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Abstract—Ultrasonic Guided Wave (UGW) based Non-
Destructive Testing (NDT) systems are widely used in numer-
ous branches of industry, where the structural integrity of
components carries vital importance. In those systems, signal
interpretations might become challenging due to multi-modal
and dispersive response of the structure under examination.
This results in degradation of the signals in terms of Signal-
to-Noise Ratio (SNR) and spatial/temporal resolution. This
paper uses Maximal Length Sequences (MLS) to develop a
novel signal processing technique by employing the Short-Time
Fourier Transform (STFT), dispersion compensation and cross-
correlation. The technique is applied to experimental multi-modal
signals from an aluminum rod for performance verification. It is
quantitatively validated that the technique noticeably improves
the SNR of the guided wave response, and is able to derive an
accurate time of flight of the individual wave modes and thus
the propagation distance.

Index Terms—Ultrasonic Guided Waves (UGW), Disper-
sion Compensation, Maximal Length Sequences (MLS), Cross-
Correlation, Pulse Compression

I. INTRODUCTION

Components used in numerous branches of industry are

subject to various operational/environmental factors, which

eventually damage the structural integrity of the components

and cause health hazards and monetary losses. UGW testing

is one of the several NDT techniques which has emerged in

the last few decades as a reliable inspection tool for the swift

assessment of the health of structures with varied geometries;

principally for detection of flaws and corrosion. The theory

of UGW is well-established and its characteristics can be

represented with analytical solutions for structures such as

pipes, plates and rods [1], [2]. In accordance with its well-

established theory, it has been used for the inspection of a

wide range of structures such as pipes, rods, cables and rails

[3].

The emergence of advanced signal processing techniques

and hardware development has led to enhanced defect de-

tection, paving the way for a more confident classification

of localization and severity of the structural discontinuity.

Although such advances led to promising inspection tools,

several challenges still exist. As UGW propagate through a

medium, they experience attenuation depending on the mate-

rial properties and the size of the medium. As a result of the

attenuation, inspection range performance becomes severely

limited and sensitive to noise generated by arbitrary sources.

Moreover, depending on the material properties and the fre-

quency spectrum of the propagating wave, UGW propagate

in multiple wave modes, most of which can undergo severe

dispersion in certain frequencies. The dispersive nature of

the waves, which is a result of the dependence of the wave

velocity on frequency, leads to broadening of the pulse. This

temporal broadening leads to low spatial resolution, which

means inaccurate localization of defects in NDT context.

Therefore, signal interpretation needed for accurate localiza-

tion and classification of the defects becomes more difficult.

In order to address aforementioned problems, certain signal

processing techniques have been proposed.

The Pulse Compression (PuC) technique, where autocor-

relation properties of certain coded waveforms are exploited,

has found use in many applications such as medical ultrasound

[4] and material characterization [5]. PuC technique has been

widely used in air-coupled ultrasonic testing where acoustic

impedance mismatch-induced SNR degradation severely limits

the inspection quality. Gan et al. used capacitive transducers to

generate chirp signals in air-coupled imaging of solid samples

[6] and wood samples [7]; Rodriguez et al. used air-coupled

piezoelectric arrays to utilize Golay codes to inspect copper

plates [8] and Ricci et al. used chirp signals to inspect forged

steels with high attenuation [9]. Several studies have combined

PuC with other techniques to further improve the SNR; Ricci

et al. used chirp-based PuC combined with �1-norm total

variation deconvolution [10] and Zhou et al. used wavelet

transform to filter the noise and utilized Barker codes to

perform PuC [11]. Nevertheless, further improvements are still

required in dispersive regions of the frequency spectrum since

temporal broadening of the pulse still exists and limits the

performance of PuC.

Dispersion compensation techniques, where received time

traces are compensated for the effects of dispersion, have

been efficient for compressing wave packets and improving

signal quality. Sicard et al. and Wilcox presented a method to

compensate for the effect of dispersion from UGW signals in

[12], [13]. Yamasaki et al. compared experimental and simu-

lated time-reversed square pulses for dispersion compensation

[14]. They qualitatively showed that the technique can improve

the SNR. However, no attempts have been made to extract

Time of Flight (ToF) and propagation distance in multi-modal

response. Toiyama & Hayashi utilized PuC with dispersion

compensation to enhance the SNR using chirp waveforms [15].



