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Abstract: In order to enhance the signal-to-noise-ratio of a distributed acoustic sensing system based
on phase-sensitive optical time-domain reflectometry (®-OTDR), we have proposed a combination
of segmented unwrapping algorithm, averaging estimation of phase difference, and infinite impulse
response (IIR) filtering method. The enhancement of signal quality is numerically demonstrated.
Moreover, we have studied the influence resulted from the light source noise on the ®-OTDR
performance. The result has shown that when the linewidth of light source used in the ®-OTDR
system is narrower, the performance of the system is better. In a word, such a ®-OTDR system could
obtain higher quality demodulated signals when the narrower linewidth light source is chosen and the
method of averaging estimation phase difference is used.
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1. Introduction

Phase-sensitive optical time-domain reflectometry
(®-OTDR) is a powerful technique that allows fully
distributed vibration sensing with fast response and
high sensitivity. It has been applied in many fields
such as civil structure health monitoring and security
guarding [1, 2]. Accurately, acquiring vibration
location has been achieved in the reported ®-OTDR
system by monitoring the amplitude change of
backscattered light [3-5]. However, for some special
applications such as seismic wave detection, it could
not satisfy requirements without the ability of
providing phase information. Recently, an I/Q phase
demodulation technology using 90° optical hybrid
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was proposed to achieve phase demodulation [6]. In
order to improve the performance of I/Q phase
demodulation of the ®-OTDR, we have proposed
the combination of segmented unwrapping
algorithm, averaging estimation of phase
difference, and infinite impulse response (IIR)
filtering method. Further, we have studied the
influence on the ®-OTDR by introducing light
source noise with zero mean and different variance.

2. Schematic setup

Compared with other ®-OTDR demodulation
regimes, the most significant difference in our work
is that a hybrid component is introduced to the
system structure, as shown in Fig.1 [6]. One of the
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Fig. 1 Schematic setup.

between the local oscillator light and the
backscattered light, which is called I channel. The
other hybrid output called Q channel is the result of
the interference between the /2 phase-shifted local
oscillator and the backscattered light. In order to
demodulate the information imposed on the optical
fiber by simulation, it is necessary to obtain the
arithmetic express of the wave of backscattered light
[7]. When a coherent light pulse with a pulse width
W and an optical frequency f is launched into the
fiber at the time t=kT, where k and T stand for the
numbers and the period of the light pulse, respectively,
we obtain the wave of the backscattered light at the

input end that is given by
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where g; and 7; are the amplitude and delay of the ith
backscattered wave, respectively, N is the total
scattering times of one light pulse, « is the fiber
attenuation constant, ¢ is the velocity of light in a
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where y and x ()>x) are not larger than N, and in the
same group, the distance between y and x is not
larger than the group length. In addition, the fix(x)
function is to get the integer part of x.

The third algorithm is to design a low-pass IIR
filter with 8 kHz stop-frequency to get the smooth

{oly —fix(

vacuum, and the value of the rect function is one
when 0<t—kT<W, otherwise it will be zero. The
delay 7, corresponds to the distance z; from the
input end to the ith backscatter through the relation
t;=2niz/c. The phase 6(kT+1;) stands for the light
source noise at the time ¢=kT+r, which obeys
normal distribution with zero mean and variance
o=2rntAv [8], where T and Av are the period of the
seed light pulse and the linewidth of the light source,
respectively. With the help of the hybrid and the
local oscillator, it is easy to get the light signals of I
channel and Q channel, which are converted to
analog electric signals by PD1 and PD2, respectively.
Here, the analog electric signals are sampled with
50 MHz sampling rate by the data acquisition (DAQ)
card.

As for the segmented unwrapping algorithm, it
means successively dividing the digital signals of 1
channel and Q channel of the traces into groups, i.c.,
every ten digital signals of I channel and Q channel
as a group before unwrapping, which makes the
phase ¢(n) between Q channel and I channel
continuous and beyond [z, z]. In comparison with
unwrapping all digital signals of I channel and Q
channel, the segmented unwrapping algorithm limits
the influence of the unwrapping error within the
specific group and reduces the influence of total
unwrapping errors. Another important algorithm is
averaging estimation of phase difference, which
operated after the segmented unwrapping algorithm.
It is expressed as

2
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#(y — x) signals from pulse to pulse.

