1 = 63 mm
and x2 = 68 mm, and selecting L1 = 0.2, an average relative
error of 64% is obtained. Meanwhile, a mean relative error of
0.6% is obtained if the selected threshold levels are L2 = 0.1
and 0.08 for the same analyzed signals. The selected threshold
level of L2 = 0.1 is suitable for all sets of two signals (Table I).
The selected level of L3 = 0.08 is not suitable using signals
at distances x1 = 63 mm and x2 = 81 mm. It should be noted
that the smaller the measurement distance between the two
signals, the higher error obtained. When the distance between
the two signals is 18 mm, the mean relative error is only 0.1%.
Meanwhile, if this distance is 5 mm, it is 0.6%. Thus, to select
an appropriate threshold level, a simple algorithm based on

Fig. 3. Flowchart of the algorithm for determining the suitable threshold level
L(SV-selected value).

TABLE II
SUITABLE DISTANCE BETWEEN TWO SIGNALS FOR THE S 0 MODE

an iterative fit to the analytically calculated phase velocity
dispersion curve (obtained, for example, using the SAFE
method) can be employed. The algorithm for determining the
suitable threshold level L is illustrated in Fig. 3.

The calculated mean relative error indicates the suitability
of the selected threshold level. Therefore, it is essential to
establish a maximum permissible relative error and select
the threshold level accordingly. In this theoretical study, a
maximum relative error limit of 1% is used. Thus, once a set of
phase velocity and frequency values that meets the established
criterion SV is obtained, the remaining values are calculated
according to the presented algorithm.

D. Nondispersive S 0 Mode

Appropriate measurement point selection is necessary for
evaluating the S 0 mode phase velocity. The set of theoretically
calculated S 0 mode signals shown in Fig. 1(b) is used for
this analysis. This mode is nearly nondispersive at 300 kHz,
with a difference of only approximately 66 m/s between the
phase and group velocities. This indicates that the ToF can
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TABLE III
METROLOGICAL PARAMETERS OF RECONSTRUCTED DISPERSION CURVES USING THE SIMULATED SIGNALS

Fig. 4. Obtained segments of the phase velocities for the A0 and S 0 modes
(dots) are plotted together with those calculated by the SAFE method using
signals at the distances (a) x61 = 61 mm and x79 = 79 mm and (b) x180 =
180 mm.

be correctly estimated using two signals at any propagation
distance and any separation between them. Therefore, using
the maximum distance determined for the A0 mode, two
measurement points are selected for S 0 mode. However, as
presented in [11], the large errors can occur, where small
propagation distances are used for the S 0 mode. Four signal
pairs at different propagation distances were selected for the S 0
mode. These selected distances are presented in Table II. Using
the zero-crossing algorithm with a threshold level of L = 0.2,
six zero-crossing points were identified for each signal. The
obtained results are presented in Table II.

The results clearly show that using a shorter intersignal
distance leads to larger errors in the S 0 mode phase velocity
calculation (Table II). The calculated average relative error is
0.6% with a 2-mm separation, compared to only 0.08% with
an 18-mm separation. The same regularities were obtained for
the A0 mode. The smaller the measurement distance between
the two signals, the higher the mean relative error obtained
(Table I).

E. Phase Velocity Evaluation of Both A0 and S 0 Modes

The theoretical study used four signal pairs for both the A0
and S 0 modes and selected at various points along the Lamb
wave propagation path. The maximum distance between two
signals for the dispersive A0 mode, calculated using (1), is
19 mm.

An 18-mm separation was chosen for all test cases and spec-
ified in Table III. The threshold level for the A0 mode in each

case was determined using the proposed algorithm (Fig. 3).
For the S 0 mode, the threshold level was determined from the
received waveforms of both signals and set to 0.1 for all test
cases. Six zero-crossing points were identified in each case,
yielding five measurement points on the dispersion curves.
The segments of the phase velocity dispersion curves of both
modes were reconstructed using only two signals per mode.
The reconstructed segments of the phase velocity dispersion
curves for the A0 and S 0 modes, acquired at x61 = 61 mm and
x79 = 79 mm and at x178 = 180 mm and x196 = 198 mm, are
shown in Fig. 4(a) and (b), respectively. Table III presents the
metrological parameters of the reconstructed dispersion curves
obtained from the simulated signals.

The calculated mean relative errors for both A0 and
S 0 modes were consistently below 1% in all cases. This
demonstrates the feasibility of reconstructing phase velocity
dispersion curve segments for both A0 and S 0 modes using
only two signals per mode, measured at the same distance
and at any propagation distance. To validate these theoretically
results, experimental verification was conducted, the findings
of which are detailed in Section III.

