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Unidirectional Ultra-Long Distributed
Optical Fiber Sensor

Yaxi Yan

Abstract—In this paper, we propose and experimentally demon-
strate an ultra-long distributed fiber vibration sensing system using
unidirectional forward transmission of a continuous-wave signal
and coherent detection with digital signal processing. Two optical
fibers, which are close to each other, are deployed for sensing. A
loop-back configuration is formed by splicing these two optical
fibers at the far end of these two fibers. The location of the vibration
event is identified by analyzing the null points in the frequency
spectrum of the extracted phase signal. Thanks to the nature of
unidirectional forward transmission, the Rayleigh backscattering
noise can be avoided. Meanwhile, forward transmission enables
optical amplifiers to compensate for the signal loss and hence
fundamentally overcome the sensing range limit. We successfully
demonstrate the localization of single point and multi-point vibra-
tions with measurement errors of less than 100 m and £+200 m,
respectively, over a 500-km sensing range. The proposed scheme
opens new possibilities in ultra-long haul distributed optical sensing
applications.
forward

Index  Terms—Ultra-long haul, transmission,

distributed vibration sensor.

I. INTRODUCTION

ISTRIBUTED vibration sensing (DVS) using optical
fibers has been widely applied in many engineering ar-
eas including structural health monitoring, oil or gas pipeline
leakage monitoring, perimeter protection and seismic sensing
applications [1]-[5]. Among them, because of the advantages of
high sensitivity, fast response and simple structure, distributed
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interferometer sensors, including Mach-Zehnder interferometer
(MZI) [6], Michelson interferometer [7], Sagnac interferometer
[8] and hybrid interferometer structures [9]-[10], have attracted
much research attention and have been extensively studied over
the past decades. In interferometer-based DVS systems, light
beams are bidirectionally transmitted in a single fiber. Because
of this bidirectional transmission, traditional distributed inter-
ferometer sensor is influenced by the Rayleigh backscattering
noise (RBN), which limits the sensing range [11]. In [12],
wavelength division multiplexing (WDM) was utilized to reduce
the influence of RBN in the Mach Zehnder interferometer, which
resulted in a more complicated sensing structure. Besides, in
MZI systems, the optical delay is wavelength dependent. As a
result, in MZI systems with WDM techniques, the deviation of
the location information obtained using the time delay estima-
tion method increases with the increase of the sensing distance.
Recently, a Michelson interferometer using polarization beam
splitter and Faraday rotating mirror (FRM) was reported [7].
2/3 of the RBN can be removed, however, the residual RBN
still degrades the signal to noise ratio (SNR), especially in long
range sensing systems. In traditional interferometer based DVS
systems, direct detection is normally used at the receiver. The
directly detected signal exhibits a nonlinear phase to amplitude
conversion, which results in a serious distortion of the sensing
signal. This is especially serious when the vibration amplitude
is large or the interferometer sensor is not fixed at the quadrature
working point [13]. To solve this problem, various phase detec-
tion techniques including phase carrier generation [14] and the
use of 3x3 coupler [15], are utilized in interferometer based
DVS. These techniques, however, may result in a complicated
signal processing infrastructure which increases the system
complexity and measurement time. Besides, interferometer DVS
suffers from the polarization fading effect as well. In most cases
of interferometer based DVS systems, additional polarization
control is necessary to solve the polarization fading problem,
which increases the complexity of the system as well. However,
the polarization fading problem can be easily solved by using
the phase and polarization diversity coherent receiver, which has
been widely used in long-haul optical communication systems
[16] and OTDR based sensing systems [17] to retrieve both the
amplitude and phase of the received signal.

