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A B S T R A C T

Speckles noise generated by the relative in-plane motion between the Laser Doppler Vibrometry (LDV) and the
target damages the quality of the LDV-captured speech severely. As such, it is necessary to research on the
effect of speckles noise on the LDV for remote voice detection and remove it. In this paper, we comprehensively
discuss the statistical properties of dynamic speckles with the combination of theories and experiments, and the
results show that the fluctuation of speckles intensity depends strongly on the relative velocity for a given value
of the detection distance. Then, we investigate the effects of the speckles noise on the LDV for remote audio
detection, and the results indicate that speckles noise can cause spikes and bursts appearing in the LDV-captured
voice signals, which degrades the quality of the speech. To address this issue, an algorithm of the speckle noise
reduction in the LDV-measured audio signals is proposed and the experimental results demonstrate that the
proposed algorithm performs well.

1. Introduction

Remote acoustic signals detection is receiving a growing interest
by the scientific community. It can be used for surveillance, such as
intrusion detection, abnormal situations detection in public places and
underwater acoustic environment monitoring [1–4]. Whereas, because
of the quick drop of the speech pressure as it propagates through the
air, the working distances of the traditional acoustic sensor is short. The
microphone array can be used for long-range voice detection, but it is
sensitive to the environment noise, and the detection distance is still
very limited [5,6]. Furthermore, these types of sensors need to be fixed
at pre-determined locations, if the targets move out of the detection
range, they will not obtain any signals.

With high-precision, non-contact, high spatial resolution and wide
dynamic range, Laser Doppler Vibrometry (LDV) can measure the
displacement and velocity of remote solid objects precisely [7–11].
Because of the advantages mentioned above, LDV offers an effective
method alternative to traditional sensing methods such as accelerome-
ters, and it has a wide range of application in commercial, industrial and
biomedicine fields. Furthermore, the voice signal can cause vibration
of any surrounding objects, although these vibrations are usually at a
micrometer or nanometer scale. So, similar to the microphone to obtain
the sound signals by detecting the microphone membrane vibration, the
LDV can be used to detect the objects vibration caused by the speech of
the person close to the target to acquire voice signals. Some studies using
LDV for remote speech detection have been published. For instance, Li,
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Wang [12–17] and et al. have presented their results in detecting and
processing voice signals of people from large distances using an LDV,
Peng [18] and Yekutiel [19] used the LDV to enhance the quality of
speech, and the LDV is used by Deng [20] to identify long range speaker.
In previous paper, we also developed a system which consists of an LDV
and a PTZ camera to detect human activities [21].

Despite the LDV has ability to detect long range speech, the voice
signal quality acquired by the LDV is mainly determined by the surface
properties of the selected object nearby the target. So, Rui Li [22]
has investigated the effect of the vibration characteristics of targets on
LDV remote voice acquisition, and Qu [16] proposed a target surface
selection and automatic laser focusing method to improve the LDV’s
performance for the long-range detection. However, if there is relative
motion between the selected target and LDV due to human activity or
environmental factors, the LDV-measurement audio may be distorted by
dynamic speckles noise. Many studies have attempted to account for the
effect of speckles on the LDV system, such as the LDV uncertainty limit
due to speckle noise is studied in [23] and the prediction of the vibration
amplitude noise floor due to speckle at low frequencies is given by Rice
[24,25], Hill [26], Jiang [27] and Dräbenstedt [28]. However, their
studies focused on the effect of LDV vibration measurement, and the
effect of dynamic speckles noise on the LDV for remote speech detection
has not been studied.

In this paper, we present several exact formulations based on Gaus-
sian noise and Speckles theory, and use those to evaluate the effect of
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Fig. 1. The diagram of the transceiver unit. The AOFS is a Gooch&Housego T-M040-0.5C8J-3-F2P. The collimator is a Thorlabs PAF-X-2-C. The balanced detector is a Thorlabs PDB570C.