However, the technique was only applied to single wave mode

response and also no quantitative SNR improvement was pre-

sented. Marchi et al. combined PuC with Warped Frequency

Transform (WFT) based dispersion compensation techniques

in order to enhance the localization of the response of a steel

cylindrical mass in an aluminum square plate [16]. However,

the technique requires wavelength filtering to suppress the

effect of multi-modal propagation. Zeng and Lin proposed

a chirp-based dispersion pre-compensation technique using

a priori knowledge of propagation distance [17]. However,

the application of the technique is restricted with manual

intervention rather than an automatic computerized analysis.

Xu et al. proposed a wideband dispersion reversal technique

to self-compensate fundamental wave modes in a steel plate

[18]. However, in order to implement the WDR technique the

propagation distance should be known. In one of the latest

studies, Marchi et al. extended WFT based dispersion com-

pensation to irregular wave guides [19], and then combined

it with pulse compression to localize defects [20]. However,

only triangular pulse excitation is used and no experimental

validation is presented.

This paper makes use of Maximum Length Sequence (MLS)

signals to present an automated technique using dispersion

compensation and cross-correlation. Among various Time-

Frequency representations (TFR) such as Wigner-Ville [21]

and Scalogram [22], STFT is used to obtain spectrograms for

visualization. The performance of the technique using MLS is

assessed rigourously. It is shown that such a combination with

cross-correlation can deliver SNR improvement and accurate

extraction of ToF, and hence the propagation distance, in a

multi-modal response.

The theoretical background is given in Section II and the

proposed technique is described in Section III. The technique

is applied to MLS waveforms in Section IV. The performance

of the technique is also quantitatively compared in this section.

II. THEORETICAL BACKGROUND

A. Dispersion Compensation

Dispersive wave modes spread out over time and space dur-

ing propagation. Therefore, the spatial resolution of the waves

can experience degradation. This makes the signal interpre-

tations challenging [23]. Dispersion compensation techniques

[12], [13] have been used to un-disperse the dispersed signals

in order to achieve better spatial resolution. The algorithm

makes use of a priori knowledge of the dispersion curve of a

UGW mode and performs signal processing algorithm to map

signals from the time domain to the spatial domain and reverse

the dispersion process.

It is assumed that the transducer is ideal and only excites

the guided wave modes of interest at the given location. The

received time trace x̃(t) at a given propagation distance, d may

be modelled as given in [13],

x̃(t) =
∑
j

∫ +∞

−∞
Aj(ω) F (ω) ei (−k(ω) d+ω t) dω (1)

where, Aj(ω) is the reflection coefficient of each reflector,

F (ω) is the Fourier transform of the input signal f(t) excited

at d = 0, ω is the angular velocity and k(ω) is the angular

wavenumber defined as,

k(ω) =
ω

Vph
(2)

where Vph is the phase velocity of the wave. The effect of

dispersion can be corrected by choosing a centre frequency

for dispersion compensation, fc, and then shifting the other

frequency components in order to centralize all frequency

components at time τ = d/Vgr(fc), where Vgr is the group

velocity of the wave. Waveform h(t), which is dispersion

compensated for distance d, can then be written as,

h(t) =
∑
j

∫ +∞

−∞
Aj(ω) G(ω) ei (k(ω) d+ω (t−τ)) dω (3)

where G(ω) is the Fourier transform of the received signal

x̃(t) and Aj(ω) is the reflection coefficient of the reflectors

(assumed frequency-independent and constant throughout this

study). Once the compensated signal is acquired, this could

be mapped back to the distance domain by converting time

trace to distance trace using Vgr(fc). This approach, however,

requires correct compensation for accurate projection on dis-

tance domain and correct information about Vgr(fc).

B. Pulse Compression

PuC technique is adopted to UGW from radar systems,

where it is used to address the trade-off between detection of

close reflectors, coverage range and hardware output power,

and also to acquire the impulse response of a system. More

information on PuC can be found in [24]. For the proper

exploitation of the technique, a signal with a good autocorre-

lation function ccf(x(t), x(t)) ∼= δ(t) is required [7]. Signals

satisfying the desired autocorrelation condition that have been

commonly used are linear/non-linear 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 the

literature [25]. Following section contains brief information

about MLS waveforms.

C. Maximal Length Sequences

MLS are generated using Linear Feedback Shift Registers

(LFSR) with N-delay taps, resulting in a sequence of length

L = 2N − 1. The autocorrelation function of a N -length m-

sequence, an important feature exploited in this study, is given

as,

ccfa,a(t) =

{
1, lag = 0

1/N lag �= 0.
(4)

Its has a δ-function like autocorrelation function and also has

a flat spectral density with a near-zero DC component [26].

More information about m-sequences can be found in [27].

