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Denoising Method of the �-OTDR
System Based on EMD-PCC

Wei Chen , Xiaohui Ma, Qinglin Ma , and Jiajie Wen

Abstract—To filter out the phase noise of the �-OTDR
system, a method based on empirical mode decomposition
and Pearson correlation coefficient fusion (EMD-PCC) is pro-
posed. First, the EMD-PCC method is simulated. The experi-
mental results show that the SNR increases from 7.32 dB to
13.68 dB. Second, the beat signal detected by the �-OTDR
system is demodulated by the I/Q quadrature demodulation
method. Finally, the phase signal is decomposed by empirical
mode decomposition to obtain the modal function and resid-
ual component. The Pearson correlation coefficient with the
phase signal is calculated.Then, the threshold value is 0.4-1.0.
The modal function within the threshold is superimposed with
the residual component signal. In this paper, the experimental
verification of PZT analog disturbance signal frequencies
of 200 Hz, 300 Hz, 400 Hz and 500 Hz is performed. Then,
wavelet denoising and EMD-soft denoising are compared with
EMD-PCC denoising. Experimental results show that the pro-
posed method can accurately restore the disturbance signal.
The experiment of sawtooth disturbance signal frequencies
of 400 Hz and 500 Hz verifies the applicability of the algorithm and shows that the method is suitable for other arbitrary
forms of disturbance signals. The �-OTDR system has an important application in the field of oil and gas exploration.
This method provides a good theoretical basis for the exploration field.

Index Terms—�-OTDR system, I/Q quadrature demodulation, EMD-PCC.

I. INTRODUCTION

IT IS a common method to obtain formation information
by geophones. Distributed optical fiber sensors are an

advanced detection method. It has the advantages of flexible
deployment, high cost performance and wide measurement
range [1]. Compared to traditional methods, this technology
realizes large-scale array surveying of seismic wave fields
at a lower cost by providing the advantage of improved
seismic acquisition [2]. The distributed optical fiber sensing
technology (DFOS) is a precise microdeformation detection
technology [3], [4] that is widely applied in exploring oil
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and gas and can monitor the structural health of pipelines in
real time [5], [6]. The phase-sensitive optical time domain
reflectometer (�-OTDR) is an important branch of distributed
fiber optic sensors.

When the external disturbance invades the �-OTDR system,
the vibration signal is wrapped in the phase according to the
detection principle of the optical system. By demodulating the
phase signal, the intrusion signal can be detected [7], [8].
To solve the problem of phase signal demodulation in
�-OTDR optical detection systems, there are mainly
coherent heterodyne demodulations [9]–[11], 3 × 3 demod-
ulations [12], [13] and phase generation carrier demodula-
tions [14]. In the demodulation of the phase signal, there
are many serious problems such as laser frequency drift and
accumulated phase noise. Generally, the �-OTDR system
requires a stable ultranarrow linewidth laser source. However,
most commercial lasers do not have a stable frequency and
have the problem of low LFD. In addition, accumulated phase
noise will be generated when light is transmitted in the sensing
fiber, which will affect the demodulation result of the phase
signal [15]. Therefore, eliminating noise signals has become
a critical step.

In recent years, researchers have proposed many methods to
improve phase noise, such as the moving average method [9],
continuous wavelet transform [16], [17], time signal separation
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and determination algorithm [18], differential phase method
and adaptive two-dimensional bilateral filtering method [19].
With the rapid development of wavelet theory, it has been
introduced into denoising methods. After Liu et al. used
adaptive wavelet threshold denoising, the dynamic range of
backscattered power increased by 3.72 dB, 3.43 dB and
3.37 dB [20]. Qin et al. used the wavelet contraction method,
so that the distributed vibration measurement of 20 Hz and
8 kHz events can be detected with a 5 ns light pulse at
a sensing length of 1 km. In modern signal processing,
the compressed sensing theory is introduced. Qu et al. intro-
duced compressed sensing into the �-OTDR system, and
the experimental results showed that the SNR increased to
34.39 dB [21], [22].

