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Transient nanostrain detection in phi-OTDR
using statistics-based signal processing

Hao Chen, Yang Xu, Sen Qian, Hai Yuan, and Lei Su

Abstract—Phase-sensitive optical time-domain reflectometry
(@-OTDR) is capable of detecting acoustic emission induced small
strain with high sensitivity. However, there is a tradeoff between
sensitivity, bandwidth and detection range, which makes the
detection of a transient weak signal challenging. In this work, we
focus on transient weak signal detection using ®-OTDR. To
achieve this aim, we propose a cascaded statistics-based
signal-processing framework in a ®-OTDR system to fetch the
transient weak signal from a noisy background. Our framework is
based on two key elements, including an estimator that is derived
based on the probability characteristic of the Rayleigh
backscattered light, and a time-frequency feature extraction
process that maps the signal to the time-frequency domain. Using
our statistics-based signal processing ®-OTDR, we demonstrate
experimentally the detections of, firstly a weak persistent signal
with a magnitude down to 4 ng and a frequency up to 40 kHz, and
then a weak transient acoustic tone-burst signal. Our proposed
scheme is promising for ®-OTDR performance improvement
particularly in weak signal detections, and it will find new
applications in the future systems.

Index Terms—Acoustic signal detection, Distributed detection,
Rayleigh scattering, Strain measurement, Time domain reflecto-
metry.

I. INTRODUCTION

COUSTIC detection is important for nondestructive

testing and structural diagnosis. There are a number of
approaches to detect acoustic signals. Interferometry
approaches are widely studied in acoustic detections, including
Sagnac effect [1], Mach-Zehnder [2], Michelson [3, 4] and
Fabry-Perot [5] interferometers. Fiber Bragg gratings are also
used for acoustic detection, offering a quasi-distributed sensing

capability with wavelength- or time-division multiplexing [6-9].

Notably, fully distributed fiber-optic strain sensors enable the
measurement of acoustic signal along the entire-length of the
fiber. Distributed dynamic strain sensors have been
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demonstrated using Brillouin scattering via BOTDR [10],
BOTDA [11] and BOCDA [12]. POTDR [13, 14] and ®-OTDR
[15] are also used to detect distributed vibrations and acoustic
emissions. In particular, ®-OTDR technology relying on
Rayleigh scattering is capable of detecting and locating the
dynamic perturbations by monitoring the change of ®-OTDR
traces. Although ®-OTDR has been studied extensively
[16-20], the detection of a weak transient signal is still
challenging [21]. Weak transient signal detection is important
for various industrial applications, for example, electrical
partial discharge (PD) is detrimental to power equipment
diagnosis, the accompanying acoustic emissions can be
generated with magnitude ranging from mPa to hPa and
frequency spanning from tens of Hz to MHz [22]. Previous
works in ®-OTDR [15, 23] utilize moving averaging algorithm
to pre-processing the ®-OTDR traces, and then make a
trace-by-trace comparison to locate the presence of any
perturbation. This conventional procedure is suitable for the
lower frequency vibration cases, and it requires a superimposed
plotting of numerous curves, which is of less efficiency in the
state-of-art ®-OTDR system.

In this research, we focus on the application of ®-OTDR to
detect high-frequency transient weak signals. As introduced
before, it is challenging to detect transient weak signal using
®-OTDR. To achieve this, we use coherent detection to collect
the Rayleigh backscattered light and propose a signal
processing framework to extract the weak signal from the
background noises. The framework consists of a statistical
estimator that is derived based on the probability model of the
stochastic Rayleigh backscattered light and a time-frequency
process that extracts the temporal and frequency features of the
transient signal. The derivation of the estimator is achieved by
applying Rician density function. The sensitivity is improved
by the statistical estimator that models the small phase
perturbations embedded in the dominating background noises
in the ®-OTDR system. The paper is organized as follows. We
first introduce the theory of our statistic-based signal
processing methods, then carry out experiment investigations
of the proposed approach in single-frequency perturbation and
tone-burst signal detections, and finally evaluate our approach
and compare it with other methods in discussions.

II. THEORY AND SIGNAL PROCESSING

A. @-OTDR signal characteristics

®-OTDR based distributed fiber sensing detects the
interference pattern of Rayleigh backscattered (RBS) light
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generated from multiple randomly located scatters within a
small section (can be regarded as a spatial resolution cell) of the
fiber. As a coherent light pulse propagates through the fiber,
RBS light is quasi-continuously generated by these scatters and
part of the RBS light is reflected back (the scatters are assumed
to be very small compared to the optical light wavelength).