3. Simulation results and discussions

In simulation, as shown in Fig. 1, we set the total
fiber length as 100 m, and only the fiber section

between 60m and 70 m bears external sine acoustic
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wave, which produces sinusoidal strain between
-200ne and +200ng at 1500Hz, as shown in Fig.2.
The repetition rate and width of light pulses are
50kHz and 100ns, respectively. The sampling rate
of the DAQ card is configured as 50 MHz, in other
words, the DAQ card could get the data of I channel
and Q channel every two-meter length of the optical
fiber, respectively.
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Fig. 2 Sinusoidal strain signal.

For the signal processing, specific implement of
the segmented unwrapping algorithm is to obtain the
caring data in the same group from the sampled data
and then unwrap it. Here, the caring data, five digital
data, are the data of the fiber between 60m and 70m,
but ten digital data of the fiber between 60 m and
80m are in the same group, so the caring data in the
same group are the data of the fiber between 60m
and 80 m. In order to get phase difference of the
unwrapped data of the fiber between 70m and 60m,
the direct phase difference of two points is the
difference between the unwrapped data at 70m and
that at 60 m. At the moment, the direct phase
difference of two points is rough, and it becomes
smooth when it passes the 8 kHz low-pass IIR filter,
as shown in Fig. 3(a). The direct smooth phase
difference of two points in Fig.3(a) is transformed
by fast Fourier transform algorithm (FFT) to those
in Fig. 3(b) when the spectrum of direct phase
difference is needed to calculate the signal-to-
noise-ratio (SNR) (the calculation method of SNR is
reported in [9]). However, the averaging estimation
smooth phase difference of two points is different
from the direct smooth phase difference of two
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points, and the difference is the process of getting
the phase difference. The process which is described
as (2) has been done, and we could qualitatively find
that the curve is smoother than that of direct phase
difference in Fig.3(a). Moreover, the peak value of
the spectrum of averaging estimation phase
difference is about 2 times larger than that of the
spectrum of direct phase difference. In order to
quantitatively compare the quality of two methods
[9], the method of averaging estimation phase
difference and the method of direct phase difference,
we calculate the SNRs of signals demodulated by
them, and the result is that the SNR using the
method of averaging estimation phase difference is
35.8dB, and the SNR using the method of the direct
phase difference is 32.7dB. Obviously, the method
of averaging estimation phase difference is better
than the other demodulation method (in this
situation, the linewidth of the light source is typical
value - 100Hz).
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Fig. 3 Signals of the ®-OTDR system with the linewidth of
100 Hz light source: (a) demodulated signals and (b) spectra of
demodulated signals.

Next, we discuss the effect that the different
linewidths of light sources play on the demodulated
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signals using both the methods of averaging
estimation phase difference and the direct phase
difference. We set the linewidth as 100 Hz and
500Hz, and then we compare the phase differences
in the each method, respectively. The results are
presented in Fig.4. It is easily found that the dot
lines with 100Hz linewidth are smoother and more
perfectly fit the sine curve than the solid lines with
500Hz linewidth, no matter which method is used.
In order to accurately further study how the
linewidth of the light source affects the performance
of both methods, the SNRs of signals demodulated
by both methods with different linewidths of the
light source are calculated, as shown in Fig.5. From
Fig.5, two characteristics are found, one is that the
SNR descends when the light source linewidth
increases, and the other characteristic is that the
SNR of the demodulation signal using the method of
averaging estimation phase difference is always
larger than that of the demodulation signal using the
method of the direct phase difference on the
condition of the same linewidth of the light source.
Besides, the SNR of the signal demodulated
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Fig. 4 Demodulated signals of using two methods: (a) the
method of averaging estimation phase difference and (b) the
method of direct phase difference.

by the method of averaging estimation phase
difference is up to 31.6dB when the linewidth of the
light source is 3500 Hz. In a word, the SNR
descends when the light source noise increases,
however, the method of averaging estimation phase
difference in performance is better than the other
method.
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Fig.5 SNRs of signals demodulated by two methods with
different linewidths.

4. Conclusions

In order to enhance the performance of the
distributed acoustic sensing system based on
®-OTDR, we have proposed the method of
averaging estimation phase difference, which is
proved better than the method of the direct phase
difference by adding the light source with different
linewidths (different level light source noises) to the
®-OTDR system. Moreover, by comparing the
SNRs of the demodulated signals of different
linewidths of the light source, we find that
demodulated signal is better when the linewidth of
the chosen light source is narrower. Hence, a light
source of a narrower linewidth is preferred to
enhance the performance of the system.

In summary, the ®-OTDR system could obtain
higher quality demodulated signals when we choose
narrower linewidth light source and use the method
of averaging estimation phase difference.
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