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Laser Doppler Vibrometer (LDV) is extensively applied in remote and precise vibration measurements for struc-
tural monitoring. Speckle noise is a severe signal issue restricting LDV applications, mainly when an LDV scans
from moving platforms. Realistic simulations and thorough characterizations of speckle noise can support the
despeckle procedure. A novel approach to numerically simulate speckle noise is proposed based on the statistical
properties of speckle patterns. Surface roughness and other affecting factors are thoroughly studied. The simu-
lated distributions agree well with the literature when investigating speckle properties. Single-point and contin-
uously scanning speckle noise are both numerically generated and experimentally acquired. Their corresponding
time-series and fast Fourier spectra present good agreement. In addition, similar amplitude distributions, approx-
imating a Gaussian distribution, are achieved. Speckle noise is different from Gaussian white noise because of
the varying frequency distribution. The speckle noise grows with increasing surface roughness to a critical value.
When simulating and acquiring the scanning speckle noise, the noise energy increases with the scanning speed,
but the signal drop-outs decrease in intensity and density. These promising results demonstrate the simulation
accuracy and can further support despeckle procedures.

1. Introduction

Laser Doppler Vibrometer (LDV) is a noncontact and nondestruc-
tive instrument for precise vibration measurement [1]. It has been ex-
tensively used in structural health monitoring (e.g., Nassif et al. [2],
Sels et al. [3]) as an alternative to traditional contacting transducers.
Its physical mechanism is the Doppler effect, as the target movement
can cause the frequency shift of lasers. LDV is technically superior to
attached sensors, acquiring vibrations remotely and continuously (e.g.,
measuring very long structures such as railway tracks at high speeds)
and avoiding mass loading that possibly changes vibration modes [4].
In addition, the instrument has a measuring frequency over 1 GHz and a
vibration velocity resolution of 1 mm/s, suitable for scenarios requiring
high-frequency and high-spatial-resolution analysis. In recent decades,
the LDV measurement technique has evolved from single-point mea-
surement to pointwise measurement (scanning LDV (SLDV)) and then
to the continuous scanning technique (continuous SLDV (CSLDV)) [1].
The pointwise measurement is a set of single-point measurements, and
the SLDV acquires sufficient signals at each point. This technique is time-
consuming. The CSLDV avoids this issue, but it requires multiple recip-
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rocating scans (e.g., Xu et al. [4], Allen and Sracic [5], Chen et al. [6])
for modal testing and noise removal. The signal integrated by those from
numerous reciprocating cycles derives the structural mode shapes. Thus,
the excitation source and the structural conditions should be constant
during one CSLDV measurement. An LDV on moving platforms (LDVom)
[7]1 is proposed for one-way continuously scanning vibrating surfaces,
especially for long or large structures where multiple reciprocating scans
are inapplicable. The instantaneous mode shape is acquired, and either
the excitation source or the structural conditions could be time-variant.
However, a significant signal issue, speckle noise [1,8], becomes ex-
tremely troublesome for the LDVom since the noise effect cannot be
averaged without multiple scanning.

Speckle noise is a significant issue that distorts the acquired vibra-
tion, adversely affecting signal interpretation. The noise is attributed
to an optical phenomenon, namely speckle patterns, as coherent laser
scattering from an optically rough surface alters the phases [9]. The
laser wavelets interfere constructively or destructively and thus pro-
duce a speckle pattern with bright and dark spots. The signal outputs
are phasor summations of the reflected wavelets, and thereby speckle
variation, including translation and deformation of the focusing spot,
results in signal fluctuations, namely speckle noise. According to the
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aforementioned scanning techniques, translation of the focusing spot
occurs in two cases: (1) the structure at the focusing spot vibrates or (2)
the laser continuously scans over the structure. In physical experiments,
the noise amplitude reaches over 30 times the true vibration, and the
signal-to-noise ratio falls below —15 db [10]. Several approaches have
been developed in recent studies to reduce adverse effects, but these ap-
proaches are either poorly effective or applicability-limited. For exam-
ple, Vass et al. [11] and Hosek [12] developed algorithms to eliminate
signal drop-outs, but dominant speckle noise with normal amplitudes
remained; Chiariotti et al. [13] and Pieczonka et al. [14] overlooked
time-frequency information and only calculated the energy distribution
for defect identification. These studies lack a comprehensive analysis
of speckle noise, while knowing the noise characteristics can support
the despeckle procedure. Others mitigated speckle noise according to
the noise features, e.g., averaging signals over the cyclical measurement
[15] and attaching retroreflective tapes to enhance the reflections [16].
Still, these approaches are not applicable in field measurements includ-
ing railway inspection. Therefore, the realistic simulation and thorough
characterization of speckle noise for better a understanding of the issue
should be studied.