Fig. 2. The diagram of the signal processing unit.

speckles noise on the LDV system for remote speech detection. Besides,
a speckles noise removal algorithm is proposed to remove the speckles
noise from LDV-captured speech, and the performance superiority of the
proposed approach is demonstrated.

The rest of the paper is organized as follows: Section 2 briefly in-
troduces the fundamentals of the LDV and its use for voice detection. In
Section 3, the properties of dynamic speckles are discussed theoretically
and experimentally. The effect of speckles on the LDV system for remote
speech collection, from theoretical analyzed and numerical simulated is
presented in Section 4. The speckle noise removal algorithm is presented
in Section 5. Concluding remarks are given in Section 6.

2. Long-range speech measurement with LDV

Because the LDV is a relatively new modality for the speech collec-
tion, we give a short introduction of LDV system in this section.

The LDV used to detect remote audio is composed of transceiver unit
and signal processing unit. The diagram of the transceiver unit is shown
in Fig. 1. A 20-mW single-frequency (1550 nm) fiber laser with single
longitudinal mode and narrow linewidth (less than 10 kHz) is used as
the transmitter. An emergent beam from the transmitter is divided into
two beams by a 1 × 2 single-mode fiber coupler. One acted as the local
oscillator (LO) beam, and the other acted as the transmitted beam. In
order to discriminate the direction of target vibration, an acousto-optic
frequency shifter (AOFS) is applied to shift the frequency of LO beam 40
MHz offset. The transmitted beam is focused on the target after passing
through a half wave plate, a polarization prism, a quarter-wave prism
and a zooming telescope. For ultra-long standoff range applications,
the long-range focal telescope can be used. Due to the vibration of the
target caused by the speech pressure, the backscattered beam carries
a Doppler frequency shift 𝛷𝑑 (𝑡), which is proportional to the vibration
displacement x of the target according to 𝛷𝑑 (𝑡) = 2𝑘𝑠 = (4𝜋∕𝜆)𝑠. The
backscattered beam is received by the same telescope and mixed with
LO beam to feed into the balanced detector. Noting that the polarizing
prism is used to isolate transmitted beam and backscattered beam.

The output of the balanced photodetector I is given by the time
average of the square of the total light amplitude resulting from the
combination of the LO and backscattered beams. In order to obtain
the acoustic signal, a signal processing unit (as shown in Fig. 2) is

needed. The signal processing unit contains a dual-channel high-speed
acquisition card (16 bits and 200 M/s) and an in-phase quadrature
(IQ) demodulator [29]. First the detector output signal I and local
oscillator are sampled by the data acquisition card. Because the center
frequency of the balanced photodetector I is 40 MHz, the sampling rate
of 200 M/s can ensure that the digital signal completely retains the
information in the balanced photodetector I after sampling. Then, the
Doppler frequency shift 𝛷𝑑(t) can be acquired by the IQ demodulator.
In the end, according to the Doppler frequency shift 𝛷𝑑(t), the speech
(vibration displacement x) can be acquired.

3. The properties of dynamic speckles caused by relative in-plane
motion

In order to analyze the impact of dynamic speckles noise on the LDV
for remote speech detection, it is necessary to consider the properties
of dynamic speckles. Because the relative motion between the selected
target and LDV which may be caused by human activity or environment
factors, is mostly in-plane motion or tilt rather than rotation, we only
consider the effect of the translational speckles noise and the boiling
speckles noise can be neglected. The propagation process of spot from a
diffuse target to the receiving system is illustrated in Fig. 3. We assume
that the target has an in-plane velocity 𝑉⊥, the distance between the
diffuse target and the LDV is R, and the Gaussian beam waist 𝜔0 is on the
target (the laser is focused on the target surface). It is worth noting that
if the transceiver system as shown in Fig. 1 is a perfect optical system,
the relation between Gaussian beam waist radius 𝜔0 and the focusing
distance R is linear.