The received light at the fiber input z = 0 at an instant time ¢
is the summation of the interfering RBS light generated from a
specific spatial resolution cell of the test fiber, expressed as
[vgt/2 — W, v, t/2], where v, is the group velocity of light in
the fiber, W = v, At/2 is the OTDR spatial resolution, and At
is the probe pulse width. The RBS light field can be written in
the form

_ Vg t/2
Eres (1)), , = Ece''e ™
zn:vgt/Z—W
where E is the input light field, w, is the light frequency, a is
the loss factor of the fiber, and Z is the average position of the
scatters z, inside the aforementioned spatial resolution cell.
We assume here that the loss does not change considerably over
the length of W. r, is the reflectance of the n-th scatter, and
¢, = 2Bz, is the corresponding phase delay of the n-th scatter,
z,, Is its position, and g is the propagation constant of the light
in the fiber. In addition, an extra phase 6, may be involved in
the section of spatial resolution cell in which any external
perturbation exists, and it only affects those scatters located
within or after the perturbation position (denoted by Z,).
0 v t/2-W <z <Z,

{2(pp Z,<z,<V,1/2
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The factor of 2 represents that the phase difference should be
applied twice as the light passes the perturbation section twice
during the forward and backward propagation.

Due to the rather weak RBS light in the optical fiber,
coherent detection [15, 23] is used to increase the sensitivity
and obtain a much better signal-to-noise ratio (SNR). The
principle of coherent detection involves mixing the low-level
RBS light field, as expressed in (1), with a higher-power local
oscillator (LO) light field, E gexp(jwiot), at a 3 dB fiber
coupler, and then using the balanced photodetector (BPD) to
detect the interference components of the mixed signal. The
output signal from the photodetector is proportional to the real
part of the beating of the RBS light field with the LO laser light
field, it can be calculated by

S(1) = 2GRN (Eqgs (1) Lo (1)}
= 2GRE,E, o A(t)cos| mt + ¢, (t)+6, +4, |

in which G and R are the photodetector-related voltage gain
and responsivity factor, respectively, R denotes the real part
operator, and wp = w. — wo IS the intermediate frequency
shift between the RBS and LO light due to the introduction of
an acousto-optic modulator (AOM). A(t) and ¢, (t) are the
resultant amplitude and phase of a complex random phasor sum
that is originated from the stochastic characteristic of RBS light
in the fiber. According to the RBS light field function in (1), the
resultant amplitude and phase of the RBS light field can be
expressed as follows:

®)

A(t)e? =S el 4

Note that each of the phasor components 7, and ¢,, = 28z, in
the phasor summation are related to the positions of scatters in a
particular spatial resolution cell [v,t/2 —W,v,t/2], thus
both the resultant amplitude A(t) and phase ¢, (t) are the
functions of the receiving time t. The last two phase terms in (3),
6, and ¢, represent the acoustic perturbation induced phase
shift and phase noise of laser and ®-OTDR system respectively,
which will be accounted for later.

We notice that the constant coefficients and the time
dependence terms in the received signal in (3) are fixed values,
except that the resultant amplitude and phase in the summation
notation of (4) will follow a statistical probability function.
According to the random phasor sums theory [24], when we
calculate the total complex amplitude of the light wave that
arises as a result of scattering by a collection of small,
independent scatters, as shown in (4), the real and imaginary
parts of the resultant phasor both are asymptotically Gaussian
random variables for a very large numbers of scatterers, with
zero mean and equal variance o2 Then, the amplitude or
instantaneous envelope of the received signal obeys Rayleigh
statistics, with a probability density function (PDF) of

b (A) =éexp[— A j (5)
(o2
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for A> 0, and p,,(A) is zero otherwise. A preliminary test was
conducted to verify the statistical characteristic of the ®-OTDR
received signal in absence of any exerted perturbation onto the
fiber. The test result shown in Fig. 1(a) indicated the amplitude
of the received signal s(t) is a Rayleigh variate, as evidenced
by the amplitude histogram according to the Rayleigh PDF
fitting curve.