III. EXPERIMENTAL STUDY

To validate the theoretical results and assess the method’s
reliability, an experimental study was conducted on a homo-
geneous aluminum plate with dimensions of (1.1 × 0.62) m2

and a thickness of 2 mm. The plate’s material properties were
consistent with those described in Section II-A. Wideband,
contact-type ultrasonic transducers with a 180-kHz resonant
frequency and a bandwidth from 40 to 640 kHz (−10 dB)
[16] were used in the experimental study. The transmitter was
excited by a three-period Gaussian envelope signal, generated
and received by the “Ultralab” ultrasonic measurement system,
which included a voltage generator, a low-noise amplifier,
and an analog-to-digital converter. Signals were recorded at a
100-MHz sampling frequency. A transmitter on the aluminum
plate’s surface excited both A0 and S 0 modes, and the receiver
recorded the signals at selected distances. Six signal pairs at
different propagation distances were chosen for the study. To
improve the signal-to-noise ratio (SNR), seven measurements
were taken and averaged for each case. Averaging is a well-
established technique for SNR improvement in ultrasonic
measurements, reducing the impact of uncorrelated noise [17].
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Fig. 5. (a) Experimental measurement setup, (b) waveforms of the A0 and
S 0 modes acquired at the distance of x168 = 168 mm from the transmitter,
and (c) S 0 mode signal x168 = 168 mm.

Fig. 6. Reconstructed segments of the phase velocities of the A0 and S 0
modes (dots) are plotted together with those calculated by the SAFE method
using signals at the distances (a) x90 = 90 mm and x108 = 108 mm and
(b) x240 = 240 mm and x258 = 258 mm.

The ultrasonic signal remains coherent over multiple wave-
form acquisitions, while random noise varies unpredictably.
For example, by doubling the number of averaged acquired
waveforms, the SNR can be increased by approximately 3 dB.

An experimental setup for generating and receiving the
Lamb wave A0 and S 0 mode signals is presented in Fig. 5(a).
The waveforms of both modes, acquired at a distance x168 =

168 mm from the transmitter, are presented in Fig. 5(b). In
order to show more clearly the low-amplitude S 0 mode signal,
this mode is shown separately in Fig. 5(c).

The threshold level was determined according to the pro-
posed algorithm (Fig. 3) for A0 mode. The threshold level
for the S 0 mode was set to the same value of 0.01 for each
investigated case. Six zero-crossing instances were determined
for both A0 and S 0 signals, and by applying the zero-crossing
method, the segments of the phase velocity were reconstructed

using the datasets of two signals measured at identical dis-
tances. The reconstructed segments of the phase velocities
for the A0 and S 0 modes (dots) are plotted together with
those calculated by the SAFE method using signals at the
distances x90 = 90 mm and x108 = 108 mm (a) and x240 =

240 mm and x258 = 258 mm (b). The obtained results are
presented in Fig. 6. Table III presents the metrological param-
eters of reconstructed dispersion curves utilizing experimental
signals.

∆cphmax in the table is the maximum deviation from the
average velocity error for a single point. The performed
experimental study for the A0 mode is showed that the average
of δ̄cph across all intervals is 1.7%. As the distance between the
two selected signal pairs increases, the reconstructed frequency
band narrows. The minimum mean relative error of 0.7% was
found at (210–228) mm, with the dispersion curve recon-
structed in the frequency range of (182–298) kHz. Whereas
the A0 mode is analyzed in the range of strong dispersion,
which means that the amplitude of the signal decreases with
propagation distance and the waveform elongates [7], then
the number of selected measurement points can be increased.
For instance, instead of six, eight zero-crossing points can be
considered; then, the reconstructed frequency band narrows.
The minimum mean relative error of 0.7% was found at
(210–228) mm, with the dispersion curve reconstructed in the
frequency range of (182–298) kHz. This not only broadens the
frequency range of the reconstructed curve but also increases
the mean relative error by approximately 2.5 times, and it is
2.3%. Thus, the fixed seven and eight zero-crossing points
introduce larger errors in the ToF determination. Meanwhile,
the choice of a measurement distance of (240–258) mm
distorts the waveforms even more by dispersion and results
in a mean relative error of 2.55% with only six zero-crossing
points. A mean relative error of 3.4% is obtained using eight
zero-crossing points. Thus, the study clearly shows that in
order to estimate the phase velocity of the A0 mode as
accurately as possible using a set of two measured signals,
it is preferable to choose a distance close to the excitation,
when the signals are not yet strongly affected by dispersion.
In the present case under analysis, the appropriate distance
would be up to approximately 200 mm. The S 0 mode almost is
almost not dispersive in the 300-kHz range. The average of δ̄cph

