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Abstract
With increasing requirements for structural stability and durability, effective monitoring
strategies for existing and potential damage are necessary. A laser Doppler vibrometer on
moving platforms (LDVom) can remotely capture large-scale structural vibrations, but speckle
noise, a significant signal issue mainly when one-way continuously scanning from moving
platforms, restricts its applications. A novel approach based on ensemble empirical mode
decomposition (EEMD) is proposed to eliminate speckle noise. Moving root-mean-square
thresholds are used to cut off signal drop-outs. With both numerically simulated and
experimentally acquired signals, the proposed EEMD-based approach reveals the true vibrations
despite the low initial signal-to-noise ratio. Other methods fail to eliminate the speckle noise. In
physical experiments, the despeckled signal energy is concentrated at defect locations in the
Hilbert–Huang spectrum. The identified damage locations agree well with the actual damage
locations. Therefore, the developed approach demonstrates advantages and robustness of
eliminating speckle noise in LDVom signals for damage inspection.

Keywords: laser Doppler vibrometer, speckle noise, noise removal,
ensemble empirical mode decomposition

(Some figures may appear in colour only in the online journal)

1. Introduction

Structures deteriorate owing to mechanical loading and the
consequent damage [1]. Although the evolution of materials
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[2] and construction technologies [3] has improved durability,
long-term fatigue inevitably results in material defects threat-
ening safe operation [4]. Therefore, an effective monitoring
strategy is necessary for discovering damage, especially in the
early stages. Modal analysis of structures under excitation is
extensively applied to characterize the damage [5, 6], promot-
ing the development of the needed instruments. Mainstream
contact-measurement techniques, including contact sensors
and ultrasound detectors, have been successful in scientific
research and industrial applications [7, 8], but the drawbacks
of adding unnecessary masses and thus possibly changing
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Table 1. Comparison between different LDV measurement techniques.

LDV technique Measurement strategy Excitation source Noise level De-noise approach

Single-point Single-point No requirement Weak No need
SLDV Pointwise Cyclical Weak No need
CSLDV Cyclical continuous scan Cyclical Medium Energy-based, averaging, polishing surface
LDVom One-way continuous scan No requirement Intense Not applicable

modes have aroused numerous concerns. In addition, the con-
tact sensors are inconvenient for measuring locations that are
difficult to reach and scanning very long structures such as rail-
way tracks at high speed. Therefore, noncontact technologies
for acquiring vibration signals have been the subject of recent
research.

A laser Doppler vibrometer (LDV) is a noncontact and
nondestructive instrument for capturing the vibration velo-
city of object surfaces [9]. This instrument is based on Dop-
pler effect, as the target vibration results in a frequency shift
between the emitted and reflected laser beams [10]. It is worth
noting that an LDV is appropriate for high-frequency and high-
precision analysis, as its measuring frequency can be over
1GHz and the geometric resolution of the vibration velocity
can reach 1mm s−1. Recently, the LDVmeasurement systems
have been demonstrated to be effective in laboratory exper-
iments for vibration analysis (e.g. [11, 12]). However, the
researches hardly applied LDV systems in monitoring large-
scale structures, e.g. railway tracks, owing to the limitations
of measurement techniques and signal quality [10, 13].

Major LDV measurement techniques includes a single-
point LDV, a scanning LDV (SLDV), and a continuous SLDV
(CSLDV), which are summarized in [10], but these techniques
are not suitable for large-scale measurement. A single-point
LDV [14] only acquires vibrations at one point, and the setup
should move when measuring another point. The SLDVmeas-
urement [15–18] is an ensemble of single-point measurements
with the setup simplified by rotating mirrors. However, it
requires long-time acquisition at each point, which is time-
consuming. A CSLDV continuously scans the vibrating sur-
face, but it requires multiple reciprocating or cyclical scans
for modal analysis [19–23]. In addition, SLDV and CSLDV
need cyclical excitation, and thus the mode would not change
during measurement. However, reciprocating or cyclical scans
and cyclical artificial excitation cannot be realized in large-
scale measurements. In contrast, an LDV onmoving platforms
(LDVom) [24] can one-way continuously scan the sample sur-
face, especially those long structures like railway tracks. This
technique is totally different from the previous ones (com-
pared in table 1) and provides the possibility for large-scale
measurements. However, improving signal quality becomes a
primary task for the LDVom [24].