In reality, the detection distance satisfies the far field condition, so
the detected speckle complex amplitude E(X, t) can be written as:

𝐸 (𝑋, 𝑡) = 1
𝑖𝜆𝑅

exp (𝑖𝑘𝑅) exp
(

𝑖 𝑘
2𝑅

𝑋2
)

∫

+∞

−∞ ∫ 𝐸0 (𝜁 )

× exp
(

𝑖𝜙
(

𝜁 − 𝑉⊥𝑡
))

𝑒
(

−𝑖𝑘
𝜁𝑋
𝑅

)

𝑑𝜁 (1)

where the wave vector is denoted by 𝑘 = 2 𝜋∕𝜆, 𝛷(𝜁) is the incident light
phase at the detector, and the amplitude of the incident light 𝐸0(𝜁) is
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Fig. 3. Transmission model of speckle field.

expressed by

𝐸0 (𝜁 ) = exp
(

−
𝜁2

𝜔0
2

)

exp
(

−𝑖𝜑𝑎𝑑𝑑
)

(2)

where 𝜑add is an additional phase, which can be ignored.
Let the fluctuation of the speckle intensity from the mean value

be defined as 𝛥(𝐼𝑋, 𝑡) = 𝐼(𝑋, 𝑡) − ⟨𝐼(𝑋, 𝑡)⟩, where ⟨…⟩ stands for an
ensemble average. Since the complex amplitude 𝐸(𝑋, 𝑡) is assumed
to obey circular Gaussian statistics with zero mean under the central
limiting theorem, the correlation function of the intensity fluctuation
𝛤𝛥𝐼 (𝑋, 𝑡1, 𝑡2) is expressed by using the second-order correlation with
respect to the complex amplitude and is given by
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By using (1) and (3), the time correlation function of the complex
amplitude E(X, t) becomes
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In Eq. (4), ⟨𝑒𝑥𝑝(𝑖[𝛷(𝜁1 −𝑉⊥𝑡1) −𝛷(𝜁2 −𝑉⊥𝑡2)])⟩ can be simplified into
𝛥𝑆 𝛿[𝜁1 − 𝜁2 −𝑉⊥(𝑡1 − 𝑡2)] [17]. Where 𝛥𝑆 is the correlation area of 𝛷(𝜁 ),
and in far-field situations, 1∕𝑅1 − 1∕𝑅2, 𝑘(𝑅1 − 𝑅2) and 1∕(𝜆2𝑅1𝑅2) are
similar to constants. In practice, the receiving system is located in the
center, so X = 0, and Eq. (4) can simplify to

𝛤𝐸
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)

= 𝛥𝑆∬∞
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)

𝑑𝜁 (5)

By using the (3) and (5), the normalized correlation function of the
intensity fluctuation 𝛾𝛥𝐼 (in the far-field) takes the form [30,31]

𝛾𝛥𝐼 (𝜏) =
𝛤𝛥𝐼 (𝜏)
𝛤𝛥𝐼 (0)

= exp

(

− 𝜏2

𝜏2𝑐⊥

)

(6)

where 𝜏𝑐⊥ represents the correlation lengths caused by the relative
motion, which is equivalent to the time taken for the speckle pattern
to advance by one speckle length

𝜏𝑐⊥ =
𝜔0
|

|

𝑉⊥||
(7)

The formula 6 and 7 are confirmed by an experiment, and the
schematic is shown in Fig. 4. In order to simulate relative motion, a

Fig. 4. (a) Experimental setup for detecting speckle intensity. (b) Prototype of the
experimental system. (c) Target.

beam of laser is focused on the moving object (moving perpendicular
to the optical axis) with the reflected light detected by a photodetector.
And the normalized correlation function of the intensity fluctuation can
be obtained by autocorrelated the output of the photodetector, which
has removed the mean.

The results are shown in Fig. 5. We can see that the correlation
length 𝜏𝑐⊥ decreases with the increasing velocity 𝑉⊥, and the measured
normalized correlation function of the intensity fluctuation curves can
be fitted by Eq. (6).

4. The effect of dynamic speckles on the LDV system for remote
speech detection

4.1. The spectral power density of speckles noise

To consider the effect of the speckles on the LDV system, it is
necessary to analyze the output of the instrument photodetector.