However, because the demodulated phase signal of the
�-OTDR system is nonlinear and nonstationary, this method
may not make significant progress. Empirical mode decompo-
sition (EMD) has a good effect in the analysis of nonlinear
and nonstationary signals. The prominent feature of EMD
is the decomposition method based on the original data,
which makes the EMD method adaptive [23], [24]. Therefore,
the EMD method is applied to sensor signal processing in
many fields such as water waves, biomedical engineering,
time series analysis and damage detection [25]. Recently,
EMD technology has been introduced into �-OTDR system
denoising. Qin et al. applied EMD to a �-OTDR system.
When the frequency is 100 Hz and 1.2 kHz, the signal-to-noise
ratio improves to 42.52 dB and 39.58 dB, respectively [26].
He et al. proposed a clear iterative EMD interval threshold
(EMD-CIIT) method, and the SNR increased from 13.3 dB and
13.63 dB to 30.9 dB and 32.82 dB, respectively [27]. Li et al.
applied the extreme mean complementary empirical mode
decomposition (ECEMD) method to the �-OTDR system, and
the SNR improved by several times. However, when applying
the EMD denoising method, the fundamental frequency signal
is not always a valid signal. Therefore, the existing method has
certain problems.

Through the research and analysis of the demodulated phase
signal of the DAS system, a method based on empirical
mode decomposition and Pearson correlation coefficient fusion
(EMD-PCC) is proposed. To verify the effectiveness of the
algorithm, a simulation experiment is designed in this paper;
as a result, the SNR increases from 7.32 dB to 13.68 dB. In this
paper, a �-OTDR system is built. The beat frequency signal
detected by the optical system is demodulated to obtain the
phase signal. The phase signal undergoes EMD decomposition
to obtain the IMF and RES. Then, one must calculate the
Pearson correlation coefficient with the phase signal and set
the PCC value for the threshold interval to be 0.4-1.0. The IMF
and RES signals in the threshold interval are linearly superim-
posed. In this paper, the experimental verification is performed
for the PZT analog disturbance signal frequencies of 200 Hz,
300 Hz, 400 Hz and 500 Hz. Then, wavelet denoising and
EMD-soft denoising are compared with EMD-PCC denoising.
Experimental results show that the proposed method can
accurately restore the disturbance signal. The experiment of
sawtooth disturbance signal frequencies of 400 Hz and 500 Hz
verify the applicability of the algorithm. The experimental

Fig. 1. EMD-PCC flow diagram.

results show that the method is suitable for other arbitrary
forms of disturbance signals.

II. EMD-PCC METHOD

A. Algorithm Principle
In most cases, the signal is nonlinear. When analyzing

nonlinear and nonstationary signals, the EMD method has
good results. The EMD method can adaptively decompose
the signal into the sum of several intrinsic mode functions
(IMFs). IMF represents each frequency component in the
original signal, and it is arranged from high frequency to low
frequency. In addition, the noise signal is superimposed on the
IMF signal.

To reduce the effect of the noise signal on the phase signal,
Pearson correlation coefficient (PCC) is introduced into the
experimental process. PCC is used to measure the degree
of linear correlation between two variables, and its value
is between -1 and 1. The method is to calculate the PCC
values of IMF and RES with the phase signal and select
the appropriate threshold for screening. Finally, the obtained
signals are linearly superimposed.

B. Algorithm Flow
According to the principle of the EMD-PCC algorithm,

the specific process is shown in Fig. 1.

a. Obtain the phase signal and determine all extreme points.
b. Use a cubic spline curve to fit the envelope sum of the

extreme points as emax(t) and emin(t); then, obtain the
average value (m(t)) of the envelopes and subtract it from
h(t) = φ(t) − m(t).

c. Determine whether h(t) is IMF according to the preset
criteria.

d. If not, replace φ(t) by h(t) and repeat the above steps
until the criterion is satisfied; then, h(t) is I M Fi (t) that
must be extracted.
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Fig. 2. Simulation signal.

e. If the first-order I M F is obtained, remove it from the
original signal and repeat the above steps until the resid-
ual component. rn is only a monotonic sequence or a
constant-value sequence. After the EMD method decom-
position, the original signal φ(t) can be decomposed
into a series of I M F and residual components. The
decomposed signal is shown in Eq. 6.