Speckle noise is a significant issue polluting the signals,
which should be a priority in signal processing [10, 13, 25].
This noise is physically generated by the variation of laser
speckle patterns, as introduced in section 2.1. Therefore, the
variation rate affected by measurement techniques and the

laser speckle patterns affected by laser wavelength and surface
roughness [26] are the all influencing factors of speckle noise.
This is not a noise generated by the instrumental units but
by the laser beams [27]. For the single-point LDV or SLDV,
speckle noise is extremely weak [9] since the variation rate
of laser speckle patterns is nearly 0. In CSLDV measure-
ments, the noise level increases, but the noise becomes pseudo-
random since the signal spectrum consists of harmonic side-
bands centering at the vibration frequency and spacing by
the scanning frequency [10, 25]. Some strategies, such as
the energy-based approaches [28], a scanning-average method
[29], and polishing the vibrating surface [30], are effective in
mitigating CSLDV speckle noise.

However, the aforementioned strategies are unsuitable to
handle LDVom speckle noise: (a) with one-way measurement,
the time series becomes crucial in addition to the energy spec-
trum. This is because only one measuring sample containing
the vibration amplitude and phase at each point is acquired;
(b) the scanning-average method can only be used to handle
cyclical measurements like the CSLDV. LDVom signals can-
not be averaged since the signals only contain the instant-
aneous vibration at each measuring point; (c) polishing the
vibrating surface is unsuitable in large-scale measurement
(e.g. the railway tracks over 1000 km). Besides, in physical
experiments, the noise amplitudes can exceed 30 times that of
the true vibration, and the signal-to-noise ratio (SNR) can drop
below −15 dB [31]. To handle the severe noise and improve
the signal quality, an effective approach for removing LDVom
speckle noise remains to be found.

Empirical mode decomposition (EMD) is a self-adaptive
approach proposed by Huang et al [32] for nonlinear and non-
stationary signal analysis. It decomposes signals into multiple
intrinsic mode functions (IMFs) containing instantaneous fre-
quency information, and thus, the corresponding Hilbert trans-
form has physical meaning. Differing from the wavelet trans-
form and bandpass filters (BPFs) with certain bandwidths, the
bandwidth of EMD is naturally determined by the signal itself.
Since IMFs correspond to local modal responses, the decom-
position results and Hilbert–Huang spectrum can highlight the
abnormal local modes for defect inspection [33, 34]. In addi-
tion, EMD has the potential to eliminate distortions by noise
and to preserve the actual oscillations, since each IMF presents
continuity of the instantaneous frequencies. Numerous stud-
ies have developed EMD-based approaches for eliminating
the environmental and instrumental noise of, e.g. lidar sig-
nals [35], electrocardiography signals [36] and seismic signals
[37]. Nonetheless, speckle noise is muchmore complicated, as

2



Meas. Sci. Technol. 33 (2022) 125205 Y Jin et al

frequent signal drop-outs exceed multiple times normal amp-
litudes and dominant noise components continuously distort
actual oscillations. To the best of our knowledge, no research
has utilized EMD for LDV speckle noise removal. Mode mix-
ing is a significant issue affecting IMF components when
applying EMD, and thus Wu and Huang [38] developed
ensemble EMD (EEMD) assisted by white noise to address
this problem.

In this paper, we propose an EEMD-based approach for
speckle noise removal in LDVom signals. The despeckling
effect is evaluated in both numerically synthesized and exper-
imentally acquired signals. The remainder of this paper is
organized as follows: section 2 introduces the LDV system and
the despeckling algorithm; section 3 investigates the applic-
ability of the developed approach in simulated signal ana-
lysis; section 4 analyzes the experimentally acquired signals
for defect inspection; and section 5 discusses and concludes
this paper.

2. Methodology

2.1. Speckle noise and its simulation

Speckle noise, or ‘pseudo vibration’ [39], is LDV measure-
ment noise produced by an optical phenomenon called speckle
patterns. When an optically rough surface is illuminated by
a coherent laser beam, the incident wavelets are reflected in
diverse directions; thus, their phases vary according to the
surface deviations. The wavelets of the scattered laser inter-
fere destructively or constructively, generating disorderly dis-
tributed dark-bright spots, namely, speckle patterns. Since the
LDV photodetector focuses on the spot portion of the object
surface, the signal output is generally the phasor summation
of the interfered laser wavelets. When scanning from moving
frames, the translation and deformation of the focusing spot
result in significant speckle noise, as the light intensities and
phases are dramatically altered over the variant speckle pat-
terns. Specifically, signal drop-outs are extreme speckle noise
produced by sharply varying speckle patterns.