If there are M speckles incident on the detector, the total scattered
electromagnetic field falling on the detector can be represented as

𝐸𝑠 = 𝑒𝑖2𝜋(𝑓𝑡+𝜙𝑑 (𝑡))
𝑀
∑

𝑗=1
𝛼𝑗𝑒

𝑖𝜑𝑗 (8)

where f is the optical frequency and 𝑓𝑑 is the doppler frequency shift
caused by vibration of the target. Assumed that the doppler shift is
modulated by a pure tone, the 𝛷𝑑 (𝑡) can be written as

𝜙𝑑 (𝑡) =
4𝜋𝑠
𝜆

cos
(

2𝜋𝑓𝑠𝑡
)

(9)

where s is the amplitude of target vibration and 𝑓𝑠 is the frequency of
the target vibration.

The individual scattering amplitudes 𝛼 and phases 𝜑 are statistically
independent random variables. According to [24], the Eq. (9) can be
represented by the product

𝐸𝑠 = 𝜀𝑒𝑖[2𝜋(𝑓𝑡+𝜙𝑑 (𝑡))+𝜃] (10)

where 𝜀 and 𝜃 are the amplitude and phase of a complex Gaussian
process.

In heterodyne detection, the scattered electromagnetic field and
the local oscillator field are combined at the photodetector, and the
photodetector output that removes the dc term can be expressed as
follows

𝐼 = 𝛽𝜀𝑒𝑖[2𝜋(𝑓𝐴𝑂𝐹𝑆 𝑡+𝜙𝑑 (𝑡))+𝜃] (11)
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Fig. 5. The normalized correlation function of the intensity fluctuation 𝛾ΔI under different velocity.

Fig. 6. Speckles noise spectral power density. The parameter used to generate these curves is 𝜔0=0.05 mm.

where 𝑓𝐴𝑂𝐹𝑆 is the frequency difference between the scattered field and
the local oscillator field, which caused by the AOFS.

The output of the I&Q demodulator can be expressed as

𝑂 = �̇�𝑑 (𝑡) + �̇� (12)

where �̇� is the phase derivative of the speckle noise. Thus, the speckles
noise is converted from a multiplicative noise at the input to an additive
noise at the output of the IQ demodulator.

A simple measure of the performance of the demodulator can be
obtained through evaluation of the power spectrum of its output, and
the power spectrum can be evaluated from the autocorrelation function.
The correlation function can be written as

⟨𝑂 (𝑡)𝑂 (𝑡 + 𝜏)⟩ =
⟨

�̇� (𝑡) �̇� (𝑡 + 𝜏)
⟩

+
8𝜋2𝑠2𝑓 2

𝑠

𝜆2
cos

(

2𝜋𝑓𝑠𝜏
)

(13)

where the first term on the right side of the Eq. (13) is the auto-
correlation function of the speckle noise, and the second term is the
autocorrelation function of the Doppler frequency shift.

The speckle is a Gaussian random process, and the phase 𝜃 of a
complex Gaussian process with real and imaginary components 𝑋sp, 𝑌sp
is defined as the arctangent of the ratio 𝑌sp∕𝑋sp. The correlation function

Fig. 7. (a) Experimental setup for verifying the effect of speckles noise. (b) Prototype of
the LDV system. (c) Target.
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Fig. 8. The Speech waveforms and spectrograms of the LDV-captured single tone with different relative velocity. (a) velocity is zero. (b) Relative velocity is 2.33 mm/s. (c) Relative
velocity is 4.66 mm/s. (d) Relative velocity is 7.00 mm/s.

of its derivative may thus be written [24,25]:

⟨

�̇� (0) �̇� (𝜏)
⟩

=

⟨(
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where

𝑏 =
⟨
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⟩
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⟩
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⟨
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⟨

𝑋2
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⟩

In the special case in which the spectrum of O is symmetric, the Eq. (14)
can be simplified to

⟨

�̇� (0) �̇� (𝜏)
⟩

= 1
2

(

𝜌�̈� − �̇�2

𝜌2

)

ln
(

1 − 𝜌2
)

(15)

where, 𝜌 is the correlation function of the speckle field. So, the 𝜌 can be
expressed by Eq. (6).

