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The intensity and position of coupling points in polarization-maintaining fibers (PMFs) caused by force and
twist can be effectively detected by Polarization Coupling Measurement (PCM). The sensitivity of detection
will decrease due to the movement of scanning Michelson interferometer. To detect the weak coupling
point, an EMD-based method is proposed in this paper. The experimental results illustrate that the EMD-
based method can suppress the noise and improve the SNR effectively. The DWT method is also performed
for a comparative study. The results show that the EMD-based method is effective and applicable for PCM
and the coupling point can still be detected when the intensity is as weak as — 70 dB.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Distributed fiber optics sensors, which employ white-light inter-
ferometry (WLI) based on polarization mode coupling detection in
polarization maintaining fibers (PMFs), are widely used in the mea-
surement of strain, twist, temperature, and many other physical pa-
rameters|[1-5]. The intensity and position of the coupling points can
be effectively detected with high spatial resolution and wide dynamic
range in the polarization coupling measurement (PCM)[6].

However, the signal noise ratio (SNR) and the detection sensitivity
of PCM will decrease due to the nonlinear error caused by the vibra-
tion of the step motor and the movable mirror in the scanning Mi-
chelson interferometer. Therefore, it is difficult to detect the weak
coupling points because they will be submerged in noise. Some
methods have been proposed to improve the SNR. Phase modulation
or differential signal detection can be employed for weak coupling
measurement [7-9], however, the complexity of PCM would be in-
creased. Some data processing methods such as band-pass filtering
[10], the Wigner-Ville distribution and the wavelet transforms [11]
have also been reported in other measurement systems to minimize
the influence of noise. Setting a particular cutoff frequency in the
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Fourier smoothing filtering can separate the signal from the noise if
the signal varies slowly compared to the noise. But the non-
stationary and nonlinear signal cannot be effectively handled with
the above methods. The empirical mode decomposition (EMD) is a
high efficient technique for processing nonlinear and non-stationary
signals because the procedure is data-driven, adaptive and not re-
stricted by linearity or priori conception [12-18].

In the paper, the EMD decomposition is used to measure the weak
coupling points in the PCM. The effectiveness of the EMD-based
method is verified in experiments.

2. Weak mode coupling measurement in PCM

The scheme of the PCM is shown in Fig. 1. The detailed experiment
setup is described by X. Chen et al [19]. The SLD emits the broadband
light and an in-line polarizer is fused and spliced to the PMF. The out-
put light from the fiber is collimated, passed through a rotatable half
wave plate and an analyzer, and then is injected into the scanning Mi-
chelson interferometer. The interference signal is detected with the
PD.

The output intensity of the spectral interferogram can be
expressed as [20]:

Ly = 1,,{1 + exp[—(d/Lc)z] cos(k,d) (1)

+Vh—h? exp(—L?dz/Z) cos(ABl—k,d)}
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Fig. 1. System schematic of the PCM. (SLD: superluminescent diode, BS: beam splitter, PD: photodiode, SM: step motor. M1: stable mirror, M2: movable mirror).

where I, is the direct current (DC) component of the interference, L. is
the coherence length of the light source, d is the optical path differ-
ence (OPD) of the scanning Michelson interferometer, k, is the
wave number in free space, h is the coupling intensity parameter, [
is the fiber length between the coupling point and the output end of
the fiber, and AB are the propagation constant differences of the
two eigenmodes.

The movement of the SM will produce vibration of the movable
mirror M2 in the Michelson interferometer, which will probably
cause the fluctuation of OPD. So the intensity of the practical interfer-
ogram can be described as:

Tout =1, {1 + exp|—((d + rand(Ad))/L,)?| cos(k,(d + rand(Ad))

+Vh—h2 exp(— (Lf(d + rand(Ad))z) /2) cos(ABl—k,(d + rand(Ad)))}
(2)

where rand(Ad) is the OPD fluctuation caused by the Michelson
interferometer.

The practical acquired interferogram is shown in Fig. 2. There is
sudden-change structure in the detailed drawing which shows the
nonlinear and non-stationary feature existing in the signal.

The relationship between the intensity of polarization mode cou-
pling and the output intensity of the spectral interferogram can be
expressed as [20]:
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Fig. 2. Practical acquired interferogram.

where I,,,qi,, represents the amplitude of interference fringe when the
OPD is zero and Iris the amplitude of zero order fringe in the interfer-
ence packet.

3. The EMD-based method

Based on the signal characteristics of PCM, the EMD-based method
combined with data averaging is proposed. The process is shown in
Fig. 3 and the specific steps are described as follows:

Step1: Acquire opto-voltage data of the output interferogram from
the PCM.

Acquire output
interferogram data

{ Data averaging ‘

Decompose original signal into
n IMFs and a residue by EMD

Add IMFi and the residue,
then compute the coupling intensity

——[s this the basic function?

|

h 4
Add IMFi and the residue,
then compute the coupling intensity
I

N Do this IMF have coupling point?

vY
Add the value of coupling points

to the basic function

i>n

vY

‘ Reconstruct the signal |

Fig. 3. EMD-based process.
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Step2: Employ the data averaging method to suppress the random
noise effectively.

Step3: Decompose the noisy signal with the EMD algorithm. Thus the
original noisy signal xo(t) can be expressed as follows:

n

Xo(t) = 21: ¢(t) +r(t) (1<i<n) 4)
iz
where c;(t) is the intrinsic mode function (IMF), r(t) is the res-
idue which presents the overall trend, n, i is the number and
the order of the IMF respectively.

Step4: Find the basic function b(t). Add IMF1 to the residue and com-
pute the coupling intensity marked as x,(t). If x;(t) is greater
than the standard deviation (SD) of the signal, x;(t) is the
basic function. If not, then add IMF2 to the residue and judge
if x,(t) is the basic function. Just repeat the process in turn
until the basic function b(t) is found.