The detected intensity, I, acquired by the photodetector is
the combination of transmission and reference laser beams,
and it can be expressed as [40]

I= IR + IT + 2
√
IRIT cos

[
2πfRt−

4π
λ

ˆ
vdt+(φR −φT)

]
(1)

where, IT & IR are intensities of the transmission and refer-
ence beams respectively, fR is the frequency shift of the refer-
ence beam, λ is the laser wavelength, v is the vibration velo-
city of the targeted surface, and φT & φR are the phases of
the transmission and reference beams respectively. Accord-
ing to equation (1), the beat frequency that the LDV system
acquires is

fbeat = fR −
2
λ
v+

1
2π

d(φR −φT)

dt
. (2)

Figure 1. Speckle elements discretizing the object surface, as well
as the photodetector along the scanning direction.

Considering the focusing spot A illuminated by the trans-
mission beam with P wavelets (each with the phase ϕTp and
intensity ITp) and the reference beam with Q wavelets (each
with the phase ϕRq and intensity IRq), the resultant intensit-
ies and phases of speckles can be calculated by the following
equations [27]:

Ires = 2
√
IRIT =

1
A


 Q∑
q=1

P∑
p=1

Apq
√
IRqITp sin(ϕRq−ϕTp)

2

+

 Q∑
q=1

P∑
p=1

Apq
√
IRqITp cos(ϕRq−ϕTp)

2


1/2

(3)

tanϕres = tan(φR −φT)

=

∑Q
q=1

∑P
p=1Apq

√
IRqITp sin(ϕRq−ϕTp)∑Q

q=1

∑P
p=1Apq

√
IRqITp cos(ϕRq−ϕTp)

(4)

where, Ires & ϕres are the time-varying resultant intensity and
phase of the Doppler signal respectively, and the area Apq over-
laps the pth transmission wavelet and the qth reference wave-
let. For the modulated Doppler signal, the measured velocity
Vm becomes the combination of the actual vibration velocity
v and the phasor variation (speckle noise).

Vm =
λ

2
( fR − fbeat) = v− λ

4π
d(φR −φT)

dt
. (5)

According to equations (4) and (5), significant changes
in ϕres can result in large velocity distortion, and the noise
is basically produced by the intensity and phase distribu-
tions of speckle patterns. Considering these optical factors
as stochastic variables, Rothberg [27] developed an approach
for numerically simulating speckle noise that presented good
agreement with experimental results.

Rothberg [27] assumed that speckles are rectangular
and densely distributed, and divided the scanning sur-
face into unaligned speckles, as shown in figure 1. These
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Figure 2. Simulated 0.2 s speckle noise with a sampling frequency
of 102 400Hz.

speckles are assigned different intensities and phases. The
intensities satisfy a negative exponential probability distribu-
tion (equation (6)) and the phases are generated using a series
of random numbers in the range of 0–2π [26, 27].

ITp =−Ī ln
[
1−

xp
1+(10−10)

]
(6)

where Ī is the mean intensity and xp is a random number sat-
isfying 0⩽ xp ⩽ 1.

The photodetector (the red rectangle in figure 1) focuses
on the scanning surface to acquire the transmission beam
reflected from an area of m0 × n0 speckle elements, and the
focusing position moves along the scanning direction. The
size of each speckle element is 40× 40µm2 in this paper.
Since only fractions of some speckles are inside the pho-
todetector, the overlapping area Apq is calculated for each
speckle. The contribution of the reference beam can be sim-
ulated as a stationary speckle pattern with a certain intensity
and phase. As the properties of both transmission and refer-
ence beams are defined, the speckle noise polluting the actual
vibration can be determined by equations (3)–(5). Figure 2
illustrates simulated speckle noise with a sampling frequency
of 102 400Hz.

2.2. EEMD and the Hilbert–Huang spectrum

The EMD approach was originally proposed by Huang et al
[32] to self-adaptively decompose signals within natural band-
widths. Since numerous systems are nonlinear and nonstation-
ary, the instantaneous frequency in the IMFs and Hilbert–
Huang spectrum contains more physical meaning than the
Fourier frequency spectrum. The LDV scanning signal rep-
resents the instantaneous vibration velocity, whose character-
istics can be analyzed by the IMFs. Specific definitions were
developed to acquire ideal IMFs: for an IMF, (a) the number
difference between extrema and zero-cross points should be no
more than 1 and (b) the envelopes determined by the extrema
should on average be 0. The EMD algorithm is described as
follows:

Algorithm 1. Pseudo codes of EMD.

Input: original signal v(t), maximum number of IMFs N f , and the
decomposition threshold SD;
r1 = v(t);
for k= 1; k⩽ Nf; k= k+ 1do

hk,1 = rk;
for j= 1; j= j+ 1 do

Find the upper and lower envelopes (Uj,Lj);
mj = (Uj+ Lj)/2;
Remove the envelope mean from the residual signal
hk,j+1 = hk,j−mj;

Stop when
∑j

k=1
m2
k

h2i,j
< SD;

end
Ck(t) = hk,j+1rk+1(t) = rk(t)−Ck(t)

end
Ouput: the kth IMF Ck(t) (k= 1,2, . . .) and the residual rNf+1(t)

However, the significant issue of mode mixing, as more
than one oscillation appears in the local waveform of IMFs,
has aroused research concerns. A white-noise-assisted decom-
position approach, namely EEMD, was developed by Wu and
Huang [38] to handle this issue. The EEMD algorithm is sum-
marized as follows [38]:

Algorithm 2. Pseudo codes of EEMD.