φ(t) =
N∑

i=0

I M Fi (t) + rn(t) (1)

where I M Fi (t) is the decomposed modal function, and
rn(t) is the residual component.

f. Calculate the Pearson correlation coefficient (PCC)
between I M Fi (t) and rn(t) obtained by the EMD method.
The PCC is defined as Eq. (7).

PCCi =

n∑
j=1

(x j − x)(y j − y)

√
[

n∑
j=1

(xi − x)2][
n∑

j=1
(yi − y)2]

(2)

where x j and y j are two variables of the data; x and y
are the arithmetic means of the data; n is the length of
the variable.

g. Define the correlation coefficient: 0.8-1.0 is very strong
correlation; 0.6-0.8 is strong correlation; 0.4-0.6 is moder-
ate correlation; 0.2-0.4 is weak correlation; 0.0-0.2 is very
weak or no correlation. According to each calculated PCC
value, the selected threshold is the correlation coefficient
in the range of 0.4-1.0. Linear superposition is performed,
and signals outside the threshold are discarded.

C. Algorithm Simulation
In the simulation experiment, the original signal is a sine

signal with a frequency of 100 Hz and an amplitude of 1 V.
Then, 10 dB white Gaussian noise and a 3 V DC component
are added to the original signal. The experimental simulation
is shown in Fig. 2. Because the simulated signal is nonlinear
and nonstationary, we use the EMD method to decompose
the original signal with noise. Six IMFs and 1 RES are
obtained. The frequency of the IMF is gradually reduced from
high to low. Gaussian white noise and DC components are
also superimposed in the IMF. A standard sinusoidal signal
cannot be extracted from the original signal. To reduce the
effect of noise, we calculate the PCC between the original
signal and each IMF and RES, as shown in Fig. 3. According

Fig. 3. Correlation coefficient between phase signal and IMF.

Fig. 4. Time-frequency domain after processing.

Fig. 5. Φ-OTDR system.

to each calculated PCC value, the selected threshold is the
correlation coefficient in the range of 0.4-1.0. After the linear
superposition is performed, signals outside the threshold are
discarded to obtain the signal, as shown in Fig. 4. We use
the signal-noise ratio (SNR) equation to evaluate the effect
of noise reduction using Eq. (3). By adopting the EMD-PCC
method, the SNR increases from 7.32 dB to 13.68 dB, and the
noise suppression effect is better.

SN R = 10 lg(Ps/Pn) (3)

where Ps is the effective power of the signal. Pn is the effective
power of the noise.

III. EXPERIMENTAL VERIFICATION

A. Experimental Setup
1) �-OTDR System: When the intrusion position on the

optical fiber line is disturbed, the elastic-optical effect causes
the refractive index of the corresponding position on the
optical fiber to change, which makes the optical phase change.
Due to the interference of light, the change in phase causes the
intensity change of Rayleigh backscattered light. Therefore,
the intrusion location is determined by the light intensity. The
phase is demodulated to obtain the intrusion disturbance sig-
nal. The �-OTDR optical system is built, as shown in Fig. 5.
The optical system uses a narrow linewidth laser (ECL) to emit
light with a wavelength of 1550.12 nm, and its output power is
11.50 mW. The laser produces continuous high-coherent light
that passes through the isolator. The continuous light (CW)
is divided into two parts by the 3 dB fiber coupler I: 99%
signal light and 1% local oscillator light (LO). A 200 MHz
optical pulse frequency shift is generated by an acousto-optic
modulator (AOM) driven by a waveform generator (AWG).
The erbium-doped fiber amplifier (EDFA) amplifies the signal
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Fig. 6. Experimental platform.