obtained across all intervals for the S 0 mode is approximately
2%. However, it should be noted that the frequency distribution
is obtained in a narrow bandwidth of only 27 kHz when a close
excitation distance (90–108) mm is selected. The reconstructed
dispersion curve (319–420) kHz has a minimum relative error
of 0.5% for the S 0 mode in the interval (240–258) mm, and the
reconstructed frequency range is about 100 kHz. However, the
signal amplitude decreases with distance, so a lower threshold
level should be selected to determine six zero-crossing points
(Table IV). In order to estimate the phase velocity of the S 0
mode in a wider frequency range, the measurement points
should be selected further from the excitation zone. Thus,
for the estimation of the phase velocity of both modes, it is
appropriate to choose the meaurement distance approximately
at (120–210) mm (Table IV). Analyzing the results obtained,
it can be concluded that the phase velocity segments of the
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TABLE IV

METROLOGICAL PARAMETERS OF RECONSTRUCTED DISPERSION CURVES USING THE EXPERIMENTAL SIGNALS

TABLE V

SUMMARY OF UNCERTAINTY BUDGET OF MEASUREMENT OF VELOCITY FOR A0 AND S 0 MODES

A0 and S 0 modes can be reproduced using the datasets of two
signals measured at identical distances.

Furthermore, a comprehensive evaluation of errors and
uncertainties is performed to assess the reliability of the
given tool. Evaluating the reliability of a novel method
is crucial for validation, establishing confidence, identify-
ing potential errors, facilitating comparison with the existing
techniques, and ensuring overall quality [18]. Section IV
details the reliability assessment performed and the results
obtained.

IV. EVALUATION OF THE METHOD’S RELIABILITY
CHARACTERISTICS

To determine the qualitative and quantitative estimates of
Lamb wave velocity using this method, the potential sources
of uncertainty were identified. The key sources can be classi-
fied into three categories: method implementation, measuring
instruments, and specimen parameters [19]. The uncertainty
budget for the A0 and S 0 modes is presented in Table V.

Simulation results confirmed that errors in the dispersion
curve recovery process, including noise and signal distortion,
can affect the accuracy of velocity estimation. We assume that
Lamb wave frequency fluctuations, which can introduce uncer-
tainties in the measured velocities, are included in the standard
deviation. The model’s influence on the total uncertainty was
evaluated by taking the average standard uncertainty of the

model, obtained using simulated signals

σ∆mod =

sPN
n=1

��
∆mod,n

�
− ∆̄mod

�2

(N − 1)
(8)

where N is the number of points in a segment of mathematical
reconstructed dispersion curve; nth is the point of the segment;
∆mod,n are the errors of velocities of the reconstructed disper-
sion curve from the simulated signals; ∆̄mod is the average of
errors of velocities. Analogous to (8), the standard uncertainty
of reconstructing the real dispersion curve is calculated using
experimental signals.

The maximum deviation from the average velocity error
at any given point within the frequency range, which is
considered as the uncorrected error, is detailed in Table IV.
This value serves as the basis for estimating the standard
uncertainty arising from fluctuations in the Lamb wave fre-
quency f. We assume that this component allows us to assess
how the operating frequency band of the transducer used in
the experiment influences the constructible frequency range
of the dispersion curve. By adopting a Gaussian distribution
with a 99% confidence level [19], this component is calcu-
lated accordingly: σ(∆cphmax ) = (∆cphmax/3). Research indicates
that the spacing between measurement points can affect the
outcome of the experiment [20].

Assuming that the distance between two signals can be
determined by the scanner step ∆l, which is known to be
0.1 mm, the standard uncertainty can be calculated using
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a rectangular distribution σ(l) = ±(∆l/
√