With a more extensive application of fiber sensing technology,
there is an increasing demand for the long range and ultra-long
range fiber vibration sensing in many application areas. In our
previous work, a unidirectional forward transmission-based dis-
tributed vibration sensor using phase and polarization diversity
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coherent detection was proposed to realize an over 600 km
sensing range [18]. In the proposed scheme, a frequency-shifted
optical delay line (FSODL) is used so that two differential phase
signals can be constructed. Consequently, the vibration location
is obtained by measuring the time delay between two differen-
tial phase signals. Multi-point detection is imperative for DVS
systems. Although it is demonstrated in [18] that multi-point
vibration can be realized through time delay estimation, it is
only possible when following conditions: 1). vibration positions
are far away; 2). vibration signals are uncorrelated and 3) the
power difference between different vibration signals is not very
big; are satisfied simultaneously. Besides, the sampling rate of
the previous proposed sensing system must be at least twice
as high as the frequency shift induced by the acousto optic
modulator due to the use of FSODL, which largely increases the
load of data processing. In this work, we have shown that the
location information can be obtained by analyzing the null point
in the frequency spectrum. This is a more powerful approach for
multi-point sensing. At the same time, the sensing structure can
be further simplified by removing the FSODL structure, which
makes the sensing system more cost-effective. Besides, the load
of data processing can be largely reduced since only processing
of baseband signal is required. Here a simplified ultra-long range
unidirectional forward transmission based DVS is proposed and
experimentally demonstrated. A pair of multi-span optical fibers
are utilized for sensing while a loop-back configuration is used
by connecting the two fibers at the far end. A commercial phase-
and polarization-diversity coherent receiver is used to extract
the phase information from the received signal after the forward
transmission. Because the pair of sensing fibers are deployed
close to each other, same phase change patterns will occur in
case of disturbance events. The sensing of the external vibration
is realized by demodulating the phase signal of the received
light while the localization of the vibration event is realized
by analyzing the null points displayed in the spectrum of the
phase signal after fast Fourier transform (FFT). The proposed
scheme eliminates the RBN problem with a simple sensing
structure. The sensing performance of a 1000 km fiber link
is investigated, corresponding to a sensing range of 500 km.
The location performance of both single-point vibration and
multi-point vibration is analyzed in detail. Results show that
the location error of single point vibrations is less than &= 100 m
while the location error of multi-point vibrations is less than £
200 m. Taking advantages of optical amplification, the sensing
distance can be further extended. The proposed scheme provides
a new approach for ultralong range and large amplitude DVS
sensing.

II. EXPERIMENT SETUP AND SENSING PRINCIPLE
A. Experimental Setup

The experimental setup of the proposed distributed vibration
sensor is schematically shown in Fig. 1. The output of an
ultra-narrow-linewidth CW tunable laser operating at 1550 nm
(NKT KOHERAS ADJUSTIK X15) was split into two branches.
The upper branch was launched into the fiber under test (FUT)
directly for sensing. The lower branch serves as a local oscillator
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Fig. 1.
sensing scheme. UNLL: ultra-narrow linewidth laser; EDFA: erbium doped fiber
amplifier; BPF: band-pass filter; SMF: single mode fiber; LO: local oscillator;
BPD: balanced photodetector; DSP: digital signal processing.

Experiment setup of the proposed ultra-long distributed vibration

(LO). The FUT was a 1000 km fiber link, consisting of 14
spans of standard single-mode fiber (SSMF, G.652D). An EDFA
(Huawei C-band OAU) and a 4-nm band pass filter (BPF) were
utilized in each span to compensate the loss induced by the
fiber and to remove the out-of-band ASE noise, respectively.
In our sensing scheme, the FUT was composed of a pair of
equal-length fibers and these two fibers were placed close to
each other to ensure the same external vibration induced phase
change of the propagation light. Without loss of generality, parts
of two fibers, where the external vibrations were applied, were
glued together to simplify the experiment procedure. The far
ends of two fibers are spliced together to form a loop-back
arrangement. After propagating through the 1000 km fiber link,
a polarization-diversity homodyne coherent receiver consisting
of an optical 90° hybrid mixer (PHOTOP C-band 2 x 8) and four
balanced photodetectors with 500 MHz bandwidth were used to
detect the beating signals between the output signal light and LO.
By using a digital oscilloscope (PicoScope 6404B), the detected
analog signal was digitized and then transferred to a computer
for further signal processing.