light power. Then, it is fed into the sensing fiber through a
4 port circulator, and the sensing fiber is 10.05 km long. The
PZT analog vibration signal is loaded at the 10 km position
of the sensing fiber. One port of the circulator is connected
to a fiber Bragg grating (FBG). The reflected back Rayleigh
scattered light and 1% of the local oscillator light interfere
with the 3 dB fiber coupler II with a splitting ratio of 50:50 to
generate an optical beat signal. The photoelectric balance
detector (BPD) is used to detect the optical beat signal, and
its mathematical expression is Eq. (4). A data acquisition card
(DAQ) is used to sample discrete samples of the output signal;
finally, the signal is processed and displayed by the computer.
Fig. 6 shows the platform for the actual experiment.

I (t) = 2αEL O(t)Eb(t) cos(2π� f t + φ(t) + φ0) (4)

where α is the BPD photoelectric conversion coefficient; EL O

and Eb are the amplitudes of the local vibration light and
signal light, respectively; � f is the AOM frequency shift; φ(t)
is the phase change caused by the measured vibration signal;
and φ0 is the phase change of the light caused by the system
environment noise α.

2) I/Q Quadrature Demodulation: According to Eq. (4),
the PZT vibration signal is wrapped in the phase. In this paper,
I/Q quadrature demodulation is used to obtain the signal. The
steps of the I/Q phase demodulation method are as follows:

a. Generate a pair of quadrature digital signals with identical
frequency to the heterodyne detection. The mathematical
expressions are Eqs. (5) and (6).

yr1 = C cos(2π� f t + φr ) (5)

yr2 = C sin(2π� f t + φr ) (6)

where C is the amplitude of a pair of generated quadrature
signals, and φr is the random phase noise.

b. Beat frequency signal I (t) is multiplied by Eqs. (5) and
(6). Then, a pair of orthogonal I and Q signals is obtained
after low-pass filtering. The mathematical expressions are
Eqs. (7) and (8).

I = Es cos[φ(t) + φ0 − φr ] (7)

Q = −Es sin[φ(t) + φ0 − φr ] (8)

where Es is the amplitude of the obtained pair of orthog-
onal signals I and Q, and φ0 − φr is the phase noise.

c. The I and Q signals are processed by arctangent operation,
range expansion and phase unwrapping. The phase change
at the adjacent position after the peak of phase difference
change is used to demodulate the phase. The processing
flow is shown in Fig. 7.

Fig. 7. Phase processing.

Fig. 8. Beat signal.

Fig. 9. The frequency of sinusoidal disturbance signal is 200Hz
(a) original data (b) wavelet denoising (c) EMD-soft denoising (d) EMD-
0PCC denoising.

B. Experimental Results and Analysis
In this experiment, PZT is used as the vibration source, and

the driving signal is provided by the signal generator. The PZT
drive signal is a sine wave with a frequency of 500 Hz and
an amplitude of 500 mV, which is placed at 10 km on the
optical fiber. According to the experiment in Fig. 7, the beat
signal is shown in Fig. 8. Theoretically, the beat frequency
signal is a standard sine signal. However, due to the attenuation
of Rayleigh backscattered light and interference fading, the
beat frequency signal is not a standard sinusoidal signal.
Among them, the sources of phase noise mainly include:
a. a frequency drift of laser; b. polarization fading noise;
c. coherent fading noise; d. effect of the extinction ratio of
acousto-optic modulator (AOM); e. shot noise and so on.

The beat signal in Fig. 8 applies the I/Q quadrature demod-
ulation algorithm to demodulate the phase signal, i.e., the
external disturbance signal. In this paper, the PZT simulation
disturbance signal frequencies are 200 Hz, 300 Hz, 400 Hz,
and 500 Hz for 4 groups of intrusion disturbance experiments,
and the experimental results are shown in Figs. 9(a)-12(a). The
experimental results show a low-frequency component in the
demodulated disturbance signal, which affects the demodula-
tion result. We use LF to represent low-frequency components
and HF to represent high-frequency components. To filter out
the low-frequency components, correctly demodulate the dis-
turbance signal and reduce the noise interference, we denoise
the demodulated disturbance signal. In this paper, wavelet
denoising, EMD-soft denoising and EMD-PCC denoising
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Fig. 10. The frequency of sinusoidal disturbance signal is 300Hz (a) orig-
inal data (b) wavelet denoising (c) EMD-soft denoising (d) EMD-PCC
denoising.