Noise simulation and characterization require accurate phasor cal-
culation over the speckle patterns and proper simulation of the LD-
Vom scanning procedure. The surface roughness dominantly affects the
speckle pattern [17,18], while the scanning procedure is influenced by
the focusing spot, the scanning speed and the sampling frequency. Some
studies have investigated the properties of speckle patterns but lack a
thorough consideration of surface roughness. Goodman [19] systemat-
ically derived the statistical properties of laser speckle patterns, but he
assumed large surface roughness beyond the laser wavelength; Ohtsubo
and Asakura [20] derived the intensity distribution but not the phase
distribution that is significant for LDV signals; Fujii and Asakura [21] ex-
perimentally investigated the statistical distribution of the speckle inten-
sity but not of the phase. Recently, the simulation of speckle patterns
in image signals was considered. Bolter [22] adopted Gaussian white
noise, which is significantly different from speckle noise. Perreault et al.
[23] and Yamaguchi [24] simulated the laser intensities but ignored the
phases. Martino et al. [25] adopted the K-distribution for the light in-
tensity and uniform distribution for the light phase, but their assump-
tion simplified the contribution of surface roughness. To the best of our
knowledge, the sole study for simulating the speckle noise in LDV signals
was conducted by Rothberg [26]. The speckle noise simulated in Roth-
berg [26], where a surface passes through a stationary laser beam with
a constant speed, is similar to that in LDVom. However, the noise should
be affected by surface roughness and the aforementioned factors in the
LDVom scanning procedure, which have not been considered. In other
research, Martin and Rothberg [9] experimentally investigated the re-
lationship between the speckle noise and the focusing spot, while other
scanning factors were not included. Therefore, the speckle-noise simu-
lation and characterization that thoroughly consider the related factors
remain to be investigated, and such a study is significant for speckle
mitigation and avoidance.

In this paper, we propose a novel approach to numerically simulate
the speckle noise in LDVom signals, and then characterize the noise for a
better understanding of the issue. Speckle noise from the single-point vi-
bration is also characterized since sometimes important structural nodes
need constant monitoring. When analyzing the statistical properties, we
consider the surface roughness thoroughly and derive the complex dis-
tribution of laser phases. Then, the speckle noise is simulated in different
situations by varying the scanning speed and the surface roughness. Pure
speckle noise is experimentally acquired to evaluate the simulation accu-
racy. The remainder of this paper is organized as follows: Section 2 de-
rives the statistical properties and describes the simulation approach;
Section 3 evaluates the simulation accuracy by comparing with the ex-
perimental results and then characterizes the speckle noise in different
situations; Section 4 discusses the possible effect of the commercial de-

Optics and Lasers in Engineering 158 (2022) 107135

modulation system on our experimental results; and Section 5 concludes
this paper.

2. Methodology
2.1. Statistical properties of speckle patterns

Since there are numerous cases of microscopic structure of the scan-
ning surface, a better understanding of the statistical properties is nec-
essary. The monochromatic wave equation [27] to present the field in-
cident at (x, y, z) is

u(x, y, 231) = A(x, y, 2)e*™ =] A(x, y, z) | 00322 e

where, 7 is the transmission time, v is the optical frequency, and A(x, y, z)
represents a complex phasor with the phase 6(x, y, z). Then the light
intensity of the field (x, y, z) can be calculated as