We also note that the received signal is proportional to the
amplitude of light field, rather than the light power as used in
the direct-detection approach. Fig. 1(b) demonstrates the linear
relationship between the received signal and the LO field
amplitude, not the power. In our experiment, a series of optical
attenuators (with attenuation ranging from 0 dB to -25 dB) is
inserted into the LO light path in the coherent detection setup,
to vary the LO field amplitude. The optical amplitude of the LO
light is typically much higher than that of the RBS light, and
can therefore serve as a gain factor for the received signal. With
a sufficiently strong LO field, the SNR of coherent detection
can reach the shot-noise limit even for weak signal detection.
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(b) The mean ®-OTDR received
received signal and fitted Rayleigh signal exhibits a linear dependence
distribution on the amplitude of the LO light
Fig. 1. Characteristics of the ®-OTDR received signal with coherent detection.
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B. Signal processing framework |: a statistics estimator

The high sensitivity of ®-OTDR is due to the mutual
interference effect of the RBS light from various scatters, as
presented in the random phasor sums in (4). The signal
amplitude in proportion to A(t) is determined by the phase
relations of ¢, among the various random scatters. Therefore,
the phase stability and coherence of the laser is essential to
®-OTDR techniques, and the impact of laser phase noise on the
phase modulation in the interference signal should be
considered. We then write (3) in a more concise form:

s(t) = Acos[ (ot +¢,)+6,+4, | (6)
Here, we ignore the constant factors in (3) for simplicity, and
@, is the initial phase related to the original positions of the
numerous scatters, which is a random variable uniformly
distributed in the range (-x, m).

Rewriting (6) by trigonometric operations, we obtain:

s(t)=s°(t)—As(t)

s*(t) = Acos(wgt + ¢, ) ()

0, + 4,
2

We notice that the instantaneous value of the received signal
s(t) may have an increment or decrement component As(t),
which is a simultaneously amplitude- and phase-modulated
signal related to the exerted phase perturbation 6, to be
determined plus the phase noise term ¢,,. This increment signal
can be used to retrieve the phase perturbation from the
fluctuating and noisy reference signal in the statistical manner
as described below.

From (7), the modulated function in amplitude varies much
more slowly with t than the wr Spectrum component, which
can be derived from the quadratic sum of the increment signal
As(t) and its conjugate function AS(t) by Hilbert transform:

%+@J
2 ®)

vag(1)]”

g, +
As(t) = 2Asin -2 2¢” Sin(a)":t-i-q}o +

0, +
A$(t)=2AsinE—— i cos(a),FH%

0,+¢

|As(t) = 2Asin—=— —[As

Under the small phase shift condition, the envelop of the

amplitude-modulated function in (8), follows the approxi-
mation below:

|as(t)~ A6, +4,) ©)

This approximation holds for [6, + ¢,]/2 < 0.08m within 1%
errors.

Suppose we are detecting the particularly weak dynamic
perturbation, such as the acoustic emission wave caused by the
electrical partial discharge, and then, the increment signal
envelop takes the form:

|As(t)| = A-[2Pcos (27 f,t)+4, | (10)
where P is the amplitude of the phase shift function 6,(t)

caused by an acoustic emission wave at a single frequency f;,
and the factor of 2 denotes the round-trip effect of phase shift
as shown in (2). Note that the time t here is supposed in a long

3

time scale compared to 1/Av,, in which Av, is the acoustic
perturbation bandwidth.

In (10), the Rayleigh distributed variate A can be
considered essentially constant over the time interval (2/w;g)
for a short section of the fiber under acoustic perturbation. In
®-OTDR detection, without any phase perturbation the
received signal-trace function s(t) remains the same
expression. However, the phase noise in the fiber sensor
system is nonnegligible in different measurements. These
factors include both the random frequency fluctuations of the
narrow linewidth laser and the physical noise that arises from
operation stability of laser sources and fiber-optic links due to
thermal dynamical and mechanical fluctuations. Therefore,
we hypothesize that the minimum detectable phase sensitivity
is determined the laser frequency noise in ®-OTDR system.
For a narrow linewidth laser, the laser phase undergoes
random fluctuations with time, the phase fluctuations is a
zero-mean Gaussian distribution with a variance of [25]

oz =E{4, (1), (t—At)} = 27Af At (11)

where Af; is the full width at half maximum (FWHM)
linewidth of the semiconductor laser and At is the pulse width
of the light probing the ®-OTDR system.

In terms of statistics, when the laser phase noise is white
Gaussian noise with variance of g2, it can be written in the
Fourier series representation as

N
t)=>c,cos(2zft—y,)
n=1

where f,, is the n-th frequency component of the phase noise
because it is white-noise, ¢, = V20,/VN, ¥, P, are
independent random phase angles uniformly distributed over
the phase range [0,27] . In this representation the
Gaussian-like phase noise is regarded as the sum of a large
number of sinusoidal components with fixed amplitudes but
random phases in the frequency domain.