𝜌 = exp

(

− 𝜏2

𝜏2𝑐⊥

)

(16)

According to Eq. (15), the speckle noise spectral power density S(f )
in rad2/s can be expressed by

𝑆 (𝑓 ) = ∫

∞

0

(

𝜌�̈� − �̇�2

𝜌2

)

ln
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∞

0
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𝑒𝑖𝜔𝑡𝑑𝑡 (17)

After the speckle noise floor which is generated by the transverse
motion between the target and LDV measured carefully, Dräbenstedt
[28] found that below the cutoff frequency 𝑓𝑐 = 1/(2𝜏𝑐⊥), the speckle
noise spectral density is constant. Whereas, beyond that cutoff frequency
the spectral noise density falls off with 1/f. So, the speckle noise spectral
power density S(f ) can be rewritten as

𝑆 (𝑓 ) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

2∫
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|
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𝑉⊥||
𝜔0
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2𝑓𝑐2

𝑓 2 ∫

∞

0

�̇�2

1 − 𝜌2
𝑑𝑡 =

𝑓𝑐2

𝑓 2
3.27
𝜏𝑐⊥

= 3.27
𝑓𝑐2

𝑓 2

|

|

𝑉⊥||
𝜔0

𝑓 > 𝑓𝑐

(18)

The formula 18 is consistent with Rice [24,25], Hill [26], Jiang
[27] (with a factor difference 2) and Dräbenstedt [28] (with a factor
difference 4) at high CNR.

The functional form of the speckles noise spectral power density with
different velocities (for a given Gaussian beam waist) is shown in Fig. 6,
the speckle noise spectral power density increases with the increase of
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Fig. 9. Block diagram of the algorithm for speckle noise location.

the velocity of the relative motion. The knee of the speckles noise floor
occurs at 𝑓𝑐 = 1/(2𝜏𝑐⊥), and the knee frequency increases as the velocity
increases.

4.2. The effects of speckle noise

As shown in Fig. 6, The speckles noise is mainly located in the low
frequencies region. Whereas, the frequency range of human voice is
about 300 Hz to 3 kHz, the speckles noise may be introduced spreading
across the voice frequency range. As shown in Eq. (12), due to the
speckles noise, the phase of the Doppler signal changes discontinuously
from −𝜋 to 𝜋, which will cause spikes and bursts appearing in the output
of demodulator signals. The spikes and bursts appear as sharp and harsh
squeaks and pops in the voice signal, which have a great influence on
the quality of the speech.

This phenomenon can be confirmed by a simple experiment (as
shown in Fig. 7). This experiment is carried in a lab that has an
unobstructed line-of-sight of 30 m. We placed the LDV at one end and
the test target at the other. Because we can control the loudspeaker to
generate any sound wave that we want, the loudspeaker is selected as
a sound source, and the carton is selected as measurement target. To
simulate the process of the relative motion, the loudspeaker and the
carton are placed on the 1 DOF motorized rail. In this experiment, the
sound source is the single tone with a frequency of 500 Hz.

As shown in Fig. 8.a, the LDV-captured voice is consistent with the
sound source. Whereas, from Fig. 8.b to Fig. 8.d, we can find that when
the target begins to move, the LDV-captured voice will begin to appear
bursts, spikes and distortions, which creates sharp and harsh squeaks
and pops when we listen to the LDV-captured voice (can be seen in
from Fig. 8.b.2 to Fig. 8.d.2). Besides, it is worth noting that the relative
velocity seems to promote the speckles noise. Hence, it is necessary
to make sure the detection target without relative motion (in-plane)
with the LDV. Whereas, in practice, it is difficult to find this type of
target. Therefore, an algorithm for attenuating this noise is presented in
Section 5

5. Speckles noise removal

Many speckles noise removal algorithms have been proposed, but
they have been mainly used for vibration measurement [32,33], for
instance, J. Vass [32] use a statistical indicator kurtosis ratio to select
a portion which is undistorted by speckles noise. However, if this
algorithm is directly applied to LDV-captured voice, it will cause some
segments of voice lost. In this paper, we proposed a speckles noise
removal algorithm to attenuate the speckles noise.

