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Abstract: Distributed fiber optic sensor for multi-parameter measurements plays a crucial
role in various applications. In this work, distributed temperature/vibration fiber optic sensor
with high precision and wide bandwidth is proposed and experimentally demonstrated. To
improve the signal-to-noise ratio (SNR) and sensitivity of the system, the backscattering
enhanced optical fiber (BEOF) is employed to provide strong and stable sensing signal.
With the assistance of the coherent phase detection, a high precision measurement of phase
can be achieved. In addition, the wavelet packet decomposition algorithm is put forward to
effectively discriminate the quasi-static temperature and dynamic vibration signals. In the
experiment, wide bandwidth vibration signal from 0.01 Hz to 20 kHz can be successfully
detected. Owing to the high sensitivity of the system, the local temperature change within the
range of only 10 cm can be captured with high precision of 0.095 °C. Besides, the system has
a good capability of fast response to the external temperature variation where the response
time is around 0.3 seconds, which is meaningful for the early warning of centimeters-level
sized fire source in the special oil and gas pipelines monitoring applications.

Index Terms: Optical sensors, distributed measurement, temperature/vibration, back-
scattering, phase modulation and wavelet packet decomposition.

1. Introduction

Integration of distributed temperature and vibration fiber optic sensing systems are becoming a
pressing requirement in the industrial infrastructure monitoring [1], [2]. Especially in the oil and gas
pipelines security monitoring applications, the function of distributed temperature detection of small
region, early warning of explosion or fire disaster as well as a wide vibration response bandwidth
is vitally important. Raman scattering-based optical time domain reflectometry (OTDR) sensors [3]
can achieve the distributed temperature measurement with meter-scale spatial resolution, while
thermally-activated spontaneous Raman scattering light is not sensitive to the external strain.
And the low sensitivity makes it difficult for monitoring a centimeters-scale fire source. Besides,
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the Brillouin scattering-based OTDR system [4] can realize distributed temperature and strain
measurement by combining the intensity and frequency shift of Brillouin backscattering. L. Q. Luo
et al. have reported a high accuracy distributed temperature and strain sensor based on B-OTDR
with an accuracy of 0.43 °C and 10 ue, respectively [5]. Whereas the demodulation method requires
frequency-sweep processing which results in a low demodulation rate. Hence, the bandwidth of
vibration sensing is limited. Recently, the phase-sensitive optical time domain reflectometry (¢-
OTDR) sensors based on Rayleigh scattering light have drawn a lot of research interest owing to its
fast response and high sensitivity to external perturbations [6], [7]. And the sensor system is able to
detect dynamic strain with kHz-level frequency band. Unfortunately, due to a weak amplitude and
a randomly distributed position of Rayleigh scattering (RS) light in normal single mode fiber (SMF),
the precision and SNR of signal are seriously affected. Thus, the detection of sub-Hz level signal is
greatly degraded by the low frequency phase noise induced by unstable RS signal [8]. And it is not
suitable for the measurement of quasi-static temperature and ultra-low frequency vibration change.

Moreover, some hybrid systems for simultaneous measurements of static temperature and dy-
namic vibration have been demonstrated. Jing Dong Zhang et al. realized up to 4.8 kHz vibration
sensing with 3 m spatial resolution and the accuracy of 2 °C temperature measurement along
the 10 km SMF with 80 cm spatial resolution through the combination of ¢-OTDR and B-OTDR
fiber-optic system [9]. Yonas Muanenda et al. integrated ¢-OTDR with R-OTDR to achieve the up
to 500 Hz vibration detection and the temperature resolution of 0.5 °C at 5 km SMF with 5 m
spatial resolution [10]. Yet these sensors could not meet requirement for accurate measurement
of temperature in some special security monitoring applications. Besides, the integration of these
techniques undoubtedly adds a significant increase in the cost and complexity of the system.

And some high precision distributed fiber sensors for temperature and strain sensing have at-
tracted a wide attention. Yahei Koyamada et al. achieved distributed temperature and strain mea-
surements with a high resolution of 0.01° C/0.1 ue in 8-km-long fiber with spatial resolution of 1 m
by using coherent OTDR with a precisely frequency-controlled light source [11]. Additionally, by
mean of the measurements of local birefringence and local ¢-OTDR frequency shift, a distributed
temperature and strain sensor with high precision of 0.04 °C/0.5 ne along a 100 m-long polariza-
tion maintaining fiber has been experimentally demonstrated [12]. Although these methods have
an advantage in high precision measurement of temperature, it is difficult to realize the kHz-level
vibration measurement due to a frequency-sweep processing in the demodulation. In addition, on
the base of requirement of national standards for some special oil pipelines monitoring, temperature
detector must be capable of a small scale of fire source response less than 10 cm because most
accidents occur on the local area of oil pipelines or tunnels. However, the above technologies have
defects in the realization of centimeters-scale fire source detection with high precision. Accordingly,
the research of centimeters-scale fire source detection with high precision and wide bandwidth
frequency response is a significant work.