Now we consider the distribution of the increment signal
envelop function in (10). As stated before, the Rayleigh
variate A can be treated as constant on a short section of the
fiber, by supposing that the frequency band associated with
¢, is relatively narrow and contains the acoustic wave
frequency f,. This is reasonable for the case of acoustic
emission detection which we are interested in. The phase
noise with the representation in (12) can be resolved into two
components, one is “in phase” and the other is “in quadrature”
with the sine Wave P- cos(27tfat)

(12)

c, cos| 2 2rf t
Z s[ 27 ( —y, +2rft] 13
=1, cos(27rfat)— Issm(27zfat)
where
N
l.=>c,cos| 27 (f, - f,)t-v, |
" (14

N

n=1
I, = G sin[ 27z ( f, t-y, |

Thus, the mcrement signal envelop |As(t)| can be written as
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|As(t)| = A[(2P+1,)cos(27 f,t) -1 sin(27 f,t)]
= A-Rcos(27 f,t+5)
with the signal amplitude R given by
R=y(2P+1,)" +1? (16)

where I and I, are distributed normally and centered at zero
with a variance equal to I2 = I2 = ¢2. Therefore, R is also a
random variable that follows a Rician distribution for small
signal of the amplitude P. The probability density function of
Rican distribution is [24],

R R? +4P? 2RP
PAS(R)zgexp{— }Io( = j (%))

(15)

n 20_!‘? n
where I, is the Bessel function of order zero with imaginary
argument. The mean value of R is calculated as

ﬁz\/%an exp(—%j[(h r)l0[2j+rll[£ﬂ (18)

in which r = 2P? /o2 denotes the ratio of signal power to
noise power according to (10), I,(r) and I, (r) denote the
zeroth- and first-order scaled modified Bessel functions of the
first kind, respectively.

The statistical estimator R can be used to evaluate the
presence of weak acoustic perturbation in the ®-OTDR
system. Curves showing the relationship between the
statistical estimator R and the phase amplitude P due to
acoustic wave perturbation under different laser phase noise
with variance of ¢;2 is shown in Fig. 2. The laser phase noise
level sets the minimum detectable acoustic phase shift, as
depicted by the circled dots in each of the calculated curves.
The circled dots are located at the acoustic phase shift
abscissas, at which the ratio of the acoustic signal power to the
laser noise power r = 2P?% /g2 equals to 1. For instance, the
minimum phase sensitivity can be up to 0.018mw for the curve
(green line) with a phase noise level of 6.2 = 0.002m, and the
associated statistical estimator value, calculated by setting
r=11in (18), is R ~ 1.8130,,. When there is no acoustic
perturbation, the statistical estimator reduces to a simple

expression /m/2 o,,. Thus, at the minimum acoustic phase
sensitivity, the statistical estimator R can achieve a SNR of
3.2 dB. The statistical estimator may exhibit asymptotic
saturation as the phase shift approaches toward /2 because
of the sinusoidal function in the signal envelope.

Because the estimator treats the time series of ®-OTDR
traces as statistical variables, the information of the signal
dynamics is no longer preserved. However, the signal
signatures can be recovered by a cascaded time-frequency
estimator, which will be discussed in the following sections.

C.Signal processing framework I1: time-frequency estimator

In ®-OTDR techniques, the perturbation acoustic
waveform can be reconstructed in the time domain with the
light pulses repetitively probing the test fiber. However, due to
Rayleigh fading effect and the laser noise in ®-OTDR system,
the reconstructed waveform may exhibit intense fluctuations
in the time domain. It has been recognized that the use of time-
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Fig. 2. Calculated curves of the statistical estimator R versus the phase
amplitude P caused by a single-tone acoustic waveform under different laser
phase noise with variance of 2. Supposing the Rayleigh variate A = 1.

domain or frequency-domain information alone is often
inadequate for characterizing the acoustic transient features,
especially for a weak and transient signal submerged in noises.
In search of a time-frequency analysis method, we find that
Gabor spectrogram, developed in [26], to be the most suitable
for providing the temporal and frequency features of the desired
transient signal. For the signal of interest, p(t), the Gabor
representation of p(t) using the window function g(t) is

p(t)= i Con I (1) (19)
where |
O (t)=g(t—mT e (20)

is the time-shifted window function at the single frequency, T
and 2 represent the time and frequency sampling intervals,
respectively, and C,,,, is the Gabor coefficient, which can be
regarded as the measure of the similarity between the
underlying signal p(t) and each of the individual Gabor
elementary bases g,,,(t). For the detection of an acoustic
transient signal, the Gabor window function g(t) can be chosen
as the one-sided exponential function,

9(t)=2a exp(-at)u(t) (1)
where u(t) is the unit step function and a is the damping
factor.