Input: original signal v(t), maximum number of IMFs N f , trials
number n, and standard deviation of added noise σw;
fork= 1; k⩽ n; k= k+ 1do

Generate random Gaussian white noise noisek(t) with the
standard deviation σw;
v ′(t) = v(t)+ noisek(t);
Decomposev ′(t) by EMD [32] to obtain the ith IMFs Ck,i(t) and
residual rk(t);

end
Ci(t) =

∑n
k=1Ck,i(t)/n;

r(t) =
∑n

k=1 rk(t)/n;
Ouput: the final ith IMF Ci(t) (i= 1,2, . . .) and the ultimate
residual r(t)

To effectively apply EEMD in signal analysis, it is signific-
ant to determine the standard deviation σw of added noise and
the trials number n of EMD. As mentioned in [33, 38], setting
σw to 0.2 times the standard deviation of the original signal
and n to several hundred is a good practice.

The Hilbert transform considers the signal as the projection
of a spiral curve and calculates the complex conjugate pair
of the signal. With the specific definitions, the Hilbert trans-
form of any IMF has physical meanings that can be expressed
as [32]

C ′
i (t) =

1
π
Pc

ˆ ∞

−∞

Ci(τ)
t− τ

dτ (7)

where, Pc is the Cauchy principal value and Ci(τ) represents
any IMF. Therefore, the analytical signal of any IMF can be
expressed as
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Zi(t) = Ci(t)+ jC ′
i (t) = ai(t)e

jθi(t) (8)

where, ai(t) =
√
C2
i (t)+C ′2

i (t) is the signal amplitude,

θi(t) = arctan(C
′
i (t)
Ci(t)

) is the signal phase, and j represents the
imaginary unit. Through the application of the Hilbert trans-
form to all IMFs, the analytical signal of the original data can
be obtained [32].

Y(t) =
Nf∑
i=1

ai(t)e
j
´
ωi(t)dt (9)

where ωi(t) represents the instantaneous frequency. There-
fore, the analytical amplitudes are represented as functions
of instantaneous frequency and time, and the Hilbert–Huang
spectrum can be illustrated simply as amplitudes in the
frequency-time domain. Indeed, the amplitude in an IMF cor-
responds to the operating deflection shape inside a specific fre-
quency band, and thus the Hilbert–Huang spectrum has poten-
tial for vibration analysis using the LDVom signals.

2.3. Proposed despeckling algorithm

As the amplitudes of signal drop-outs are considerably lar-
ger than the actual vibration, they dramatically can distort
local waveforms. The moving root-mean-square (MRMS)
thresholds are used for cutting off the outliers to reduce this
effect.

Tu(t) =M(t)+ 2

√
v2(t)

⊗
eN

N

Tl(t) =M(t)− 2

√
v2(t)

⊗
eN

N
(10)

where, Tu(t) & Tl(t) are upper and lower thresholds respect-
ively; M(t) is the moving signal average; v(t) is the original
signal;

⊗
represents the convolution calculation;N is the win-

dow length of MRMS; and eN is the all-one vector with length
N. Hence, the signal amplitudes outside the thresholds are
replaced by values on the thresholds. This procedure has two
potential effects, reducing drop-out amplitudes and generating
oscillation discontinuities that represent noise locations.

The following is the algorithm developed in this paper for
eliminating speckle noise:

Algorithm 3. Removing speckle noise

Input: original signal v(t);
1. Apply MRMS thresholds to cut off signal drop-outs and obtain
y0(t);
2. Decompose y0(t) by EEMD and obtain all IMFs Ci(t) and the
residual r(t);
3. Discard the first few IMFs related to noise;
4. Calculate the despeckled signal V(t) by summing the remaining
IMFs and the residual;
Ouput: despeckled signal V(t)

3. Simulated signal analysis

3.1. Simulated signal construction

Three simulated signals polluted by speckle noise with dif-
ferent signal-to-noise ratios (SNRs) are constructed hereafter
to evaluate the despeckling effects. All simulated signals are
sampled at frequencies of fs =102 400 Hz.