B. Sensing Principle

At the output of the polarization-diversity coherent receiver,
the in-phase (IX, Iy) and quadrature (Qx, Qy) components of the
beating signals in both x- and y- polarizations can be detected
and expressed as

I, = R\/@cos (¢z(t) —pro(t) +9) (1
Ps P,
Q. = RWsin (¢a(t) — pro(t) +90) 2

(1—a)Ps
2

P
I, = R\| 219 cos (9, () — pro(t)  (3)

@, = By Lm0 G o 0) — pro) @)
where Ps and Pro are the powers of the signal light and LO,
respectively; R is the responsivity of the photodetectors in the
coherent receiver; « is the power ratio of the two polarization
components while § is the phase difference between them; ¢, (¢),
@y (t) and @ 1,o(t) are the phases of signal along x-polarization,
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signal along y-polarization and LO, respectively. Through ap-
plying the IQ demodulation algorithm to (1) to (4), the phase of
the signal light can be obtained [19].

If a vibration occurs at a certain position of the fiber link,
the refractive index of the fiber core and the fiber birefringence
will be changed accordingly. As a result, the phase of the light
will be modulated when passing through the vibration position.
Due to the loop-back configuration, a single external vibration
will affect the propagation light twice, marked as points A and
B in Fig. 1. Therefore, the demodulated phase signal in this
experiment can be written as

@(t) - @c(t) + (Pn(t) + 5011(t) + %(t - 7_) (5)

where . (t) is the carrier phase noise related to the linewidth
of the laser source; ¢,,(t) is the phase noise accumulated along
the propagation path, which includes the phase change caused
by thermal variations, acoustic waves, background mechanical
disturbance, etc.; o, (t) is the phase term modulated by the exter-
nal vibration; 7 is the time for light to transmit from disturbance
point A to disturbance point B, which can be written as

T=2nl/c (6)

where n is the refractive index of the fiber core.

The spectral component of the demodulated phase signal can
be analyzed in the frequency domain. We denote the FFT of (¢)
as SAO( f), which can be derived as

A A A A ,
P =e(N)+e(N)+e(H+e) ()

c

When the following condition is satisfied:
2n fr = (2k + 1)7, kis an integer 3

we have
B(f) = 8f) +#(f) ©

That means the phase change caused by external vibrations is
zero for certain vibration frequencies. In other words, there will
be a series of null points in the frequency spectrum of (¢) and
the frequency of the null point is related to the location of the
external vibration, which can be derived from (6) and (8) as

f — E + 1 i
kthnull — 9 4 ) nl;

The frequency interval between two consecutive null points
can be derived as

(10)

Afnull = C/2nl1 (11)

Therefore, the length of /; can be obtained by determining the
frequency interval between two consecutive null points. As the
total length of the sensing fiber is already known, the location
of the vibration can be finally determined.

There are two ways to determine the frequency interval
A fruu- Referring to (10) and (11), the frequency interval can
be determined by

Afnull = fk”’null/(k + 05) (12)
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Therefore, one method is to determine the frequency of the
k™ null point first. Then the frequency interval A f,,,;; can be
calculated using (12). The detailed processing procedures are:

1) Apply an adaptive digital low pass filter to remove the

high frequency noise of the frequency signal &( f) and
then obtain a smooth frequency curve where null points
are clearly displayed;

2) Roughly determine the frequency interval Afy,ugn by
subtracting the frequency values of two consecutive null
points;

3) Choose a null point with sharp dip and find out the corre-
sponding frequency value f,¢n 015

4) Determine the integer k by rounding the value calculated
by (frtrnuit/ A frough — 0.5);

5) Finally determine the frequency interval using (12).

According to (10), the measured location can be expressed as

ll = C(k + O.5)/2nfkth,nu” (13)

The measurement variance of the location can then be written
as

Aly = cA frenpuu(k +0.5) /20 fin
= A frtnnuir/20A frutt frenpun

where A fen,, i the measurement variance of the k™ null
frequency. It is obvious that the location accuracy is linearly re-
lated to the measurement variance A fyn ,,,,1;, however, inversely
proportional to A f,,,,;; and the frequency of k" null point.