In this paper, MLS sequences are created using the work

described in [28].



III. PROPOSED TECHNIQUE

As mentioned in the previous section, UGW might expe-

rience dispersion as they propagate through a medium. A

dispersed signal, as shown in Equation (1), could be compen-

sated for dispersion via Equation (3) which compensates for

frequency-dependent velocities of the existing wave modes. A

dispersion compensated time trace would have good SNR and

good defect localization. However, in multi-modal scenarios

where modes are superposed, the interpretation of received

signals could be difficult. In such cases, PuC technique can

be used to increase the ability to accurately locate defects as

well as improve the SNR.

A received UGW, after it has been dispersion compensated

for correct propagation distance, denoted by x̃(t), would

ideally have good cross-correlation with x(t); the signal ex-

cited by the transducer. Maximum value of cross correlation,

max(ccf(x̃(t), x(t))), would provide accurate localization of

the reflection echo, thus the structural discontinuity in the

context of ultrasonic NDT. An overall block diagram of the

proposed technique is shown in Fig. 1.

The technique proposed in this study combines the dis-

persion compensation technique described in Equation (3)

with the PuC technique in a brute-search manner to obtain

hd(1)(t), . . . , hd(n)(t) the dispersion compensated values. The

dispersed (received raw) signal x̃(t) is iteratively compensated

for dispersion (for a single wave mode) for a range of

propagation distances d(1), . . . , d(n) and cross-correlated with

the excitation signal. In every iteration, the maximum value

of cross correlation cd(1), . . . , cd(n) between the dispersion

compensated signal and the excitation signal are stored with

its respective propagation distance value. Once the iterative

search is completed, stored max(ccf) values can be analyzed

for various distances. After the maximum value of the stored

max(ccf) values is extracted, the corresponding distance

value of this maximum will provide the propagation distance

d(i). Such analysis would also remove the need for a priori
knowledge on the propagation distance for accurate dispersion

compensation.

IV. EXPERIMENTATION

A. Experimental Setup

Experimental verification of the proposed technique is per-

formed on an aluminum cylindrical rod of 8-mm diameter.

Group velocity dispersion curves for each wave mode propa-

gating through the structure are acquired using Disperse [29]

and shown in Fig. 2. The length of the structure was 2.15

meters and a shear-mode Lead Zirconium Titanate (PZT)

transducer was attached to one end of the rod with a clamp.

The clamping configuration was adjusted so that the force

was applied uniformly to the transducer. The structure was

interrogated in pulse-echo configuration (one transducer acting

as both transmitter and receiver). A Teletest Unit [30] was used

to drive the transducer. Power gain levels were fixed to 10 dB.

The analog input sampling rate was set to 1 MHz. The received

signals were not averaged deliberately in order to consider

Fig. 2. Group velocity (Vgr) dispersion curves of an aluminum rod of 8mm
diameter. The fundamental modes are shown by arrows; higher order flexural
and longitudinal modes are shown in blue and red, respectively.

Fig. 3. Representative diagram for the experimental setup.

a challenging scenario in terms of the measurement noise.

The received signals were transferred to a PC for analysis

in MATLAB. A representative diagram of the experimental

setup is illustrated in Fig. 3.

In this section, the received signals and the excitation

signals, prior to being fed to the proposed algorithm, were

normalized via �2-normalization. This normalization is per-

formed to map both signals into a comparable level in terms

of power in case transducer output had fluctuations.

The excitation signals were chosen as 65-sample MLS

sampled at 250 kHz. The duration of the MLS excitation

signals were thus 0.25 ms.

It must be noted that the excitation signals will be affected

by the transfer function of the hardware and the transducer,

which might deteriorate the cross correlation and dispersion

compensation results [25]. An analysis of electrical and me-

chanical resonance of the type of transducer used in this paper

can be found in [31] , which indicate these types of transducers

have a sufficiently flat frequency response in the frequency

range of concern.

B. Experimental Results

Signals fed from the hardware to the transducers are

recorded to check the autocorrelation properties. The signal

autocorrelation had a comparatively δ-function like shape, see

Figure 4. Depending on the length of the rod and duration

of the received signal, there can be multiple echoes and also

multiple wave modes. In order to make it easier to demonstrate

the technique, the received signals are windowed to acquire a

certain window of time which corresponds to only two echoes.



Fig. 1. Block diagram of the proposed technique.

(a) (b)

Fig. 4. Plot of the MLS signal fed to the transducer in (a) time domain and
(b) its auto correlation.