The first signal v1(t) consists of two harmonic vibrations
and randomly simulated speckle noise. A multiplication para-
meter ρ is utilized to adjust the SNR. Figure 3 illustrates the
polluted signal with SNR = −10 dB (usually, SNR < 0 in
practical cases). The actual vibration component is almost
invisible in figure 3(a), and the noise dramatically distorts the
waveforms in the magnified signal (figure 3(b)).

v1(t) = 0.005[cos(2π× 2000t)+ sin(2π× 1200t)]+ ρ · noise.
(11)

The signal v2(t) is produced by adding speckle noise to the
data taken from [41]. Figure 4 presents the polluted signals
with SNR = −10 dB. Similar to the signal v1(t), the speckle
noise dramatically distorts the actual waveforms.

v2(t) =
1

200(1.2+ cos(100πt))

+
cos(160πt+ 0.2cos(320πt))

200(1.5+ sin(100πt))
+ ρ · noise. (12)

The signal v3(t) is produced by adding speckle noise to the
data taken from [42]. This signal is an unusual one without
physical meanings. We only evaluate the despeckle effect
on this signal. figure 5(a) presents the polluted signals with
SNR = −10 dB.

v3(t) = v3a(t)+ ρ · noise. (13)

3.2. Despeckling results

Two criteria, the SNR after despeckling processing and cor-
relation coefficient δ (equation (14)) between the actual
vibrations and despeckled signals, are used to evaluate the
developed approach. Three different noise conditions with ini-
tial SNR=−10 dB,−5 dB&−15 dB are considered bymodi-
fying the parameter ρ. Other signal processing approaches
including the BPF [43] and the discrete wavelet transform
(DWT) [44] are utilized for comparison.

δ(v,va) =
Cov(v,va)√
Var(v)Var(va)

(14)

where v & va represent the noisy and despeckled signals,
respectively, Cov() calculates the covariance, and Var() cal-
culates the variance.

First, the simulated signal v1(t)with SNR=−10 dB is pro-
cessed by the despeckling algorithm in section 2. Figure 6(a)
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Figure 3. (a) v1(t) with SNR = −10 dB; (b) magnified signal of (a).

Figure 4. (a) v2(t) with SNR = −10 dB; (b) magnified signal of (a).

presents the MRMS thresholds, which cut off the signal drop-
outs but preserve the dominant speckle-noise energy, and we
get the cut-off signal v ′1(t). Using v

′
1(t)minus the summation of

IMF1 to IMF7 (figure 6(b)), the remaining component agrees
well with the actual vibration, as shown in figure 7(a). The
post SNR increases to 12.48 dB, and the correlation coeffi-
cient is δ= 0.9728, which means that the processed signal is
almost the same as the true vibration. However, the BPF and
DWTmethods fail to achieve comparable results, as numerous
visible distortions remain in figures 7(b) and (c). We use the
cut-off frequency of 600Hz for the BPF and 4 frequency bands
for the DWTwith ‘db4’ wavelets. These choices are best in our
trials but not the optimized one. The post SNRs of the BPF and

DWT results are 5.53 dB and 0.23 dB, respectively, while their
correlation coefficients are only 0.8597 and 0.7478.

Second, the simulated signals v2(t) & v3(t) are processed
to remove speckle noise, with the results presented in figure 8.
The EEMD-based approach effectively eliminates the speckle
noise, as shown in figures 8(a) and (b). The post SNRs increase
to 18.71 dB for the signal v2(t) and 25.69 dB for the signal
v3(t), and their correlation coefficients are 0.9872 and 0.9868,
respectively. However, the BPF and DWT approaches pre-
serve numerous distortions. Both their post SNRs and correl-
ation coefficients are far lower than those of the EEMD-based
results (seen in table 2). Therefore, our proposed algorithm
demonstrates advantages in removing speckle noise.

6
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Figure 5. (a) The actual vibration v3a(t); (b) v3(t) with SNR = −10 dB.

Figure 6. (a) The MRMS thresholds of v1(t) (magnified signal); (b) the summation of IMF1 to IMF7.

To evaluate the robustness of the EEMD-based approach,
we modify the initial SNRs, with the results shown in table 2.
Generally, all three approaches perform better with increas-
ing initial SNR. When the initial SNR is −5 dB, the proposed
approach outperforms the others, although the BPF and DWT
achieve acceptable despeckling results (with correlation coef-
ficients over 0.89). When the initial SNR decreases to−15 dB,
the BPF andDWTmethods fail to eliminate speckle noise with
correlation coefficients below 0.71. Nonetheless, the EEMD-
based approach achieves correlation coefficients over 0.93,
which means that the processed signals are almost the same
as the true vibrations. These promising results regardless of
the noise intensity indicate the advantages and robustness of
our developed method.