The other method is using the double FFT algorithm [20], in
which a second time FFT is applied to the frequency spectrum
of the phase signal. The frequency interval between two consec-
utive null points is determined by figuring out the peak in the
second time FFT spectrum. In our case, the detailed processing
procedures are

1) A section of the sensing signal is obtained from the scope;

(14)

the spectral component, &( f), of the demodulated phase
signal is calculated.

2) Because the power of the phase noise is inversely pro-
portional to the noise frequency, there is a downtrend

A
on the calculated frequency signal ¥(f). Therefore, the
A
downtrend D(f) is first obtained by fitting the curve ©(f).
A
3) Remove the downtrend of by subtracting D(f) from ¢(f).

4) A section of Q’( f) after removing the downtrend that
contains the effective information is obtained.

5) To enhance the resolution of the second time FFT spec-
trum, zeros are padded to the end of the first time FFT
signal.

6) Apply second time FFT to the processed first time FFT
signal.

7) Estimate the value of the spectral peak shown in the second
time FFT spectra.

In the double FFT method, assuming that the frequency range
and the data length of the first time FFT signal after zero padding
are F and L respectively, the x coordinate of the second time FFT
spectrum will value from -L/2 to L/2-1. In that case, when the
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Fig. 2.

x value of the peak in the second time FFT spectra is P, the
corresponding frequency interval between two consecutive null
points should be

According to (11) and (15), the vibration location should be
ly = cP/2nF (16)

That means the measurement variance of the location is

Aly = ¢cAP/2nF (17

where AP is the measurement variance of P. To estimate the
peak value more precisely, Gaussian fitting can be applied on the
second time FFT curve. In this work, both of these two location
methods were used to investigate the sensing performance and
comparisons between these two methods were conducted as
well. Fig. 2 shows the data processing procedures of these two
methods.

III. RESULTS AND DISCUSSIONS

A. Location Result of Single-Point Vibration

A proof-of-concept experiment is conducted to investigate
the sensing performance of the proposed DVS. Firstly, single
point vibration was investigated. In order to emulate the practical
circumstance, vibrations were separately applied at three differ-
ent positions, i.e., 500km, 200 km and 12.5 km from the loop

[ Obtain the downtrend D(f) by fitting the ]

curve @(f).
v
Remove the downtrend of by subtracting D(f)
from @(f).

Intercept a section of the first time FFT signal
after removing the downtrend, which contains
the effective information

v
Pad zeros to the end of the intercepted first
time FFT signal.

| |

Obtain the second time FFT spectrum by
applying the FFT to the processed
frequency signal

v

Estimate the value of the peak shown in the
second time FFT spectrum by applying
Gaussian fitting

The flow chart of the data processing procedures of two location methods.
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Fig.3. The demodulated phase signal when hammering disturbance is applied
at the position of 200 km.

center of the fiber link. The vibration signal was introduced by
continuously hammering a fiber spool, which is wrapped by two
10 m single mode fibers that are glued together. The collection
time was 10 s for a single shot sampling and the sampling
rate was set as 4.8 MSa/s. The phase signal retrieved from the
collected data is shown in Fig. 3, where obvious phase changes
can be found when external vibrations occur. As the hammering
continues, a series of peaks can be observed on the phase curve,
whose intervals are corresponding to the hammering period. One
may also find from Fig. 3 that the phase of the received signal
slowly fluctuates even before vibration was applied. This may be
attributed to the following causes: 1) environment temperature
fluctuation, which may induce length variations of the optical
path; 2) acoustic noise along the propagation path and, 3) the
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Fig.4 (a), (b) and (c) are original frequency spectra of the demodulated phase

signals when disturbance is applied at positions of 12.5 km, 200 km and 500km,
respectively. (d), (e) and (f) are frequency spectra obtained by applying a low
pass filter on (a), (b) and (c), respectively, where the theoretical response (red
dotted lines) and experimental results (blue solid lines) are not consistent in
amplitude.

carrier phase noise. By applying FFT to the demodulated phase
signal, the frequency spectrum can be obtained. Fig. 4 shows
the frequency spectra of the demodulated phase signals after
FFT when vibrations were applied at three different positions.
A series of dips (null points) appear in the spectra. The key point
of locating the external vibration is to determine the frequency
interval between two consecutive null points precisely.