In this paper, simultaneously distributed temperature/vibration fiber optic sensor based on ¢-
OTDR principle combined with the backscattering enhanced optical fiber (BEOF) is proposed
and experimentally demonstrated. In order to improve the SNR and sensitivity of the system,
the random fluctuant and weak RS in the SMF is replaced by stable and strong back-scattering
signals generated by backscattering enhanced points (BEPs) along the longitudinal direction of
the fiber, which is named as BEOF. Thus, external perturbations exerted on short fiber length of
centimeters-level can be detected due to the high sensitivity. Not only quasi-static signals but also
kHz-level high frequency signals can be high-fidelity recovered by high stable phase demodulation.
Furtherly, the phase variation induced by the temperature and vibration can be discriminated via
the wavelet packet decomposition algorithm to realize simultaneously distributed measurement
of temperature and vibration. Finally, verification experiments are performed to verify a wide-band
frequency response from 0.01 Hz to 20 kHz. And temperature variation applied on short fiber length
of only 10 cm can be successfully captured with high precision of 0.095 °C and fast response time
approximately 0.3 seconds.
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Fig. 1. (a) The BEPs along the longitudinal direction of the BEOF. (b) A backscattering trace of the
sensing fiber which contains SMF and BEOF. (c) System configuration of the distributed temperature
and vibration sensor; NLL: Narrow Linewidth Laser; PC: Polarization Controller; AOM: Acousto-Optic
Modulator; EDFA: Erbium-Doped Fiber Amplifier; PZT: Piezoelectric Transducer; BPD: Balanced Photo
Detector; DAQ: Data Acquisition Card.

2. Principle
2.1 System Configuration

In a coherent detection system, the interference between multiple weak scatters within one pulse
width would cause to the randomness of the backscattered light when a high coherence pulse
injecting into normal single mode fiber (SMF), which decreases the SNR of the backscattered trace
and leads to random intensity fading. To improve the SNR and measurement precision of the system,
the BEOF is applied [13]. The BEOF contains a series of consecutive backscattering enhanced
points (BEPs) as shown red dots in Fig. 1(a), which is fabricated by laser exposure processing along
the longitudinal direction of fiber. Due to the BEPs with a much stronger backscattering coefficient,
the intensity of the backscattered light from the BEPs is greatly enhanced. In experiment, the
sensing BEOF fiber is consisted of 101 BEPs with 5 m space interval. Form Fig. 1(b), it can be seen
that compared with the intrinsic Rayleigh scattered (RS) light from SMF, the backscattered intensity
of BEPs is increased by 12dB at local positions. Besides, the backscattered signal of BEOF has a
stable distribution owing that there is no overlap and interference between the signals from adjacent
BEPs. Consequently, these BEPs are a promising candidate for the sensing points to improve the
SNR of sensor system.

The schematic of the distributed temperature and vibration sensing system is shown in Fig. 1(c). A
high coherent narrow line-width (less than 1 kHz) laser with 20 mW continuous output at 1550.12 nm
is used as the optical source. The continuous light is divided into two parts by a 90:10 coupler 1.
The 10% port goes through the polarization controller (PC) to eliminate the effect of polarization
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Fig. 2. (a) Beat frequency signals. (b) Phase demodulation. (c) temperature-vibration discrimination
algorithm schematic diagram.

dependent fading by adjusting the polarization state of the local-oscillator (LO) light. The 90%
part from coupler 1 is modulated into pulses with duration time of 20 ns by the acoustical optical
modulator (AOM) to impose a 200 MHz frequency shift from the original optical frequency. While
the sensing system sampling rate depends on the repetition rate of light pulse. Hence, the repetition
rate of light pulse varies according to practical measurement requirements. After amplified by an
erbium-doped optical fiber amplifier (EDFA), the probe pulses launch into the sensing fiber with
length of 650 m through a circulator. Next, the steadily enhanced backscattering signal from each
BEP is carried with the information of external temperature and dynamic strain and interferes with
the local-oscillator light at the 50:50 coupler. The AC component of the generated beat frequency
signal is detected by a balanced photo detector (PBD480C-AC, Thorlabs). Then the electrical signal
is recorded by a data acquisition card (DAQ) with a sample rate of 2 GS/s. Finally, the raw data is
transmitted to a computer for further process.