4. Experimental investigation

4.1. First scenario

First, we use a small-scale setup to evaluate the despeckling
approach for LDVom measurements. Although the setup is
similar to some SLDV and CSLDV research (e.g. [20]), the
conditions of using the LDVom are held: one-way scanning
and unable to enhance the surface reflection. Figure 9 illus-
trates its schematic, and the experimental setup with multiple
instruments is presented in figure 10. An artificially excited
steel strip with defected surface is monitored by the LDVom.
This steel strip (length 540mm) has three artificial defects
(with a profile of 6× 4 mm at different locations 40mm,
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Figure 7. The despeckling results of (a) the proposed approach, (b) BPF, and (c) DWT. The signals are magnified between 0.04 s and 0.08 s.

Figure 8. The despeckling results for (a) v2(t) by the proposed approach, (b) v3(t) by the proposed approach, (c) v2(t) by the BPF, (d) v3(t)
by the BPF, (e) v2(t) by the DWT, and (f) v3(t) by the DWT. The signals have been magnified.
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Table 2. Post SNRs and correlation coefficients of the despeckling results.

v1(t) initial SNR −10 dB −5 dB −15 dB

Proposed approach Post SNR 12.48 dB 13.11 dB 8.87 dB
Correlation 0.9728 0.9754 0.9403

BPF Post SNR 5.53 dB 9.41 dB 0.96 dB
Correlation 0.8597 0.9413 0.6887

DWT Post SNR 0.23 dB 9.71 dB −0.30 dB
Correlation 0.7478 0.9488 0.6709

v2(t) initial SNR −10 dB −5 dB −15 dB

Proposed approach Post SNR 18.71 dB 22.61 dB 15.21 dB
Correlation 0.9872 0.9947 0.9708

BPF Post SNR 6.97 dB 12.55 dB 2.78 dB
Correlation 0.8481 0.9492 0.7069

DWT Post SNR 4.50 dB 9.66 dB 0.44 dB
Correlation 0.8169 0.9382 0.6613

v3(t) initial SNR −10 dB −5 dB −15 dB

Proposed approach Post SNR 25.69 dB 30.33 dB 18.99 dB
Correlation 0.9868 0.9954 0.9350

BPF Post SNR 13.86 dB 17.98 dB 9.14 dB
Correlation 0.8100 0.9176 0.6023

DWT Post SNR 9.91 dB 16.28 dB 6.29 dB
Correlation 0.7418 0.8972 0.5131

Figure 9. A schematic of an LDVom scanning a beam.

Figure 10. Experimental setup for scanning the steel strip.
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Figure 11. Steel strip with three artificial defects.

Figure 12. (a) The original signal; (b) magnified signal between 1.5 s and 1.7 s.

Figure 13. The FFT spectrum of the original signal.

220mm, and 450mm) through the strip width, as shown in
figure 11. We firmly mount the steel strip as a cantilever beam
over the base. The left end of the strip is excited by a shaker
with a 500Hz sinusoidal wave. During the scanning progress,
the rotating mirror first deflects the transmission laser beam
onto the left end and then scans the strip surface at a con-
stant speed around 0.85m s−1. The sampling frequency is
102 400Hz. A high sampling frequency is chosen to avoid
mixing the vibration frequencywith the signal drop-outs. If the
sampling frequency is low, the signal drop-outs will appear in
low-frequency bands and make the vibration confusing. The
LDV used is ‘RSV-150’ made by ‘Polytec’ and the measure-
ment resolution used is 100mm s−1 V−1. It should be noticed

that adjusting the measurement range cannot change speckle
noise, since the noise is produced by the laser but not by the
instrument units [10].

Figure 12 shows the original vibration signal acquired by
the LDVom. The speckle noise is extremely intense as the
actual vibration (marked inside the red rectangle) is nearly
invisible. The amplitudes of the signal drop-outs reach approx-
imately 3m s−1, over 60 times the true vibration at approx-
imately 500 Hz. Figure 12(b) presents the magnified signal
between 1.5 s and 1.7 s. The speckle noise covers numerous
local oscillations, increasing difficulties in local modal ana-
lysis. The fast Fourier transform (FFT) spectrum of the ori-
ginal signal is presented in figure 13, which also shows the
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Figure 14. The despeckled signal obtained by the proposed EEMD-based approach.

Figure 15. The despeckling results of (a) the proposed approach, (b) BPF, and (c) DWT. Signals are magnified between 0.8 s and 0.9 s.

vibration frequency is 500Hz. Since the LDVom measure-
ment is one-way, the spectrum has no sideband harmonics that
appear in CSLDV signal spectrum.