For the k™ null point determination method [referring to
(14)], the measurement error of the k" null frequency will have
a dramatic impact on the accuracy of location. Therefore, an
adaptive low pass filter was used to remove the high frequency
noise to reduce the measurement error. Figs. 4(d-f) show the
finally obtained null-frequency curves after removing the high-
frequency noise. Since the measurement accuracy is inversely
proportional to the value of k" null frequency, a large value of k™
null frequency helps to reduce the measurement error. Besides,
from Fig. 4(e) and (f), the first time FFT signals have high SNRs
near the frequency of 9 kHz. Therefore, the value of k" null
frequency in this experiment is chosen around 9 kHz.

As shown in Fig 4(f), for the position of 500 km, the 45™ pul]
point (k =44) was chosen to determine the frequency interval. As
shown in Fig. 4(e), for the position of 200 km, the 18" null point
(k = 17) was chosen. When the vibration occurs at the position
of 12.5 km, as shown in fig. 4(d), there is just two null points in
the spectrum and only the first null point is sharp and clear, so
the first null point was chosen for the localization. To investigate
the location error of this sensing scheme, the knocking test on the
above mentioned three different positions of the fiber link were
all repeated 100 times. Fig. 5 shows the location results. Each
vibration position was measured by a commercially available
OTDR with a resolution of 5 m as a reference. Compared with
the results obtained by using OTDR, one can see that the location
erroris less than & 100 m. As for the location results of vibrations
occurring at the 12.5 km position, even though the null frequency
dip is not sharp, because the null frequency interval is very large,
the measurement error is not very big, even smaller than that of
vibrations occurring at the 500 km position.

Next, the double FFT algorithm was used to process the data
as well. In this work, the effective frequency range of the first
time FFT signal was from 0 Hz to 30 kHz. Since the effective
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Fig. 6. The second time FFT spectra obtained by applying the FFT on the
first time FFT signals ¢( f) when single-point vibrations occur at three different
positions (a) 500 km, (b) 200 km and (c) 12.5 km, respectively. (d) Location
results obtained by using the double FFT algorithm when vibrations occur at
positions of 200 km and 500 km.

frequency range of the first time FFT signal is not wide enough,
zero padding is used to increase the resolution of the second time
FFT spectrum. It should be noted that when the resolution of the
second time FFT spectrum is high enough, the location accuracy
is only determined by the system’s noise and the effective length
of the original data. Moreover, longer padding zeros means the
increase of the computational complexity. Therefore, there is
an optimal length of padding zeros. In this work, the frequency
range of the signal used for the second time FFT is extended to 0
Hz -1 MHz. Figs. 6(a) (b) and (c) show the obtained spectra after
the second time FFT when vibrations occur at three different
positions. From Fig. 6(c), one can see that the peak in the second
time FFT spectrum for vibrations occur at the position of 12.5
km is not obvious. That is because there are only 3 null points in
the frequency range of 30 kHz, which is not enough for the
second time FFT. One can therefore deduce that the double
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(a) A zoomed region of the frequency spectra of the demodulated phase signals when vibrations occur at two different points simultaneously. (Inset) the

whole spectra. (b) The second time FFT spectra. (c) The location results obtained by using the double FFT algorithm when vibrations occur simultaneously at

positions of 45 km and 165 km.