Spectrograms of the received signal is shown in Fig. 5(a).

The overlaid dispersion curves verify that the windowed sig-

nals consist of the second echo of the fundamental longitudinal

mode and the first echo of the fundamental flexural mode. It

can be seen that the modes are superposed especially in the

low frequency region. Due to the coupling of the transducer,

the fundamental torsional wave mode is not excited. The center

frequency for dispersion compensation is selected as 48 kHz.

In order to achieve accurate cross correlation results, only the

low frequency region of the received signals (<125 kHz, in

line with excitation signal spectrums) are compensated. High

frequency components of the signals, which were approxi-

mately 20 dB lower than the lower frequency regions, are

ignored.

C. Flexural Mode Compensation

Fig. 6(a-b-c) show dispersed (�2-normalized), compensated

(for flexural wave mode and for 4.3 m distance) and com-

pressed MLS signals, respectively. The MLS signal, after com-

pensation, shows two distinct and compressed peaks which

account for the flexural and longitudinal modes, respectively.

Following the dispersion compensation and cross correlation,

as shown in Fig. 6(c), signal visibly has a better SNR value

based on the flexural wave mode. Moreover, localization of

structural discontinuities is also improved, as can be seen by

the sharp peak in the compressed signal plots.

(a) (b)

Fig. 5. Measured signals’ spectrograms with fundamental flexural (black
dotted lines) and longitudinal (brown dotted lines) Vgr dispersion curve
overlaid. Shown plots are (a) MLS and (b) dispersion compensated MLS.
Two wave modes shown in (a) are the first echo of the fundamental flexural
mode and the second echo of the fundamental longitudinal mode. Dispersion
compensation is based on the flexural wave mode and it is performed for a
travelled path of 4.3 m. Centre frequency for dispersion compensation is 48
kHz.

Quantification of the SNR improvement for experimental

signals can be seen in Table I. SNR values were calculated as

follows,

SNR = 20 log10

( |Pe|
σx(t)

)
, (5)

where Pe is the echo’s peak amplitude and σ is the standard

deviation of x(t) the signal under consideration [32]. The SNR

improvement for MLS is found as 4.8 dB, which corresponds

to a percentage SNR improvement of 26%.

The iterative search for the cross correlation maximum is

performed for ranges between 0 and 10 meters with a step size

of 0.01 m. Due to the multi-modal nature of the signal (the

longitudinal mode has high cross correlation with excitation

signal since it has low dispersion) as well as the influence of

the transducer and the hardware, cross-correlation values are

high in short distances, as shown in Fig. 8. These high cross

correlation values at short distances can be tackled by looking

at the maximum cross correlation of the wave mode of interest

(not the entire signal). However, that would require accurate

spatial/temporal separation of two modes and that might not

be possible when modes are superposed. Due to the above

mentioned high cross correlation values in short distances, the



(a) (b) (c)

Fig. 6. Plots show time domain representations of (a) measured MLS
signal, (b) dispersion compensated MLS 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 MLS signal.

maximum of cross correlation traces (shown in Fig. 8) after a

certain distance is taken into account and the maximum of the

rest is taken. Based on the empirical findings, this distance

threshold value is chosen as 1 meter since after 1 m, cross

correlation maximums actually go below the peak observed

at the correct propagation distance. Once the results of the

first meter are discarded, an accurate result is obtained; 4.29

meter, which yields 0.01 m error for propagation distance. It

must also be noted that results are within 0.01 m confidence

level due to step size of distance (0.01 m).

D. Longitudinal Mode Compensation

In order to achieve a complete analysis, the iterative tech-

nique has been implemented on the signals based on longitudi-

nal wave mode compensation. All the parameters and signals

used for the technique are the same as for the previous section,

except for the dispersion compensation of the longitudinal

wave mode. The results are shown in in Fig. 7. Unlike the

flexural-based compensation, the dispersed raw signal (Fig. 7

(a), along with Fig. 6 (a), are approximately the same with the

dispersion compensated signal (compensated for 8.6 m, which

is the propagation distance for longitudinal mode’s second

echo) illustrated in Fig. 7(b). This similarity is due to the

non-dispersive nature of the longitudinal wave mode. Once the

compensated signals are compressed using cross correlation,

MLS signal shows distinct, sharp peaks for the second wave

packet which is the longitudinal wave mode. Quantification of

the SNR improvement for longitudinal-based compensation of

signal is given in Table I.

Results indicate 5.5 dB SNR improvement in this case. It

must be noted that, since longitudinal is not dispersive, the

initial peaks values are already high, as can be seen in Fig.