T/2

I(x,y,2) = lim + L uCx,y,z:0) [P dt =] A(x, v, 2) 2 @
/2

T T -T

Considering that the complex amplitude A(x, y, z) results from the

summation of the laser wavelets illuminating a speckle pattern [27],
the phasor amplitude can be represented by

n
AGx,y,2) = ) L ag | /% 3)
k=1
where, | g, | and ¢, represent the amplitude and phase of the kth
wavelet respectively, and » is the wavelet number in the speckle pattern
([20,28] provide the estimator of n). According to Egs. (2) and (3), the

wavelet amplitude | g, | equals @ (I, is the incident light intensity).
Without loss of generality, we can set the incident light intensity I, = 1.
The phase ¢, of the reflected wavelet is proportional to the height of
the irregularities of the rough surface [29-31]

bo=Zn, @

where £, is the departure of the surface height from its mean value
and A is the optical wavelength. According to Eq. (4), we can derive
the statistical relationships between the speckle pattern and the surface
roughness

4
/4¢=7”Ra

_dp
% = TR

(&)

where, yu, and o, represent the mean and standard deviation of the
phases respectively, and R, and R, represent the mean roughness and
root-mean-square roughness of the surface respectively. The phase ¢,
becomes a random variable that is determined by the random variable
hy.. According to Eq. (3), we can obtain that

n n n

1 i 1 1 .

A, p,z) == Y e = =) cosp, +i= Y sing, = A +iA (6)
n /; n /; ¢ n /; ¢ : :

where A| = i Y, cosg, is the real component of the phasor and 4, =
%21’;1 sing, is the imaginary component. When » is a large positive
integer, according to the central limit theorem (Lindeberg-Levy Theo-
rem), we can obtain that

A — A, —
zl_ﬂlNN((),]); €2:2_/42

o1/ \/; o,/ \/;
where, y; and o, are the mean and standard deviation of cos¢,, u, and
o, are the mean and standard deviation of sin¢,, and N (0, 1) represents

the standard normal distribution. On this basis, the joint probability
density function of A, and A4, is yielded as follows

¢ ~ N, 1) @)

A=u? | (Ag=pp)?
o) | (Baio)
i i
n _

Ay, Ay) = 2/n 8
Sa(A, Ar) 27[0’1626 ®)
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According to Egs. (2) and (6), the intensity I and phase ¢ of a speckle
pattern can be expressed as

I=1(xy.2) = | Ax,y.2) I’= A] + 4]

t 42 ©
ang = —
@ Al

Considering Eq. (8), we can obtain the joint probability density func-
tion of I and ¢

Wicosp—p)? | (Vising—my

o2 o2

n _ 1 2

e 2/n (10)

fl,q;(I,(P) =l J | fa(Ay, Ay) = Z
010,

where J is the Jacobi conversion matrix. Therefore, the independent

distributions of I and ¢ can be acquired by integrating Eq. (10) sepa-

rately.

However, the integration to calculate the phase ¢ distribution is very
troublesome. According to Eq. (9), tang is a variable generated by the
ratio of two independent normal variables, thus obeying the distribution
derived from a known probability density function in Cedilnik et al.
[32].

Spttang) = ——[a(2) - o(-2)] + —L—cn
V2zdds,0, - ¢ a 74’010,
a= \/(tanqo)z/a% + 1/:712
b= ﬂztanq)/ag + /41/0'12
c= /4%/0'% +/4%/012
b2-ca®
d=e 2 (11)

where the function @ is the cumulative density function of the standard
Gaussian distribution. Since py, p,, o1, and o, are determined by
and o, the relationship between the variables I and ¢ and the surface
roughness is established. This expression is suitable for applications with
wide-range surface roughness.

In addition, the expressions of Egs. (10) and (11) also cover those in
the literature. For example, when o, /1/n = 0,/y/n = c and p; = u, =0,
we can obtain the same expression as in Goodman [19], Rothberg
[26] that the variable I follows an exponential distribution and ¢ fol-
lows an even distribution.