After decomposing the reconstructed acoustic signal as a
linear combination of the Gabor elementary functions, because
of the quadrature of them, the Gabor coefficient matrix C,,,, is
determined. Each elementary function locates a different time
and frequency point (mT,nf) in the time-frequency domain,
thus the Gabor representation of the signal involves the
time-varying spectral contents that may be latent in the original
transient waveform. Based on the instantaneous frequency
concept, a time-frequency estimator is valid for tracking the
transient signal signatures, as defined in

> na|C,, [
£ (mT)=re (22)

2lCwml

This time-frequency estimator is beneficial in characterizing
the start and end of acoustic bursts, and it also has a better SNR
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by suppressing the white noise spectrum that spans beyond the
acoustic signal bands.

I1l. EXPERIMENT AND RESULTS

A.Nanostrain test with @-OTDR

The experimental configuration of ®-OTDR based on
coherent detection scheme was shown in Fig. 3. An external
cavity semiconductor laser with a wavelength of 1550 nm and
narrow linewidth of 50 kHz was used as a highly coherent light
source, a key component in the ®-OTDR sensing system. The
laser light was split by a 2>2 90:10 fiber coupler (FC1) into two
parts. One light path (with a coupling ratio of 10%) acted as a
reference called the LO light in coherent detection, and the
other light path (with a coupling ratio of 90%) was injected into
an AOM, in which a sequence of repetitive light pulses was
generated and the pulsed light gained an extra frequency shift
(Av = 200 MHz). After passing through an erbium-doped
fiber amplifier (EDFA) for insertion-loss compensation and
pulsed-light amplification, the pulse sequence was sent into the
fiber under test via a circulator. The RBS light was generated at
random positions along the whole length of the fiber where
dielectric discontinuities served as various scatters. The RBS
light propagated backwards to the input port of the fiber and
was routed by the circulator again, and then the RBS light was
mixed with the LO light at the second fiber coupler (FC2,
50:50), interfering with each other. Finally, through a BPD that
removed the DC component and amplified the intermediate
frequency component at 200 MHz, the interference light power
was transformed into an electric signal and acquired by a high-
speed data acquisition (DAQ) digitizer.

In the experiment, the AOM driven by an arbitrary waveform
generator (AWG) produced repetitive light pulses with a pulse
repetition period of 10 pus and a pulse width of 31.2 ns. This
meant that the system was capable of interrogating a 1000-m
fiber with a spatial resolution of 3.12 m. The fiber under test in
the experiment was 764 m in length, consisting of three sections
with lengths of 512 m, 4 m and 248 m respectively. The 4 m
section of the fiber was wrapped around a piezoelectric actuator
and served as the sensing section, whereas the other sections of
fiber were placed inside an adiabatic and acoustic isolated
chamber to suppress the environmental acoustic noises.

In order to precisely control the strain exerted on the fiber, a
piezoelectric actuator customized by Fuji Ceramics was used in
association with a programmable voltage source. The outer
diameter of the piezoelectric ring is 100 mm, and a section of
bend-insensitive single-mode fiber was wrapped around the
ring device with 10 turns. An off-the-shelf Mach-Zehnder
interferometer was utilized to calibrate the dynamic strains
induced on the fiber under different driven frequencies in the
acoustic bands spanning from 10 kHz to 200 kHz. The
measurement result showed that below the resonance frequency
of 160 kHz, the piezoelectric actuator generated dynamic
strains with a flat spectral response. Specifically, by driving the
actuator with a 1 Vpp sinusoidal voltage, dynamic strain of
approximately 1 ne in amplitude was generated on the fiber,
corresponding to a phase shift of 4.6 x 1073w, which

proportionally decreased to a 0.1 ne strain and a 4.6 X 10™*x
phase shift for a 0.1 Vpp drive voltage.

peSmeccccscacans
| (reference) )

—
Qk::’)/
FUT
R
CCRCT Yy " RBS

DAQ

Fig. 3. Schematic configuration of ®-OTDR based on coherent detection.
Acronyms: LD — laser diode; FC1 and FC2 — fiber coupler; AOM —
acousto-optic modulator; EDFA — erbium-doped fiber amplifier; CIR — fiber
circulator; BPD — balanced photodetector; AWG — arbitrary waveform
generator; DAQ — data acquisition; FUT — fiber under test; PA — piezoelectric
actuator; M-Z — Mach-Zehnder interferometer.