5.1. Speckles noise detection

Since the distribution of speckle noise appears to be random (see
Fig. 8.b to Fig. 8.d), the speckle noise location must be confirmed before
we remove it.

Motivated by the impulsive nature of speckle noise, a scalar indicator
segment kurtosis ratio is used by us to determine the position of the
speckle noise. This method was put forward by J. Vass [32] in 2008,
and it is extended to speech signals. The block diagram of the speckle
noise detection algorithm is depicted as Fig. 9.

First, the raw (measured) signal x is segmented by using a rectangu-
lar window.

Next, the lth segment trimmed signal 𝑥𝑙𝑡 is achieved by thresholding
the lth segment raw signal 𝑥𝑙

𝑥𝑙𝑡 =
(

𝑡ℎ𝑟𝑙𝑜𝑤 < 𝑥𝑙[𝑛] < 𝑡ℎ𝑟ℎ𝑖𝑔ℎ
)

(19)

where 𝑡ℎ𝑟𝑙𝑜𝑤 and 𝑡ℎ𝑟ℎ𝑖𝑔ℎ are the lower and the upper threshold respec-
tively. In other words, the trimmed signal 𝑥𝑙𝑡 only consists of samples 𝑥𝑙
[n] satisfying formula 19.

Besides, the kurtosis of 𝑥𝑙𝑡 and 𝑥𝑙 are acquired by Eq. (20).

𝛽2 (𝑥) =
𝜇4

(

𝜇2
)2

=
𝐸
{

(

𝑥 − 𝜇𝑥
)4
}

𝜎4𝑥
(20)

where 𝜇𝑥 and 𝜎𝑥 are the mean value and the standard deviation of x
respectively, and E{…} stands for an ensemble average.

Finally, the lth segment kurtosis ratio 𝐾𝑅𝑙 is obtained by dividing
the kurtosis of the 𝑥𝑙 by the kurtosis of the 𝑥𝑙𝑡 (Eq. (21)). If the 𝐾𝑅𝑙

exceeds the threshold 𝑡ℎ𝑟𝐾 , the 𝑥𝑙 has speckle noise.

𝐾𝑅𝑙 =
𝛽2

(

𝑥𝑙
)

𝛽2
(

𝑥𝑙𝑡
) (21)

The experimental results are shown in Fig. 10, we can obviously find
that the location of speckle noise can be confirmed accurately by using
the segment kurtosis ratio algorithm.

5.2. Speckles noise removal

Due to the correlation between the adjacent sampling points of voice
signals, a method based on linear prediction is developed to remove the
speckle noise. The linear prediction is first proposed by Wiener, and it is
widely used in speech coding, speech synthesis and speech recognition
[34]. The basic idea of linear prediction is to predict the values of the
current or future sampling points by using the values of several adjacent
past sampling points. The linear prediction can be expressed by

𝑥 (𝑛) =
𝑝
∑

𝑖=1
𝑎𝑖𝑥 (𝑛 − 𝑖) + 𝑒 (𝑛) = �̂� (𝑛) + 𝑒 (𝑛) (22)

where, �̂�(𝑛) is the estimate of the 𝑥(𝑛), 𝑒(𝑛) is the linear prediction
error, {𝑎𝑖} is the linear prediction coefficients, and p is the number
of coefficients {𝑎𝑖}. According to Eq. (22), if the coefficients {𝑎𝑖} are
obtained, the speech can be estimated by using several adjacent past
sampling point values. The coefficients {𝑎𝑖} can be obtained by the
minimum mean square error criterion. The mean square error can be
written as