2.2. LDV speckle noise

LDV utilizes the Doppler frequency shift produced by the relative
motions to detect the vibrations. The signal received by the photodetec-
tor is the summation vector of the target and reference laser beams, and
the intensity scalar can be expressed as Halliwell [33]:

I, = Ig+ Iy +2y/TgI cos [27sz; - ‘% / vdt + (@ — ¢T)] (12)

where, I, is the detected intensity, I and ¢ are the intensity and
phase of the reference beam, I and ¢ are the intensity and phase of
the target beam respectively, f is the frequency of the reference beam,
A is the incident wavelength, and v is the vibration velocity of the target.
Therefore, the frequency shift of the target beam is
fbeat _fR = _%UJ" %M

Considering that the target beam illuminates P speckle patterns
(each with phase @7, and intensity Ir,) and the reference beam illu-
minates Q speckle patterns (each with phase @p, and intensity Ig,),
the resultant intensity /.., and phase ¢, are related to the summations
incident on the photodetector [26]

9
1 .
Lies =2 Iglp = Z{ [Z ZAMV IR Iy Sin(@ Ry = (/’Tp)]z

q=1 p=1

13)
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Fig. 1. Example of the divided scanning surface and the focusing spot (red rect-

angle).
o P
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q=1 p=1
tang,; = tan(eg — @r)
P .
_ ZqQ=1 2=t ApgVIrgIT) sin(PRg = P1) (15)
- P
ZqQ:] Ep:] qu V IRqITp COS((qu - (pr)
where, A, is the overlapping area of the pth target and gth reference

speckle patterns. Phase variation dominantly contributes to the speckle
noise even when the laser intensity is adequate. According to Eq. (13),
the measured vibration V,, is the true vibration v polluted by a noisy
component.

A A d(@Pres) p) 1 d(tan(@yes))
V == - =) ———— =—p— — .
m P (fR fbeat) v 4 dt v Ax 1+ tanz((pres) dt

(16)
where — ﬁ % is the so-called speckle noise or ‘pseudo vibration’, and
the expression is rewritten with the deviation of tan(¢,). Sharp vari-
ations of the phase ¢, generate LDV speckle noise, adding unwanted
fluctuations in the vibration signal. Therefore, the intensity and phase
distributions of speckle patterns on the scanning surface affect the LDV
signals. The statistical properties in Section 2.1 can be utilized for the
speckle-noise simulation.

Assuming the speckle patterns are rectangular and densely dis-
tributed as in Rothberg [26], the scanning surface is divided into e x f
speckle elements, as shown in Fig. 1. The size of each speckle element
should ensure that sufficient laser wavelets will transmit onto a speckle
and the sharp variation of the surface roughness can be characterized.
Hereafter, since the true surface outliers &, in Eq. (4) are difficult to
acquire, we use the roughness parameters R, & R, to assign intensities
and phases to the speckle elements according to Eqgs. (10) and (11).

The target beam illuminates a particular area with a speckles x g
speckles (the red rectangle in Fig. 1) on the scanning surface. The inten-
sities and phases of speckles inside the focusing spot (the red rectangle)
constitute the contribution of the target beam. The edges of the focusing
spot would cut the speckle elements, and thus the overlapping area 4,
that each speckle has inside the focusing spot should also be calculated.
Since the reference beam is relatively stationary during scanning, its
contribution can be simulated as the expectation values of variables I,
and o1, [26]. Therefore, the resultant phase of the target and reference
beams can be determined by Eq. (15).

2.3. Single-point noise

First, we concern about speckle noise with a single-point measure-
ment. The vibration at a single-point can cause bending, stretching and
twisting deformations of the vibrating structure. These cause relative
motion between the laser and the target surface even if the laser is sta-
tionary. If the vibration is periodical, the focusing spot will move with
the vibration period (the yellow arrows in Fig. 2 show an example). For
the time-neighboring samples in a signal, the displacement AX of the
focusing spot in a time increment is equal to the vibration velocity o
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Fig. 2. Example schematic of generating single-point noise. The focusing spot
(red rectangle) moves with the vibration period.

divided by the sampling frequency f.

-

L
fS

Then the algorithm for simulating the single-point speckle noise is
proposed as Algorithm 1.

AX = arn

Algorithm 1: Simulation of the single-point speckle noise.