2.2 System Demodulation Process

To get the higher optical gain and effectively reduce the detection noise, the coherent detection
method is involved [14]. The backscattering light from the BEPs combines with the LO light to form
the beat frequency signal as shown in Fig. 2(a). The detected current of the i-th beat frequency
signal /4(f) can be expressed as:

Isi(t) = AjApcos e Aft + ¢;) (1)

where A; and A, are the amplitude of the scattered light from i-th BEP and LO, respectively.
Af =200 MHz is the frequency shift of the probe pulse, which is generated by AOM. And ¢; is the
phase difference between the scattered light from i-th BEP and LO.

The phase demodulation algorithm is illustrated in Fig. 2(b). The raw data obtained by DAQ
passes through a bandpass filter (BPF) with center frequency at 200 MHz to eliminate the phase
noise. Further, a pair of orthogonal reference functions can be obtained by Hibert transform. After
multiplying the beat frequency signal, another pair of orthogonal functions about ¢; is generated.
According to the product to sum formula and the 1/Q demodulation [15], ¢; from the i~th BEP can be
calculated. Similarly, ¢i1 can be also got. Consequently, the phase variation between the i-th BEP
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and (i + 1)-th BEP can be given as:
Ap = @ip1 — @i (2)

Thus, the phase variation between every two adjacent BEP can be calculated to realize the
distributed measurement. The optical path difference of a length of L fiber between two adjacent
BEP would change when encountering a temperature variation of AT or a dynamic strain of Ae
[16], resulting in a phase variation Ag¢r.., which can be expressed as:

4mn on on on oL
A§0T+£=A§0T+A¢ET La_T+n8_T AT+ Lg"'n% Ae (3)

Where Agr, Ay, corresponds to the change of phase induced by temperature and dynamic strain
separately, L is the length of the fiber under test. Yet, the phase variation is susceptible to ex-
ternal perturbation induced both temperature and dynamic strain. Hence, an effective method of
temperature-vibration discrimination is proposed and shown in Fig. 2(c). Actually, phase variation
Agr.. involved with the ambient noise affects the measurement accuracy of temperature and vibra-
tion directly. In order to filter out the noise effectively, signals are split into different frequency section
by wavelet packet decomposition method. On the one hand, the properties of the wavelet packet
coefficients of the effective signal and noise is different. The effective signal is mainly concentrated
in a few wavelet packet coefficients with large amplitude while the noise is distributed in the whole
wavelet domain. On the other hand, the quasi static temperature change and fast vibration events
generally occupy different frequency response band. After the analysis sub-band, the quasi-static
temperature and dynamic vibration signals can be extracted from low pass and high pass band. And
the noise can be restrained via thresholding operation, finally, temperature and vibration signals
can be well reconstructed to realize temperature-vibration simultaneous measurement.

According to the Equation (3), for the purposes of the quasi-static temperature measurements
only the thermal coefficient y is considered, which can be presented as follows:

1on 14L
V= <Ea_T * ra—r) .

It is comprised of a thermo-optic coefficient and a thermal expansion coefficient. Assuming
y=9.15-1075(°C~") given by [17] and » = 1550 nm, n = 1.467, Agr for the AT variation applied
on a L length fiber can be given as:

Agr = 108.825(rad/m-°C) - L - AT (5)

On the basis of the formula (5), the induced phase variation Agr is about 10.883 rad when 1 °C
temperature change is applied on the fiber length of 10 cm. With the strong and stable signal from
BEOF and high-sensitivity of the system, the local temperature variation within the range of only
10 cm can be captured with high precision. The follow experiments have been implemented to verify
the system performance of the distributed temperature and vibration simultaneous measurement
with fast response speed and broadband frequency response.

3. Results
3.1 Simultaneous Measurement of Temperature and Vibration

In order to corroborate the feasibility of temperature-vibration simultaneous measurement, 1 m long
fiber under test (FUT) is coiled around a Piezoelectric Transducer (PZT) within the thermal controller
located at 451 m as shown in Fig. 1(c). Next, the temperature of the thermal controller starts to rise
and the PZT is driven by a 200 Hz sine-wave generated from the function waveform generator. The
phase variation induced by the heating and vibration can be detected by this system with a sampling
rate of 4 kHz drawn as a rad curve in Fig. 3(a). Besides, a blue curve presents the phase variation of
FUT in air without heating and vibration. Obviously, it can be seen from the enlarged part of Fig. 3(a)
that the sinusoidal shape waveform corresponds to the vibration-disturbance from the PZT and the
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Fig. 3. (a) Phase variation of a FUT induced by heating and vibration and it in air without heating and
vibration. (b) Phase variation of a FUT induced by temperature. (c) Phase variation of a FUT induced
by vibration.