3). The transducer
emits a pulse of duration t, corresponding to the excitation
of waves within a specific frequency band. The pulse onset
coincides with the start of the first signal, while its termination
aligns with the end of the second signal. The influence factor
of σ(l) is presented in Table V. It is calculated as the
partial derivative of function f (representing the measurement
outcome) with respect to the ith input parameter xi [21] and
equal to 1/t. This uncertainty contribution fluctuates between
1.7 and 3 m/s for the A0 mode and between 2.9 and 5.8 m/s
for the S 0 mode. However, these values do not contribute
to the overall uncertainty.Temperature variations, mechanical,
and geometric parameters of the specimen, including density
ρ, Young’s modulus E, Poisson’s ratio ν, and plate thickness
d, can affect measurement results by altering both the geo-
metric parameters and mechanical properties of the specimen
[22], [23]. However, their impact is generally negligible for
short-duration measurements conducted in controlled labo-
ratory environments. Consequently, material properties are
standardized at a reference temperature of 20 ◦C ± 1 ◦C.
In this case, the results presented in Table V show that
the combined uncertainty components for the A0 mode are
influenced by the mathematical model, the reconstruction of
the dispersion curve, and fluctuations in the Lamb wave’s
frequency f. The distance estimation does not contribute to the
overall uncertainty. For the S 0 mode, only two components
have an impact, and the combined value of the other two
components does not change the overall uncertainty, as they
constitute only 0.4% of the total relative uncertainty for the
S 0 mode. The combined uncertainty was calculated consider-
ing the contribution of all individual sources of uncertainty.
The expanded uncertainty, which considers the confidence
level, was determined using the standard formulas [21]. The
extended uncertainty in Table V is presented for the mean
relative error value, reconstructing the dispersion curve in the
interval (102–300) kHz for the A0 mode and (282–420) kHz
for the S 0 mode. In the best case, the dispersion curve was
reconstructed with an error of 0.7% ± 1.6% for the A0 mode
and 0.5% ± 0.6% for the S 0 mode. The relative uncertainty
is computed based on the phase velocities of 1999 m/s for
the A0 mode and 5380 m/s for the S 0 mode at the 300-kHz
frequency.

The results obtained show a reliable estimation of the phase
velocity even in highly dispersive ranges, such as the A0 mode.
It achieves mean relative errors below 1% (e.g., 0.9% in sim-
ulation and 1.7% in experimental validation). For the nearly
nondispersive S 0 mode, the method also demonstrates high
accuracy (mean relative errors as low as 0.1% in simulation
and 1.9% in the experiment). Meantime, the STCFT method
[8] using experimentally obtained A0 mode signals at the
300-kHz frequency range resulted in an error of about 6%
and for the S 0 mode of 2%. The estimated average relative
error of the reconstructed phase velocity dispersion curves
of both A0 and S 0 modes was obtained within 1% using a
clustering algorithm, but with ten measurement points [13].
The segment of the phase velocity dispersion curves of the A0
mode is reproduced with an average relative error of 1.04%
and for the S 0 mode of 0.6% applying the combined method

[12], but using different sets of two measured signals for each
mode.

Thus, a significant advantage of this method is its ability
to reconstruct phase velocity dispersion curves of both A0 and
S 0 modes using signals obtained at only two measured points.
This contrasts with traditional methods based on the integrated
time and frequency analysis (TFA) [8], [9], which often require
data from multiple measurement points along a scan line to
build a full wavenumber-frequency map or computationally
intensive transformations [24].

V. CONCLUSION

This study presents a tool for estimating the phase velocity
dispersion of both the asymmetric A0 and symmetric S 0
modes of Lamb waves using two signals measured at identical
distances. In order to select two suitable measurement points,
it is proposed to first calculate the maximum permissible
distance between the two signals and then apply an algorithm
to determine a suitable threshold level. Theoretical and exper-
imental studies were performed using signal pairs of both
A0 and S 0 modes propagating in an aluminum plate at the
same measured distances. The frequency range of 300 kHz
was chosen, which indicates different dispersion levels of the
A0 and S 0 modes. Four signal pairs for each of the A0 and
S 0 modes, measured at the same distances, were employed
in the theoretical analysis. The calculated mean relative error
consistently remained below 0.5% in all cases. Six signal pairs
at different Lamb wave propagation distances were used in the
experimental study, and the average relative error remained
below 2%.

A complete evaluation of errors and uncertainties was per-
formed to assess the reliability of the given tool. The accuracy
of the method is evident from the estimated relative error,
which on average remains below or equal to 2% for both A0
and S 0 modes on the reconstructed sections. The extended rel-
ative uncertainty was computed based on the phase velocities
of 1999 m/s for the A0 mode and 5380 m/s for the S 0 mode at
the 300-kHz frequency. The quantitative analysis revealed that
the mathematical model, dispersion curve reconstruction, and
variations in the Lamb wave frequency significantly contribute
to the overall uncertainty. The resulting mean relative error of
1.7% and 2% for the A0 and S 0 modes, respectively, along
with extended uncertainties of ±2.6% and ±3.2% at a 95%
confidence level, demonstrate that the proposed method is a
good tool for the evaluation of both A0 and S 0 modes using
only two signals measured at identical distances.
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