FFT algorithm is valid when 1) a vibration signal with a wider
frequency range is applied; and/or 2) vibrations are occurring
farther away from the loop center. As shown in Figs. 6 (a) and
(b), by applying Gaussian fitting, the value of the peak in the
second time FFT spectrum can be determined. The location can
thus be calculated using (16). Fig. 6(d) shows the location results
obtained by using the double FFT algorithm. The location error
of the double FFT algorithm is less than + 200 m, which is
larger than that of the K null frequency point determination
method. The reason is that the location accuracy obtained using
the double FFT algorithm is related to the frequency span of
the vibration signal. A small frequency span of the hammering
events, which is 30 kHz in our case, leads to a large location
error. Besides, the double FFT algorithm is not effective for
vibration events occurring close to the loop center of the fiber
link. Comparing the k" null frequency determination method
and the double FFT algorithm, it is obvious that the k" null
frequency determination method is more appropriate for single
point vibration detection.

B. Location Result of Multi-Point Vibrations

For single-point vibration cases, the location can be easily
obtained by finding out the frequency interval between two con-
secutive null points as mentioned above. However, in practical
ultra-long distance sensing systems, multiple vibrations may
occur simultaneously at different positions along the sensing
fiber. For multi-point vibration cases, the demodulated phase is
the superimposing of multiple vibration signals. In that case, the
frequency spectrum of the demodulated phase after FFT should
be written as

N
B(f) = G + () + Y @o, (HL+ePm0) - (18)

m=1

where m represents the m” vibration position and N is the total
number of vibration positions. To investigate the multi-point
vibration sensing performance, two PZTs are placed at positions
of 45 km and 165 km from the loop center of the fiber link. Two
10 m fibers are wrapped around these two PZTs, separately.
Vibrations are introduced by driving the PZTs using two ran-
dom Gaussian-noise-like electrical signals both with a peak to

peak voltage of 10 V. Fig. 7(a) shows the frequency spectrum
when two vibrations occur simultaneously. Because the retrieved
phase signal is a superposition of two vibration signals, the null
points in the spectrum are indistinctive. In such cases, only the
double FFT algorithm can be used to determine the frequency
interval effectively.

Here, the frequency range of the zero padded first time FFT
signal used for second time FFT was from 0 Hz to 1 MHz as
well. Fig. 7(b) shows the result after the second time FFT. There
are two peaks shown in the spectra, representing two vibration
positions. The exact value of each peak is determined by using
Gaussian fitting. Fig. 7(c) shows the location results of 100 times
repetitive tests. The location error is less than 4= 200 m. Location
of two-point vibrations has been verified in this work and it is
obvious that the double FFT method can be used for multi-point
(larger than two) vibrations as well.

From location results of both the single-point vibrations and
multi-point vibrations using the double FFT algorithm, it is
obvious that the location accuracy deteriorates when the vi-
bration position moves towards the loop center of the fiber
link. That is because the vibration occurring farther away from
the loop center has a higher SNR of the spectral peak shown
in the second time FFT spectra. Besides, in this experiment,
the location accuracies of multi-point vibrations were overall
higher than those of single-point vibrations obtained based on
the double FFT algorithm. That is because a larger effective
frequency ranging from 0 Hz to 200 kHz as shown in Fig. 7(a) is
obtained in multi-point vibration localization. It should be noted
that the location accuracy can be further enhanced by improving
the SNR of the first time FFT signals through averaging.

IV. CONCLUSION

In this work, we have proposed and experimentally demon-
strated a unidirectional ultra-long range distributed optical vibra-
tion sensing technique using coherent detection, where a pair of
optical fibers are deployed at the same location with a loop-back
configuration. Both the k" null frequency determination method
and double FFT algorithm have been used to investigate the
sensing performance. Less than + 100 m location error of
single point vibrations and less than + 200 m location error
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of multi point vibrations have been realized over a 500 km
sensing range. Compared with previously reported distributed
vibration sensors, the proposed scheme has a much simpler
structure. Meanwhile, with the help of EDFAs and the elimina-
tion of the Rayleigh backscattering noise, the sensing distance
can be further extended, which enables ultra-long distributed
vibration sensing. In practical applications, like perimeter se-
curity systems and railway tunnel monitoring systems, actions
like knocking, hammering, digging and climbing will generate
vibrations with wide frequency span. With the development of
the infrastructure and the need for long distance transportation,
the proposed scheme has a great potential in ultra-long range
DVS applications.
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