Input: the surface roughness parameters, the surface size, the
vibration of the focusing node, and the sampling frequency;

1. Divide the surface into e x f speckle elements, and locate the
initial focusing spot;

2. Assign the intensities and phases to the speckle elements
according to Equations (10) & (11);

3. Calculate the resultant phase according to Equation (15), and
move the focusing spot according to Equation (17) to acquire the
time series of tan(@,es);

4. Calculate the speckle noise according to Equation (16);
Output: the time series of speckle noise.

2.4. Continuously scanning speckle noise

Second, we are concerned about the measurement strategy of cap-
turing the instantaneous vibrations by continuous scanning. When an
LDVom continuously scans the target surface, the focusing spot moves
along the scanning direction (in Fig. 3), and the variation inside the pho-
todetector produces the scanning speckle noise. The scanning speed (SS)
v, and the sampling frequency (SF) f, are two significant factors for sim-
ulating speckle noise, as they determine the moving rates of the focusing
spot. If the SS-to-SF ratio (SFR) is large, the time-neighboring sampled
positions will depart from each other with no overlapping speckle pat-
terns, which results in sharp speckle noise. Otherwise, the noise ampli-
tudes become relatively small.

Probability density

0 1 2 3 4

I/<I>

a
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Fig. 3. Example scheme of scanning the vibration surface. The focusing spot
(red rectangle) moves along the scanning direction.

During the scanning period, the displacement of the focusing spot

between two time-neighboring sampled positions can be expressed as
- Uy
Ax=SFR=—
/.

N

(18)

Since the target laser focuses the area a speckles x f§ speckles at a
time instant, the number of overlapped speckle patterns between time-
neighboring sampled positions is calculated as follows:

Ax v v
Pla— )= pa— L), a> L
Noverlap = {0 ¢ s o< E (19)
’ — df

where d is the length of a speckle pattern. With the increase in Noyerjap,
the difference between neighboring positions decreases, and thus the
speckle noise attenuates. The algorithm for simulating the scanning
speckle noise is proposed as Algorithm 2.

Algorithm 2: Simulation of continuously scanning speckle noise.

Input: the surface roughness parameters, the surface size, the
scanning speed, and the sampling frequency;

1. Divide the surface into e x f speckle elements, and locate the
initial focusing spot;

2. Assign the intensities and phases to the speckle elements
according to Equations (10) & (11);

3. Calculate the resultant phase according to Equation (15), and
move the focusing spot along the scanning direction according to
Equation (18) to acquire the time series of ran(@,s);

4. Calculate the speckle noise according to Equation (16);
Output: the time series of speckle noise.

3. Simulation results

In this section, we demonstrate the validity of the simulation ap-
proach by comparing with physical experiments. In order to evalu-

—
»

Probability density
o
o -

I/<I>
b

Fig. 4. (a) The simulated probability density function of 1/(I); (b) The experimental results reproduced from Ohtsubo and Asakura [20]. The laser wavelength is

0.6328 pm.
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Fig. 5. (a) The simulated probability density function of ¢ (with laser wavelength of 0.6328 um); (b) The relationship between the speckle contrast and surface

roughness.

ate our derivation of statistical properties, the phasor distributions of
speckle patterns are compared with the experimental work in Ohtsubo
and Asakura [20]. Then, to evaluate the simulation of speckle noise, the
time series, fast Fourier transform (FFT) spectra, and noise amplitude
distribution are compared with the experimental results. Generally, the
time series and FFT spectra can roughly compare the similarities be-
tween simulation and experiments. Due to the periodical property, the
FFT spectra of single-point speckle noise can quantify the noise [34].
The twice-FFT curve of scanning speckle noise can show some similari-
ties although it has no known physical meaning. The probability density
function of all magnitudes in the noise series is an effective tool to eval-
uate the simulation results. After evaluating our simulation approach,
several properties of speckle noise are investigated.

3.1. Evaluating the statistical properties

The statistical properties of the speckle patterns constitute the foun-
dation of numerical simulations, thereby requiring appropriate evalu-
ations of the derived distributions. The experimental work in Ohtsubo
and Asakura [20] revealed the distribution of the intensity I for rough
surfaces (with R, =0.14, 0.07, 0.047, 0.04 pm) illuminated by the He-
Ne laser (with wavelength 0.6328 pm). These parameters are utilized
in our simulation to acquire comparison results. Since the microscopic
structure of the rough surface is unprovided, a Gaussian distribution is
adopted to generate h, randomly. The probability density function of
I/{I)y ({I) is the mean of I) is illustrated in Fig. 4. Our simulated re-
sults demonstrate good agreement with the experimental results in Oht-
subo and Asakura [20]. With the decrease in the surface roughness, the
probability curves vary from a negative exponential distribution (which
agrees with Goodman’s results [19]) to a Gaussian distribution centered
at 1/(I) = 1. These results indicate the accuracy of simulating the sta-
tistical properties.