𝐸𝑥 = 1
𝑛
∑

𝑛
𝑒2 (𝑛) = 1

𝑛
∑

𝑛
[𝑥 (𝑛) − �̂� (𝑛)]2 = 1

𝑛
∑

𝑛

[

𝑥 (𝑛) −
𝑝
∑

𝑖=1
𝑎𝑖𝑥 (𝑛 − 𝑖)

]2

(23)

In order to obtain the minimum mean square error, the partial
derivate of the mean square error 𝐸𝑥with respect to the coefficients {𝑎𝑖}
is zero.
𝜕𝐸𝑥
𝜕𝑎𝑗

=
∑

𝑛
𝑥 (𝑛) 𝑥 (𝑛 − 𝑗) − 2

𝑝
∑

𝑖=1
𝑎𝑖
∑

𝑛
𝑥 (𝑛 − 𝑖) 𝑥 (𝑛 − 𝑗) = 0 (24)

where, 𝑗 = 1, 2… 𝑝 and 𝑖 = 1, 2… 𝑝. Let

𝜙 (𝑖, 𝑗) =
∑

𝑛
𝑥 (𝑛 − 𝑖) 𝑥 (𝑛 − 𝑗) (25)

The Eq. (24) can be simplified to
𝑝
∑

𝑖=1
𝑎𝑖𝜙 (𝑖, 𝑗) = 𝜙 (0, 𝑗) (26)

The autocorrelation function of x(n) can be expressed as

𝑟 (𝑗) =
𝑁−1
∑

𝑛=0
𝑥 (𝑛) 𝑥 (𝑛 − 𝑗) (27)
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Fig. 10. Confirmation of the speckle noise area.

Fig. 11. Spectrograms and waveforms. (a) the LDV-captured tone signal with speckles noise. (b) the enhanced signal.

where, N is the length of the signal. According to Eq. (27), the Eq. (25)
can be rewritten as

𝜙 (𝑖, 𝑗) = 𝑟 (𝑖 − 𝑗) (28)

Since r(j) is an even function, the Eq. (28) can be rewritten as

𝜙 (𝑖, 𝑗) = 𝑟 (|𝑖 − 𝑗|) (29)

According to Eq. (29), the Eq. (25) can be expressed as
𝑝
∑

𝑖=1
𝑎𝑖𝑟 (|𝑖 − 𝑗|) = 𝑟 (𝑗) ⇒

⎡

⎢

⎢

⎢

⎢

⎢

⎣

𝑟 (0) 𝑟 (1) 𝑟 (2) ⋯ 𝑟 (𝑝 − 1)
𝑟 (1) 𝑟 (0) 𝑟 (1) ⋯ 𝑟 (𝑝 − 2)
𝑟 (2) 𝑟 (1) 𝑟 (0) ⋯ 𝑟 (𝑝 − 3)
⋮ ⋮ ⋮ ⋯ ⋮

𝑟 (𝑝 − 1) 𝑟 (𝑝 − 2) 𝑟 (𝑝 − 3) ⋯ 𝑟 (0)

⎤

⎥

⎥

⎥

⎥

⎥

⎦

⎡

⎢

⎢

⎢

⎢

⎢

⎣

𝑎1
𝑎2
𝑎3
⋮
𝑎𝑝

⎤

⎥

⎥

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎢

⎢

⎣

𝑟 (1)
𝑟 (2)
𝑟 (3)
⋮

𝑟 (𝑝)

⎤

⎥

⎥

⎥

⎥

⎥

⎦

(30)

So, we can acquire the coefficients {𝑎𝑖} by solving the Eq. (30).
The basic steps in the speckle noise removal algorithm are: First,

the signal segments where the speckle noise occurs are ascertained by
segment kurtosis ratio. Secondly, the noisy signal segments are regarded
as the data loss. Thirdly, based on the several sampling point values

adjacent to the lost data 𝑥(𝑛 − 𝑝)… 𝑥(𝑛 − 1), using the linear prediction
to estimate the lost data 𝑥(𝑛). In this paper, the number of coefficients
𝑝 = 256.