When the driving voltage of the piezoelectric actuator was
set to a 40 kHz sinusoidal waveform with an amplitude of 4
V/pp, the calibrated strain on the fiber was 4.0 ng in amplitude.
The received signal from coherent detection was collected
uninterruptedly over a time length of 2 ms. A portion of the
received signal waveform (middle, red) was illustrated in Fig. 4,
together with the synchronized light trigger pulse (top, blue)
and acoustic drive signal (bottom, orange).
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Fig. 4. A portion of 200 consecutive RBS received signal (middle, red), with
the synchronized light trigger pulse (top, blue) and acoustic drive signal
(bottom, orange). The trigger pulse period was 10 ps, and the acoustic
frequency of the drive signal was 40 kHz.

First we adopted moving averaging and moving differential
methods proposed in [15] to process the received ®-OTDR
signal for the applied 4.0 ng single frequency dynamic strain.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 6

The RBS signal waveform was split and aligned with the light
trigger pulse to form 200 raw traces, and the moving averaging
number was 100. Then each of the averaged traces was
subtracted by the reference zeroth averaged trace to obtain the
detailed variations. Fig. 5(a) showed the experiment result. Due
to the randomly distributed Rayleigh variate A at each fiber
location and the laser phase noise as discussed above, the RBS
signal traces displayed intense fluctuations along the whole
fiber length. As a result, the 4.0 ne dynamic strain perturbation
applied to the fiber at the length range between 500 m and 600
m can hardly be identified.

We then used the proposed statistical estimator R in (18) to
locate the acoustic perturbation area. The calculation of the
statistical estimator involved four steps: 1) the whole received
RBS waveform was split and aligned with the light trigger
pulse in time to generate the sequenced ®-OTDR signal traces
s;(t),i=1,2,---,200. 2) By applying Hilbert transform to
each of the signal traces s;(t) to derive its conjugate function,
the increment signal envelop |As;(t)] in (8) could be calculated,
which exhibited the slowest rate of fluctuations in a mean-
squared sense. 3) We rearranged the increment signal envelop
|As; (t)| = p(iAt) (here, At =10pus is the equivalent
sampling interval of the acoustic perturbation signal, equaling
the light pulse period), and applied the signal envelop
calculation onto the acoustic perturbed signal p(iAt) in (15).
Then we obtained the instantaneous amplitudes R; as a random
variable following Rician density in (17). 4) The mean value of
R; was calculated to obtain the statistical estimator R in (18).

The single-tone acoustic perturbation can be located via the
R estimator by synthesizing all the 200 consecutive ®-OTDR
signal traces, as shown in Fig. 5(b). Apart from the oscillations
at the fiber entrance and reflecting end, there was a visible local
peak at the fiber positions between 534.8 m and 540 m,
corresponding to the preset acoustic perturbation area. Note
that there was a position shift of 25.8 m due to the initial light
trigger time delay. By subtracting this shift, we located the
perturbation area at the fiber positions between 509 m and
514.2 m, which was wider than the preset location (from 512 m
to 516 m) and shifted forward by approximately 3 m. The SNR
of this local peak was measured as 5.1 dB, for the 40 kHz
sinusoidal strain with amplitude of 4 ne. The associated phase
shift was calculated to be 0.018m, which was close to the
minimum phase sensitivity determined by the laser phase noise
of the ®-OTDR system.

Once the perturbed fiber section was located, the signal
characteristics could be extracted by reconstructing the
pertur-bation signal waveform in the time domain. As
illustrated in Fig. 4, a set of equally spaced green dashed lines
with a 10 us spacing (must be equal to the repetition period of
the launching pulse, corresponding to the same fiber position in
the ®-OTDR traces), intersected with the acoustic drive signal
at some specific points. Similarly, the ®-OTDR traces played a
role as a sequence of sampling points in the acoustic pertur-
bation signal. For instance, at the peak location of 538.8 m in
the inset of Fig. 5(b), we aligned all the ®-OTDR signal
envelop traces |As;(t)|,i =1,2,---,200. at the timestamp
associated with the 538.8 m peak location and extracted the
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(a) The traditional superimposed plotting of OTDR traces by utilizing moving
average and moving differential method. The moving averaging number is 100.
The inset depicts the local variation of the differential OTDR traces around the
preset acoustic perturbation area.
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(b) Statistical estimator R curve vs fiber position by synthesizing 200 ®-OTDR
traces. The inset describes the local peak around the fiber range between 520 m
and 560 m.