To investigate the relationship between phase ¢ and the surface
roughness, the probability density function of ¢ is presented in Fig. 5a.
The phase curves are symmetric by 0. When the surface is sufficiently
smooth, the speckle phases mostly appear at 0, which indicates that
the specular laser wavelets vary little from the incident light. With in-
creasing surface roughness, the phase ¢ becomes uniformly distributed,
agreeing with Goodman’s results [19]. Considering the effect of laser
wavelength, the relationship between the speckle contrast o;/(I) and
surface roughness R, is shown in Fig. 5b. With a smooth surface, the
speckle pattern is almost bright and thus the contrast o; /(I is nearly 0.
With the increasing surface roughness, the speckle pattern becomes dark
and bright, and thus its contrast increases. This increasing trend ends at

a critical value R, of the surface roughness. These curves agree with
the results in Mansour et al. [18], Fujii and Asakura [21]. The critical
value R, is positively correlated to the incident wavelength since the
wavelength determines the laser resolution to the surface roughness.

3.2. Experimental setup

Physical experiments are conducted in the laboratory to evaluate the
simulation results. Fig. 6 presents the experimental setup that measures
a cantilever strip of length 540 mm. The LDV transmits a laser beam
deflected by a rotating mirror to the target surface. (1) When acquiring
the single-point speckle noise, the focused node of the strip slightly vi-
brates at 500 Hz excited by a shaker. Then the LDV acquires the 500 Hz
vibration and the speckle noise. (2) When the mirror rotates, the laser
continuously scans the steel strip at a constant speed along the scan-
ning direction (Fig. 6a). The laser beam only scans the sample once, not
repeatedly or periodically, which satisfies the basic concept of an LD-
Vom. The scanning speed is adjustable. There are no vibrations of the
target, and thus the LDVom acquires pure speckle noise. The sampling
frequency is 102,400 Hz.

3.3. Single-point simulation

First, the single-point speckle noise is simulated according to the al-
gorithm in Section 2.3, since sometimes important structural nodes need
constant monitoring. The frequency of the single-point vibration is sim-
ulated as 512 Hz. The simulated frequency of 512 Hz has a small dif-
ference from the experimental frequency of 500 Hz, to identify whether
the speckle noise is vibration-related. In [34], the peak intervals in the
FFT spectra of speckle noise are equaling to motion frequency. We also
want to evaluate if the peak intervals change with the vibration fre-
quency. The simulated focusing spot is set 700 X 700 um? and the laser
wavelength is 1.55 pm. These parameters are the same as the LDV. The
size of the speckle element is 5 x 5 um?, and the sampling frequency is
102,400 Hz.

Fig. 7 presents the time series of the numerically simulated (with
R, = 0and R, = 0.47um) and experimentally acquired speckle noise (the
single-point vibrations have been removed by subtracting from the LDV
signals the vibration input), as well as the FFT spectra. The simulated
series of speckle noise presents cyclical fluctuations arising from the
512 Hz vibration, and thus the noise period is 1/512 s. The experimental
noise also presents a period of 0.002 s due to the 500 Hz vibration.
A good agreement is visible in the FFT spectra. The intervals between
frequency spikes in the simulated spectrum are constant (512 Hz), and
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Fig. 6. (a) Scheme of the physical experiments; (b) experimental set-up for acquiring speckle noise.
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those in the experimental spectrum are also constant (500 Hz). Actually,
these intervals equal the frequency of the spot motion [34] and thus
equal the vibration frequency in this scenario. These well-agreed results
demonstrate that the proposed approach is effective in simulating single-
point speckle noise. However, the true vibration mixed with the speckle
noise at the vibration frequency (512 Hz in the simulation and 500 Hz in
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Fig. 11. FFT on the (a) simulated frequency spectrum; (b) experimental fre-
quency spectrum.

the experiment). Although a bandpass filter is effective to remove other
harmonics, the vibration energy would be enlarged or underestimated.