𝑥 (𝑛) =
256
∑

𝑖=1
𝑎𝑖𝑥 (𝑛 − 𝑖) (31)

The spectrograms and waveforms of LDV-captured tone signals
with speckles noise and their enhanced signal are depicted in Fig. 11.
Comparing Fig. 11.a with Fig. 11.b, we can obviously find that the
speckle noise can be eliminated by this method effectively.

Besides, to prove that this algorithm is also suitable for speech
signals, an experiment is set up. The experimental set up is similar to
Fig. 7. The major difference is that the excitation source is no longer a
single tone signal but a voice.

The spectrograms and waveforms of LDV speech signals with speck-
les noise, their enhanced signal, and the corresponding original clean
speech are depicted in Fig. 12. It can be seen from the spectrograms
and waveforms that the LDV speech signals (Fig. 12a) are disturbed
by the speckles noise seriously with the speckles noise concentration
distribution in the relatively low frequency range (under 1600 Hz).
Fortunately, we find that the algorithm proposed by us can eliminate
noise effectively.
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Fig. 12. Spectrograms and waveforms. (a) Speech signals measured by the LDV. (b) Speech enhanced using speckles removal algorithm. (c) Clean speech signals measured by the cell
phone.

Meanwhile, the performance of speckles noise removal algorithm
proposed by us is evaluated using the Perceptual evaluation of speech
quality (PESQ). PESQ is a method for evaluating voice quality first
proposed by ITU-T (International Telecommunication Union Standard-
ization Organization) in 2001 [35]. Unlike other objective evaluation
methods, the PSEQ algorithm, which based on auditory and cognitive
models, simulates subjective evaluation by combining physical charac-
teristics such as speech frequency and loudness with human perception
characteristics. Therefore, this method is currently recognized as the
most relevant to subjective evaluation. The PSEQ is given as follows:

𝑃𝐸𝑆𝑄 = 𝑎0 + 𝑎1𝐷𝑖𝑛𝑑 + 𝑎2𝐴𝑖𝑛𝑑 (32)

where, 𝐷𝑖𝑛𝑑 is the average disturbance value, 𝐴𝑖𝑛𝑑 is the asymmetric
disturbance value and the specific steps for solving the two variables
are mentioned in [35,36]. Another Coefficients are set as follows: 𝑎0 =
4.5, 𝑎1 = −0.1, 𝑎2 = −0.0309 according to [36]. The PESQ score range
is from 0.5 to 4.5, and the measured speech signals with high quality
observe a high PESQ score.

The PESQ score of the LDV speech signals using the above formula
and experimental data is 3.1933, while the PESQ score of the enhanced
signals is 3.4021. The PESQ score increased by 6.54 percent compared
to the former, which demonstrates that the quality of the speech
signal is significantly improved. Experiment results indicated that the
used speckles noise removal algorithm can eliminate speckles noise
effectively.

6. Conclusions

In this paper, we have done a comprehensive study on the effect of
speckles noise on the LDV for remote speech detection. The contribution
of this paper can be concluded into three aspects. First, we investigate
the statistical properties of dynamic speckle due to relative in-plane
motion theoretically and experimentally, and the results show that
the speckles intensity fluctuation increases with the increase of the

relative velocity for a given value of the detection distance. Second, both
experimental and theoretical analyses are given to explore the effect of
the speckles intensity fluctuation on the LDV system. The results indicate
that the spectral power density of the speckles noise increases with
the increase of the relative velocity, and the speckles noise can cause
spikes and bursts appearing in the LDV-captured voice signals. Due to
the spikes and bursts, sounds like sharp and harsh squeaks, which have a
great influence on the quality of the speech. At last, a speckles removal
algorithm based on kurtosis ratio and linear prediction is introduced
to suppress the speckles noise and improve the quality of the LDV-
captured speech. The experiment results demonstrate the feasibility and
effectiveness of the speckles removal algorithm.

This work is supported by the National Natural Science Foundation
of China under Grant No. 61205143.
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