8(b). The percentage SNR improvement of MLS is reported

as 24%, and it is negligibly lower than the flexural based

compensation cases.

In addition to the SNR improvement factor, the extraction

of the propagation distance is also analyzed using the iterative

method for longitudinal based compensation and the results

are shown in Fig. 8. Compared to the flexural based com-

pensation, the iterative method fails for the longitudinal based

compensation in terms of extracting an accurate propagation

distance. The peak values of the traces shown in Fig. 8 are

(a) (b) (c)

Fig. 7. Plots show time domain representations of (a) measured MLS signal,
(b) dispersion compensated MLS signal, where the compensation has been
performed for the longitudinal wave mode echo which has propagated as
distance of 8.6 m, and (c) cross-correlation between excitation and dispersion
compensated MLS signal.

TABLE I
TABLE SHOWS THE SNR VALUES FOR 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.

Signal Mode Raw Result Increase
[dB] [dB] [%]

MLS Longitudinal 22.5 28.0 24.7%
Flexural 18.6 23.4 26.1%

different from the expected value (8.6 m). Another point of

interest is that there is minimal variation in the maximum

cross-correlation peak with distance for the longitudinal mode.

This is an expected phenomenon because the longitudinal

mode experiences minimal dispersion and hence the iterative

technique would yield similar results in terms of the cross

correlation maximums for several distances. Even though,

in an ideal situation, the peak value of the longitudinal-

based compensation trace should give the correct propagation

distance, the sensitivity to the noise as well as the frequency

response of the medium indicate the iterative technique can not

extract the correct propagation distance based on longitudinal

mode compensation.

E. Remarks and Recommendations

The frequency response of the transducer and the hardware

is an influential factor for the proposed iterative technique.

Although accurate propagation distance results are obtained,

due to measurement noise transducer/hardware effect (even

assumed in negligible levels) and the response of the structure,

the frequency contents of the received signal were not the same

as the excited signal. As a result, the extracted propagation

distances had minor errors (Fig. 8).

The technique was also implemented with a lower distance

increment (0.0001 m). It was observed that the technique had

the same peak values at close distances, which means multiple

maximum propagation distances were extracted. It can be

argued that this depends on the resolution of the Vgr dispersion

curve data used to compensate the signals for dispersion. In

this paper, the Vgr dispersion curve data was interpolated to

cover a wide frequency range. This interpolation, however,

could produce minor errors in certain frequencies’ Vgr values.

These minor errors might not be visible up to certain distance



Fig. 8. Plot shows the results of the iterative technique; maximum cross-
correlation trace, as a function of distance, of MLS (blue) signal (compensa-
tion performed on flexural). Longitudinal based compensation result are shown
in green lines. The iterative technique failed to extract the correct propagation
distance (8.6 m for longitudinal) in the case of longitudinal compensation.
Results are obtained by applying the iterative technique with 0.01 m distance
resolution.

increment, yet it was visible in (0.1 mm) distance increment

resolution. The relatively insufficient resolution of Vgr data

could also be presented as the reason of unsuccessful propa-

gation distance extraction for the longitudinal mode presented

in Section IV, as this wave mode is dispersed in a minor way

that Vgr data might not resolve.

V. CONCLUSIONS AND FUTURE WORK

In this paper a novel iterative technique comprising disper-

sion compensation, STFT and cross-correlation was presented

using broadband MLS excitation. The technique iteratively

searches for the correct propagation distance using a priori
knowledge of the group velocity dispersion curve. The ac-

curate propagation distance of individual wave modes were

successfully extracted via compressing the dispersion com-

pensated signals using cross-correlation.

The results given by MLS excitation were quantitatively

assessed. Despite the existence of the measurement noise

and superposed wave modes, the iterative search technique

extracted an accurate propagation distance for MLS with 1

cm error over a propagation distance of 4.3 meters. Moreover,

considerable SNR improvement (Table I) was achieved. The

technique was compared for different wave modes (disper-

sive flexural and non-dispersive longitudinal) in terms of the

propagation distance extraction and the SNR improvement

results. It was observed that similar SNR improvement can

be achieved for both dispersive and non-dispersive wave

modes, though the propagation distance extraction works more

accurately for dispersive wave modes. Results show that the

proposed technique and MLS waveforms are promising for the

automated inspection of cylindrical structures.

Future work will include a thorough noise analysis for

performance assessment of the technique using MLS, com-

parison with other coded waveforms used frequently in UGW

applications and a thorough signal modelling to establish a

framework for the proposed technique.
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