Fig. 8 illustrates the probability density function (PDF) of the noise
amplitude, as well as a Gaussian distribution. The simulated noise
presents a similar distribution to the experimental noise, which indi-
cates the accuracy of our simulation. The speckle noise amplitude ap-
proximately obeys a Gaussian distribution. However, the speckle noise
is different from Gaussian white noise since the power spectrum is not
uniformly distributed (Fig. 7).

Fig. 9 presents the relationship between the surface roughness R,
and the root-mean-square (RMS) of the noise amplitude. The noise en-
ergy increases with the surface roughness when R, < R/ , and fluctuates
around a constant when R, > R; . (the critical value R;M is related to the
laser wavelength). The increasing noise energy is related to the increas-
ing variance of phase (e.g., Fig. 5a). Therefore, reducing the surface
roughness (e.g., by polishing the surface) in small-scale measurement
will significantly mitigate speckle noise.
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Fig. 10. (a) Simulated scanning speckle noise with R, = 0 and R, =0.47um; (b) FFT spectrum of a; ¢) Experimental speckle noise (zoom-in between 3 s and 4 s);

(d) FFT spectrum of c. The scanning speed is v, = 0.1 m/s.
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3.4. Continuously scanning simulation

Second, we simulate the LDVom speckle noise in continuous scan-
ning, utilizing the algorithm in Section 2.4. The simulation param-
eters are the same as those in Section 3.3. The scanning surface is
40 x 540 mm? divided into 8000 x 108,000 rectangle elements. The
sampling frequency is 102,400 Hz.

Fig. 10 shows the time series as well as the FFT spectra of both nu-
merically simulated (with R, = 0 and R, = 0.47um) and experimentally
acquired speckle noise. The scanning speed is v; = 0.1 m/s. The speckle
noise appears in two forms Rothberg et al. [1], the signal drop-outs with
extremely large magnitudes and the normal dominant noise with small
magnitudes. For both time series, the dominant noise energy is within
magnitudes < 0.005, and the signal drop-outs with large magnitudes oc-
casionally appear. Good agreement is achieved between the FFT spectra,
as the noise energy increases in the frequency domain and both spec-
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Fig. 14. The relationship between the scanning speed v, and RMS of the noise
amplitude.

trum curves present similar fluctuations. Different from the FFT spectra
of the single-point noise, the intervals between the spikes are noncon-
stant since the scanning is not cyclical.

To further visualize the simulation accuracy, we conduct FFT on the
frequency spectrum in Fig. 10, with the results presented in Fig. 11.
The curves decrease exponentially with the increasing r. The intervals
between curve peaks are constant, 6.81 x 1073 s and 6.78 x 1073 s for the
simulated and experimental results, respectively. These results present
good agreement and thus demonstrate the accuracy of our simulation.

The PDF of the noise amplitude and a Gaussian distribution are il-
lustrated in Fig. 12. The PDF curves of the simulated and experimental
noise are almost identical. The scanning noise approximately obeys a
Gaussian distribution, similar to the single-point noise. However, the
speckle noise is different from Gaussian white noise since the power
spectrum is not uniformly distributed.
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v, = 3 m/s; (d) Experimental scanning speckle noise with v, = 3 m/s; (e) Simulated scanning speckle noise with v, = 10 m/s; (f) Experimental scanning speckle noise
with v, = 10 m/s.
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To investigate the effect of the scanning speed, we assign the pa-
rameters v, = 1, 3, 10 m/s (f, = 102,400 Hz, R, = 0 and R, = 0.47um)
in both numerical simulations and experiments, with the speckle noise
shown in Fig. 13. The simulated noise presents good agreement with the
experimental results. The dominant noise magnitudes increase with in-
creasing scanning speed, but the signal drop-outs decrease in intensity
and density. The magnitudes of the signal drop-outs become smaller
and the signal drop-outs appear less frequently. This result is also vis-
ible in the RMS curve illustrated in Fig. 14, as the simulated noise en-
ergy presents an increasing trend despite fluctuations. Therefore, re-
ducing the scanning speed can effectively mitigate the speckle-noise
energy.