Step5: Recognize the coupling points and reconstruct the signal. Add
the rest IMFs and the residue in turn separately. If the cou-
pling intensity is greater than the SD of the signal, record
the coupling point and discard the duplicate one. Finally, add
all the coupling points to the basic function b(t) and recon-
struct the signal.

4. Experiments

The SLD-101 of General Photonics Company emitting at 1328 nm
was used as the light source. Its spectrum followed a Gaussian dis-
tribution and the spectral half-width was approximately 36.5 nm.
The USB 6251 of National Instrument was used for data acquisition.
The scanning speed of the step motor with M2 was 0.75 mm/s. The
light power is changed to verify the effectiveness of the EMD-based
method. In the experiment, the acquired opto-voltage of photodi-
ode varies from 0.55V to 5.25V and a PMF with four coupling
points has been tested. The DWT methods have also been compared
and analyzed.

The experiment results are shown in Fig. 4. It illustrates the SNR
improves with the EMD-based and DWT methods when the detective
opto-voltage varies. The blue curve is the SNR of the original noisy
signal ranging 53.91 dB-69.94 dB and the green one represents the
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Fig. 4. Detective opto-voltage vs SNR.

SNR acquired with EMD-based method ranging 70.83 dB-84.36 dB.
Based on DWT with db8 of 5 layers with global threshold, the red
curve shows SNR of 72.75 dB-83.16 dB. Based on DWT with coif5 of
4 layers with ‘minimaxi’ threshold, the purple curve shows SNR
of 72.28 dB-82.78 dB. Based on DWT with coif3 of 3 layers with
‘rigrsure’ threshold, the pink curve shows SNR of 71.11 dB-78.09 dB.
Based on DWT with sym4 of 3 layers with hierarchical threshold
of 1.5, the gray curve shows SNR of 70.84 dB-81.78 dB. Among
these DWT methods, the DWT with db8 is the most suitable for
the PCM.

The scanning speed of the step motor is 0.75 mm/s and the opto-
voltage is 3.79V. The coupling intensity results with different
methods are shown in Fig. 5, where A is the coupling interference
fringe when the OPD is zero. B, C, D, E are the coupling points in the
PMF and the coupling intensities are —37.97dB, —52.30dB,
—46.22 dB and —35.49 dB respectively. Fig. 5(a) is the original cou-
pling intensity and the B, D, E three coupling points can be recog-
nized, so coupling point whose coupling intensity is weaker than
—50dB can't be detected. Fig. 5(b) is the reconstructed signal using
the proposed EMD-based method. The original signal is processed
into 16 IMFs and a residue by the EMD-based method. The coupling
detection sensitivity is better than —70 dB. The DWT algorithms
with different mother functions have also been compared. In Fig. 5
(c), the coupling intensities of B, C, D, E decrease to —44.05 dB,
—60.45 dB, —52.13 dB and —40.92 dB respectively which are the in-
correct diagnosis of coupling points. In Fig. 5(d)(f), the sensitivity of
the coupling points detection are both worse than that with EMD-
based method. In Fig. 5(e), the noise level between A and B is higher.
After EMD-based de-noising and reconstruction, the SNR of the signal
is improved from 68.10 dB to 82.85 dB. In Fig. 5(c)(d)(e)(f), the SNR
increases to 79.64 dB, 76.23 dB, 79.88 dB, 76.23 dB respectively. A sat-
isfactory performance for noise suppressing has been implemented
by EMD-based method.

The method has also been employed with 50 Hz interference,
which will induce more fluctuation and disturbance. Fig. 6 shows
the de-noising performance. Fig. 6(a) is the coupling intensity em-
bedded in 50 Hz noise and the detection sensitivity is only —30 dB.
Fig. 6(b) is the reconstructed signal with EMD-based method. Fig. 6
(c) is the result with DWT of db8 which is the best method in Fig. 5.
Obviously, the DWT-based method is out of service, while the EMD-
based method is still capable of reducing noise and preserving signal
information. Several weak coupling points can also be directly
detected with the EMD-based method. The coupling intensity of the
noisy signal attains a SNR of 35.17 dB and the SNR improved by
31.43 dB with EMD-based method.

5. Discussions

The PCM is influenced by the noise and the acquired signal shows
nonlinear characteristics. EMD acts as a set of filters and decomposes
the original signal from high frequency to low frequency in their turn.
The SNR improvement in Fig. 4 shows that the EMD-based method
can suppress the noise effectively. The coupling point can still be
detected when the intensity is as weak as —70 dB.

The de-noising performance between EMD-based and DWT
methods has been compared. Different mother functions of DWT
have been tested and the SNR differs 5dB. Based on DWT with
coif5, incorrect diagnoses will come up because the coupling intensity
of the coupling points is smaller than the true value. In these DWT
methods, db8 has the best performance. However, the selection of
mother function in DWT is influenced by the characteristic of the
original signals. So when we are dealing with unknown signals or
nonlinear data, the EMD-based method is more simple and timesav-
ing. In addition, when the signal is embedded in 50 Hz interference,
the EMD-based method can identify the coupling points effectively
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Fig. 5. Coupling intensity measurement with EMD-based and DWT methods.

while the DWT is out of service. In conclusion, the EMD-based meth-
od is better than DWT method in the PCM.

6. Conclusions
In this paper, an EMD-based method has been proposed and pre-

sented in PMF with PCM. The improvement in the SNR indicates the
validity of the noise cancelation. The coupling point can still be

detected when the intensity is as weak as — 70 dB. The DWT method
is also performed for a comparative study.
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Fig. 6. Coupling intensity with 50 Hz interference.
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