Since the EEMD-based approach is time- and memory-
consuming in processing complicated signals, we divide the
data into multiple 0.1 s time series to remove the speckle noise
and then merge the processed series. With IMF1 to IMF8
discarded, the despeckling results are presented in figure 14.
The vibration amplitudes are recovered to normal levels, and
the energy distribution becomes visible. The initial SNR is
estimated to be −14.63 dB by regarding the despeckled sig-
nal as the actual vibrations. This also means the speckle
noise is extremely intense, similar to the simulated cases in
section 3.

Figure 15 shows the magnified despeckled signal between
0.8 s and 0.9 s. The developed approach reveals the true vibra-
tion surrounding 500Hz, especially from oscillations pol-
luted by intense speckle noise (marked with black circles). At
the locations covered by continuously intense speckle noise
(marked with a black rectangle), the processed results approx-
imately recover the true waveforms. However, speckle noise
significantly distorts the BPF and DWT results, especially at
approximately 0.86 s.

Figure 16 shows the magnified despeckled signal where
the initial SNR is estimated to be −27.79 dB and the actual
vibration amplitudes are 1/5 to 1/10 of those in figure 15.
Although the vibration responses are extremely weak, sig-
nals covered by intense noise (marked with a black rectangle)
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Figure 16. The despeckling results of (a) the proposed approach, (b) BPF, and (c) DWT. The signal segment with an estimated SNR of
−27.79 dB is magnified.

are approximately revealed. However, the results of BPF and
DWT are unpromising, containing significant distortions at
intense speckle locations. Therefore, the developed EEMD-
based approach demonstrates advantages in processing signals
to eliminate speckle noise.

For further vibration analysis and damage inspection, the
Hilbert–Huang spectrum has potential for signal interpret-
ation, as illustrated in figure 17. The despeckled signal in
figure 14 contains three bulbous segments corresponding
to three defects. In the Hilbert spectrum, the signal fre-
quency varies around the central frequency of 500Hz. The

actual vibration is not an absolute sinusoidal wave, thus
causing instantaneous variant frequencies. It is noticeable
that the vibration energy at the defect locations is lar-
ger than that in other areas. Therefore, we identify the
local maximum energy locations as defect locations. In
this case, we estimate defect centers at 0.4931 s, 2.748 s
and 5.477 s from the Hilbert–Huang spectrum, corres-
ponding to 41.4mm, 230.6 mm and 459.7mm. Thus, the
Hilbert–Huang spectrum can reveal the damage locations
from the despeckled signal despite approximately 1 cm
errors.
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Figure 17. The Hilbert–Huang spectrum of the despeckled signal.

Figure 18. The experimental setup of the running railway system.

4.2. Second scenario

Second, we mount the LDVom on a downscaled running rail-
way system [45] (as shown in figure 18) to acquire the vibra-
tions excited by wheel-rail contact. The laser is deflected by
a fixed mirror to focus on the rail surface. With the running
system, the LDVom continuously scans the rail surface. The
running speed is 10 kmh−1 and the sampling frequency is
102 400Hz.

Here, we take the signal segment when the wheel passes
the joint for analysis, with the signal illustrated in figure 19.
The noise is intense with frequent signal drop-outs to cover
the vibrations. Therefore, the waveform when wheel hits the
joint (marked with the blue circle) becomes indistinguish-
able in the original signal. Using the EEMD-based approach
and discarding the first eight IMFs, the depseckled signal has
revealed the trend of the original one, as shown in figure 19(a).

The despeckling process does not change or mitigate the
vibration modes, as the vibration frequency peaks (marked in
the black circles) in FFT spectra (figure 20) remains invari-
ant between original and despeckling signals. These frequency
peaks are not related to the speckle noise since the measure-
ment is not cyclical. The dominant noise energy has attenuates
sharply (marked in the red circle). However, the EEMD-
based approach is different from a low-pass filter, as the low-
frequency energy (which may related to speckle noise) also
alters (e.g. marked in the red rectangle).

The waveform at the joint location becomes visible, and
we can also use an IMF to locate the joint, e.g. IMF10. As
illustrated in figure 19(b), the IMF10 presents a sharp amp-
litude at around 0.225 s, corresponding to the wheel hitting the
joint. The amplitude of an IMF is corresponding to the oper-
ating deflection shape, and thus can be used for vibration ana-
lysis. Hilbert–Huang spectrum also has potential for vibration
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Figure 19. (a) The original and the despeckled signals when the wheel passing the joint; (b) the IMF10 achieved by EEMD.

Figure 20. The FFT spectra of (a) the original signal and (b) the despeckled signal.
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Figure 21. The Hilbert–Huang spectrum of the IMF10.

analysis, with that of IMF10 shown in figure 21. Only one
spike energy appears around 0.225 s, agreeing well with the
joint location. Therefore, our proposed approach can eliminate
the speckle noise and reveal the signals for vibration analysis.