Fig. 5. Two approaches to process the received ®-OTDR signal. The fiber
length was 764 m. A 40 kHz sinusoidal acoustic perturbation with a calibrated
strain amplitude of 4.0 ne was set in the fiber region between 512 m and 516 m.
(Note that there was a position shift of 25.8 m due to the initial trigger time

delay.)

instantaneous amplitude of the trace signal. Then, a rearranged
waveform p(iAt),i = 1,2, -+, 200. was constructed in the time
domain according to Nyquist sampling theorem, of which the
sampling interval was At = 10 ps.

Fig. 6(a) illustrated the reconstructed acoustic waveform in
the time domain, which exhibited many irregular fluctuations in
the signal amplitude. Due to the poor SNR of the acoustic
waveform, the signal features were hard to be recognized. By
virtue of the Gabor spectrogram, the reconstructed acoustic
signal p(t) was transformed in the time-frequency domain.
The calculated Gabor spectrogram was shown in Fig. 6(b), a
persistent spectral content in the vicinity of 40 kHz continued
over time, which revealed the single-tone signature.

800 1000

B. Tone-burst signal zest with @-OTDR

Let us draw our attention to the scenario of weak transient
signal detection. For a partial discharge induced acoustic wave
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(b) Gabor spectrogram of the acoustic signal in the time-frequency domain
Fig. 6. The reconstructed 40 kHz single-tone acoustic signal at the ®-OTDR
peak location of 538.8 m as shown in the inset of Fig. 5(b).

perturbation, it generally possesses burst wave behavior and
usually occurs in a statistical manner with both the amplitude
and the time of occurrence being stochastic. In this
circumstance, both the location and the transient signal features
of the acoustic-burst signal are to be detected with ®-OTDR.
In the experiment, we simulated the acoustic-burst signal by
driving the piezoelectric actuator with a tone-burst electric
signal. Fig. 7(a) depicted a case of four periods of a tone-burst
signal with a duration of approximately 180 us, a period of

roughly 0.5 ms, and a center frequency in the vicinity of 20 kHz.

The amplitude of the burst signal was set to be 4 Vpp, while the
M-Z interferometer calibrated peak strain was 4.4 ne. The
statistical estimator R was measured in a similar way as
described in the single-tone perturbation experiment. The
estimator curve in the perturbation area of the fiber was shown
in Fig. 7(b), the local peak was detected at the expected fiber
positions.

The performance of the Gabor spectrogram in conjunction
with ®-OTDR for acoustic burst wave detection was illustrated

as a new form of distributed mapping pattern shown in Fig. 7(c).

The ®-OTDR perturbation signal p(t) was transformed
according to (19) to obtain the Gabor coefficient C,,,, at each of
the elementary points (mT,nf) . By plotting the time-
frequency estimator in (22) vs. time along each of the fiber
positions, we identified the four periods of the acoustic-burst
signal which behaved like isolated islands locating in the fiber
region between 512 m and 518 m (Note that the 25.8 m position
shift was already subtracted). The distributed mapping pattern

was also beneficial to denoise the transient waveform subjected
to Rayleigh fluctuations.

R [ Driven signal
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(a) The electrically driven tone-burst signal composing of periodic pulses, with
amplitude of 1 Vpp and period of 0.5 ms.
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(c) ©-OTDR distributed mapping pattern (in part) showing the acoustic
tone-burst signal perturbation in the fiber region between 512 m and 518 m.
(Note that the 25.8 m initial position shift should be subtracted).

Fig. 7. An example of acoustic burst wave detection using the cascaded

statistical estimator and time-frequency estimator in ®-OTDR.

IV. DISCUSSION

The ®-OTDR measurement system needs a more sophisti-
cated design to achieve better performance for the detection and
location of ne-scale strain perturbations along the whole length
of the fiber.

In coherent detection, the LO light field in the gain factors
from (3) is effective when the LO power is increased to a
threshold at which the LO shot noise dominates over all other
noise terms for the detector. Fig. 8(a) showed the detectable
SNR of the statistical estimator in (18) as a function of the LO
power. There was a distinct turning area in which the SNR of
the estimator rapidly increases up to 12 dB from a lower level
(6 dB). This implied that the LO power larger than
approximately 0.1 mW was sufficient to achieve shot-noise-
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limited detection, further increasing the LO power was not
beneficial to the detection of SNR.