Further simulations are intended to investigate the relationship be-
tween the noise amplitude RMS and the surface roughness, as shown
in Fig. 15. Similar to the single-point noise, the scanning noise en-
ergy increases with the surface roughness when R, < R; .» and fluctuates
around a constant when R, > R; .- Therefore when additional operations
on the scanning surface are convenient, reducing the surface roughness,
such as polishing the surface, is an effective strategy to mitigate speckle
noise.

4. Discussion

In this paper, we use a commercial LDV from Polytec (model No.
RSV-150) to conduct the experiments. It could be a significant issue of
our noise analysis if the demodulation system of RSV-150 alters the orig-
inal signal. Therefore, we discuss some evidences regarding the outputs
of the RSV-150 LDV.

Firstly, the LDV header acquires the modulation frequency according
to equation (12). The polytec system uses an acousto-optic modulator to
shift the laser frequency by a carrier frequency of 40 MHz (add 40 MHz
to the modulation frequency), in order to distinguish between move-
ments away from and towards the detector [35,36]. The demodulator is
a PM or FM demodulator which is necessary for any LDV to acquire the
Doppler frequency shift [37]. The carrier frequency and the demodula-
tor are required for any general LDV, not only the polytec system, and
these two components cannot alter the output of the Doppler frequency
shift [38]. Therefore, the speckle noise output from RSV-150 is original
according to Eq. (13).

Secondly, the promising consistence between our theoretical and
experimental results indicate that the speckle noise output from RSV-
150 is original. In both single-point and continuously scanning results,
the numerically simulated and experimentally acquired speckle noise
presents similar amplitude distributions, FFT spectra and energy trends.
The agreement indicates that RSV-150 does not alter the original signal.
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5. Conclusion

In this paper, we propose a novel approach for numerically simu-
lating the speckle noise in LDVom signals, and then characterize this
noise for a better understanding of the signal issue. Single-point speckle
noise is also characterized since sometimes important structural nodes
need constant monitoring. When investigating the statistical properties,
we thoroughly consider the related factors, including the surface rough-
ness. The complex distribution of the speckle phases is then derived.
The distributions of the speckle intensity and phase agree well with the
experimental results in the literature. These promising statistical prop-
erties constitute the foundation of simulating speckle noise.

The single-point and continuously scanning speckle noise are both
numerically simulated and experimentally acquired, and their corre-
sponding time-series and FFT spectra present good agreement. For the
single-point speckle noise, the intervals of frequency peaks in the FFT
spectra are constant and equal to the vibration frequency. The cyclical
motion of the laser spot arises from the vibration, and thus the speckle
noise presents the same period as the vibration. The simulated noise
amplitude presents a similar distribution to the experimental result, ap-
proximating a Gaussian distribution. The noise energy increases with
the surface roughness when R, < R, and fluctuates around a constant
when R, > R,.. These amplitude and energy properties are also visible
for continuously scanning speckle noise. In addition, the energy of the
continuously scanning speckle noise increases with the scanning speed,
but the signal drop-outs decrease in intensity and density. These re-
sults demonstrate the simulation accuracy, and the characteristics of the
speckle noise can contribute to future research concerning despeckling
procedures or noise avoidance.

Some strategies for mitigating speckle noise are supported by noise
characteristics and should be investigated in future research:

i. For single-point speckle noise, the frequency spectra present har-
monics that are multiples of the vibration frequency. Therefore, the
true vibration is mixed with the speckle noise at the vibration fre-
quency. Although a bandpass filter is effective in removing other har-
monics, the vibration energy would be enlarged or underestimated;

ii. During continuously scanning, the noise energy increases with the
scanning speed. Therefore, reducing the scanning speed can effec-
tively mitigate speckle noise;

iii. The speckle noise energy increases with surface roughness; thus, re-
ducing the surface roughness, such as polishing the surface, is an
effective strategy to mitigate speckle noise. However, it is effective
in experimental investigation but not in field measurement.
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