5. Conclusion and discussions

In this paper, we propose an EEMD-based approach for elim-
inating speckle noise in LDVom signals. LDVom is a one-way
continuously scanning technique especially used for large-
scale structural monitoring, e.g. railway tracks, different from
SLDV and CSLDV. Speckle noise, originating from phase
variation of speckle patterns, is a significant issue when scan-
ning frommoving platforms. The noise amplitudes can exceed
30 times the true vibration, and the SNR can drop below
−15 dB. The EEMD approach can acquire IMFs containing
the instantaneous frequency, which relates to the instantan-
eous vibration velocity captured by the LDVom. The related
Hilbert–Huang spectrum has the potential to highlight the
damage locations. Since the instantaneous frequency in an
IMF is continuous, the EEMD approach can restore the
actual oscillations affected by intense speckle noise. MRMS
thresholds are used for cutting off the outliers, which can
reduce drop-out amplitudes and generate noise discontinuit-
ies that EEMD can identify properly. The proposed method
is evaluated regarding processing numerically simulated and
experimental acquired signals.

In the numerical simulation, randomly generated speckle
noise is added to three different time series, including a station-
ary signal, a time-varying signal and an abnormal signal with
oscillation discontinuities. When the initial SNR is −10 dB,
our proposed approach can reveal the true vibrations, with post
SNRs= 12.48 dB, 18.71 dB & 25.69 dB and correlation coef-
ficients over 0.97. The BPF and DWT methods for compar-
ison remove only part of the speckle noise and reserve numer-
ous distortions. Generally, all three approaches perform better
with increasing initial SNR. The EEMD-based approach can
achieve promising results even with initial SNR = −15 dB,
and the correlation coefficients remain over 0.93. However,
the BPF and DWT results are unacceptable in such intensely

noisy situations. Therefore, these results indicate the advant-
ages and robustness of our proposed approach in eliminating
speckle noise.

In the first physical experiment, a steel strip with three
artificial defects is excited at 500 Hz. The speckle noise is
intense as the noise amplitudes can reach 35 times the vibra-
tions, and the estimated initial SNR is−14.63 dB. After IMF1
to IMF8 are discarded, the actual vibration is revealed with
energy concentrating on the defect locations. Generally, the
EEMD-based approach can restore the vibrations surrounding
500Hz regardless of the speckle intensities, even at the loca-
tions where the actual vibrations are extremely weak and the
initial SNR is estimated to be −27.79 dB. However, both the
BPF and DWT methods preserve amplitude distortions result-
ing from intense speckle noise. The Hilbert–Huang spectrum
is illustrated to identify defect centers. The estimated dam-
age locations are at 41.4mm, 230.6mm and 459.7mm, cor-
responding well with the actual locations of 40mm, 220mm
and 450mm.

In the second physical experiment, a downscaled running
railway system excited by wheel-rail contact is under detec-
tion. The speckle noise is intense to cover the vibration,
especially the waveform at the joint location. The proposed
approach successfully mitigates the speckle noise. The joint
location is identified in both an IMF and the Hilbert–Huang
spectrum. Therefore, our proposed approach is applicable to
eliminating speckle noise and the despeckled signal can be
used for damage inspection.

We want to mention that the simulated signals are much
more challenging than the experimental signal of 500Hz, and
we want to evaluate the effect on these challenging signals.
That is reason for the difference between the simulated ones
and the experimental ones. Besides, the despeckling effect
seems more visible in removing the signal drop-outs, which
is a specific characteristic within the speckle noise resulting
from large phase change. It is difficult to visibly evaluate the
effect on other frequencies, and therefore we use ‘signal-to-
noise ratio’ to evaluate the despeckling effect.

There are two issues when applying EEMD, which should
be investigated in future research. First, EEMD has increased
the computational burden since it repeats EMD several
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hundred times. This issue may be solved by paralleling com-
putation for the hundred times of EMD. Second, the choice
of IMFs for despeckled signals is dependent on the oper-
ating experience. Future research will develop automatic
approaches to distinguish between the IMFs for noise and
vibration.

Future research should also concern the despeckling effect
in different scenarios. The experimental parameters like the
vibration frequency, the sampling frequency and the scanning
speed would change the signals, and the despeckling effect
that changes with these parameters should be further invest-
igated. Besides, the despeckling effect on the impulsive signal
is unknown, which should also be investigated in the future
research.

We also want to mention that using Hilbert–Huang trans-
form is potential for vibration analysis. However, different
strategies can present different analyzing effects. Since the
issue of signal quality has been solved, the strategies to inter-
pret LDVom signals can be developed in future research.
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