The effect of the pulse width was also considered. The test
result shown in Fig. 8(b) illustrated that the SNR of the
statistical estimator exhibited just a slight increasing tendency,
which was 3 dB with the pulse width increasing from 30 ns to
100 ns, while the input light power increased as well. However,
we must consider the tradeoff between the SNR improvement
and the deterioration of the detection spatial resolution. This is
because the SNR improvement achieved through broadening
the pulse results a relatively lower spatial resolution for the
®-OTDR distributed system. In addition, the broadened pulse
width gives rise to a much larger variance of the laser phase
noise as discussed above.
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(b) SNR of the statistical estimator as a function of the pulse width of the probe
light. The relationship between the input power of the pulsed light and pulse
width was also presented.

Fig. 8. Key parameters that affect the performance of the ®-OTDR
measure-ment system. The test data were obtained by utilizing a 4.0 ng, 40 kHz
sinusoidal dynamic strain perturbation. The shaded region within the dashed

line indicated the multiple measurement variations.

Overall, we believe that the proposed improvement in
®-OTDR could pave the way for the detection of partial
discharge and associated faults for high-voltage equipment,
which has drawn much research interest in the field of
fiber-optic sensors [27-31]. A summary of the frequency band
and magnitude level of some common discharging phenomena
is shown in Table I. It can be seen that the majority of
discharges actually have frequency components ranging from
audible frequencies to 100 kHz, which means that our proposed
system can partially meet the requirements. It is mentioned that
the ®-OTDR technique still does not possess the required
sensitivity for the detection of partial discharge induced
acoustic emission waves, which may be 1~2 orders of
magnitude lower than the minimal detectable strains examined
in the preceding experiments. In [28], the authors have reported
the acoustic detection of partial discharges in a high-voltage
power cable termination by utilizing a commercially available

C-OTDR instrument. Despite a detection limit of 1 nC achieved
with a dedicated ultrasonic fiber-optic transducer, the
magnitude detection sensitivity in nC scale cannot meet the
requirement of in situ PD monitoring of power cables. Future
studies can further improve the performance of ®-OTDR from
all aspects, including fundamental fiber sensor materials and
advanced signal processing algorithms, to make the system

competitive in the discharging detection applications.
TABLE |
A SUMMARY OF THE FREQUENCY BANDS AND MAGNITUDE LEVEL OF THE
COMMENT DISCHARGING PHENOMENA

. . Magnitude

Types of Discharging Frequency Bands Levels
Thunder from lightning 10 Hz ~ 2 kHz 10° Pa
Corona 50 Hz ~ 300 kHz 102 Pa
Discharge on transmission lines 10 kHz ~ 100 kHz 102 Pa
Discharge in solid insulation 20 kHz ~ 2 MHz * lack of data
Discharge in liquid insulation 20 kHz ~ 300 kHz 10° Pa
Discharge in gaseous insulation 10 kHz ~ 80 kHz 102 Pa
Discharge at low pressure and in 20 kHz ~ 80 kHz 10° Pa

vacuum insulation

V.CONCLUSION

This paper focused on the feasibility of ®-OTDR sensing
technology for the distributed detection of acoustic wave
induced ne or sub-ne transient weak strains upon a fiber.
Coherent detection was employed in the ®-OTDR
configuration to improve the sensitivity and obtain a much
better SNR. A cascaded signal processing framework was
proposed, consisting of a statistical estimator that is used to
capture and locate the target signal, and a time-frequency
estimator that extracts the temporal and frequency features of
the signal for determination. Experimental tests were
implemented to verify the improved ®-OTDR system. It was
demonstrated that the ®-OTDR system that adopted this signal
processing framework was capable of detecting and locating
dynamic strain with a magnitude down to 4 ne and an acoustic
frequency up to 40 kHz. A tone-burst acoustic signal,
analogous to the acoustic waves induced by partial discharge
phenomena in electrical insulation, was also tested to prove the
promising potential for transient weak signal detections. Future
work must be carried out to design a more sensitive and reliable
®-OTDR distributed fiber sensing system. Nevertheless, the
proposed  statistic  signal-processing based ®-OTDR
technology holds the promise for the remote and distributed
detection of partial discharge in long-distance power cables.
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