Fig. 11. The frequency of sinusoidal disturbance signal is 400Hz (a) orig-
inal data (b) wavelet denoising (c) EMD-soft denoising (d) EMD-PCC
denoising.

methods are compared and analyzed. The experimental results
show that after wavelet denoising, the demodulated distur-
bance signal has distortion, and there are low- frequency
or high-frequency components, as shown in Figs. 9(b)-12(b).
Similarly, after the EMD-soft denoising for the demodu-
lated disturbance signal, the signal appears distorted and has
low-frequency or high-frequency components, as shown in
Figs. 9(c)-12(c). However, the demodulated disturbance signal
is not distorted, and the low-frequency components are filtered
out using the EMD-PCC denoising method. Only 200 Hz,
300 Hz, 400 Hz or 500 Hz are dominant in the demodulated
signal, as shown in Figs. 9(d)-12(d). Therefore, the proposed
method is better than the other two denoising methods and
can more accurately demodulate the disturbance signal.

This paper further verifies the applicability of the
EMD-PCC denoising method when the disturbance signal
is a sawtooth signal, and the frequencies are 400 Hz and
500 Hz. The demodulated disturbance signal is shown in
Figs. 13 (a) and 14 (a). There is a low-frequency component
in the disturbance signal before denoising, which affects
the accuracy of the demodulated signal. In this paper, the
demodulated disturbance signal is denoised by EMD-PCC, and
the low-frequency component can be filtered out. Only the
400-Hz and 500-Hz sawtooth signals are dominant, as shown

Fig. 12. The frequency of sinusoidal disturbance signal is 500Hz (a) orig-
inal data (b) wavelet denoising (c) EMD-soft denoising (d) EMD-PCC
denoising.

Fig. 13. The frequency of sawtooth disturbance signal is 400Hz
(a) original data (b) EMD-PCC denoising.

Fig. 14. The frequency of sawtooth disturbance signal is 500Hz
(a) original data (b) EMD-PCC denoising.

in Figs. 13(b) and 14 (b). Therefore, the EMD-PCC denoising
method is also applicable to the case in which the disturbance
signal is a sawtooth signal. Similarly, this method can be
applied to signal models with arbitrary disturbance signals.

IV. CONCLUSION

A new method based on empirical mode decomposition and
Pearson correlation coefficient fusion (EMD-PCC) is proposed
to suppress the phase noise demodulated by the �-OTDR
system. In this paper, simulation experiments are performed
for the proposed EMD-PCC method. The experimental results
show that the SNR increases from 7.32 dB to 13.68 dB. Then,
the �-OTDR system is built to verify the effectiveness of the
algorithm. The specific method is as follows: first, load the
PZT at 10 km of the sensing fiber to collect the beat signal
detected by the optical system; second, process the beat signal
through related mathematical processing and I/Q quadrature
demodulation to demodulate the phase signal; finally, decom-
pose the phase signal using EMD to obtain the IMF and RES.
The Pearson correlation coefficient with the phase signal is
calculated; 0.4-1.0 is selected as the threshold interval, and
the filtered IMF and RES are superimposed. In this paper,
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the experimental verification is performed for PZT analog
disturbance signal frequencies of 200 Hz, 300 Hz, 400 Hz
and 500 Hz. Then, wavelet denoising and EMD-soft denoising
are compared with EMD-PCC denoising. Experimental results
show that the proposed method can accurately restore the dis-
turbance signal. The experiment of sawtooth disturbance signal
frequencies of 400 Hz and 500 Hz verifies the applicability of
the algorithm. Experimental results show that the method is
suitable for other arbitrary forms of disturbance signals.
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