inclined part of waveform corresponds to the temperature-disturbance from the thermal controller.
Then, by the means of the wavelet packet decomposition algorithm mentioned above, the phase
variation induced by the temperature and vibration can be separately derived and given in Fig. 3(b)
and Fig. 3(c). As shown in Fig. 3(b), the red points represent the recorded temperature during the
process of heating. The demodulated phase variation as the blue curve is found to be closer to the
temperature change. Besides, Fig. 3(c) shows a waveform comparison of the demodulated vibration
signal and applied sinusoidal driving signal after the normalizing process, which is consistent and
undistorted. And the power spectrum of demodulated vibration signal, where the frequency respond
peak is at 200 Hz, is shown in the inset of Fig. 3(c). As a result, the system possesses an excellent
performance for temperature and vibration simultaneous measurement.

3.2 Distributed and Wideband Vibration Sensing

In the vibration measurement, three PZTs wrapped with 1 m fiber are placed at the distance of
116 m, 451 m and 596 m along the sensing fiber respectively as three vibration sources. Additionally,
the frequency and amplitude of signal can be controlled by a function waveform generator and the
vibration of the PZT can be transmitted to the fiber under test. According, PZT1, PZT2 and PZT3
are separately driven by 10 Hz sine-wave of 3 V, 500 Hz sine-wave of 2.5 V and 5 kHz sine-wave of
1.5V from the three signal channels of the function waveform generator. When a sampling rate of
sensor system is set to 60 kHz, the waveform and location information of the multi-point vibration
events can be distinctly observed in Fig. 4. There are three simultaneous vibrations at the distance
of 115 m, 450 m, 595 m, and they are shown as green line, blue line and red line separately.

As shown in Fig. 5(a), (c), (e), the waveform comparison of the measured vibration signals and
the standard sine wave with 10 Hz, 500 Hz and 5 kHz. Apparently, the waveform of demodulated
signals is regular and basically consistent with the standard signals. Further, the fidelity of the
demodulation system is evaluated by the waveform maximum error. The maximum error is defined
by the maximum deviation value of the two waveforms which have been normalized. As shown in
the inset of Fig. 5(a), (c), (e), the maximum errors of three measured signals are 0.7%, 1.25% and
3.97%, respectively. Besides, their power spectrums are severally depicted in Fig. 5(b), (d), (f). It
is worth to mention that all of the three demodulated signals have high SNR over 61.8 dB. Thus,
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Fig. 4. The waveform of demodulated signals distribution along the sensing fiber.

the results indicate that the demodulated system has a capability of high-fidelity waveform recovery
except for high SNR.

To verify the detection capability of ultra-low frequency signals of system, the function generator
provides an ultra-low frequency sinusoidal signal of 0.01 Hz for PZT which is wrapped with 1 m
fiber and located at the distance of 601 m. The 0.01 Hz ultra-low frequency sinusoidal waveform
is demodulated and drawn in Fig. 6(a), which is regular and less distorted. On the other hand, the
PZT is excited by different frequency sinusoidal signals from 0.01 Hz to 20 kHz to demonstrate the
detection performance of wide frequency bandwidth signals, as shown in Fig. 6(b), in which X-axis
uses a base-10 logarithmic coordinate to make the frequency-spaced look evenly. It is remarkable
that a wide frequency from 0.01 Hz to 20 kHz vibration signals is detected successfully by this
system.

3.3 Distributed and High Precision Temperature Sensing

Attesting to the feasibility of the distributed temperature measurement, three segments FUT of 10 cm
are located at the distance of 151 m, 376 m and 599 m along the whole sensing fiber respectively,
which are applied on different temperature variations. After a few minutes, the temperature of the first
segment of FUT rises from 25.12 °C to 97.83 °C. Meanwhile, temperature of the second segment
of FUT rises from 25.23 °C to 51.71 °C and then falls to 26.39 °C. While temperature of the third
segment of FUT falls from 71.21 °C to 31.13 °C. The temperature color map is shown in Fig. 7(a), in
which the x-axis is the location of the FUT and y-axis is the recording time. As it shown in the figure,
three clearly phase variation zones are framed as ‘a’, ‘b’ and ‘c’ dotted boxes and located at 150m,
375 m and 600 m, respectively, which are the same as the position of applied temperature variations.
According to the results, the phase value within zone ‘@’ is straightly increased as the temperature
rising, and the phase value within zone ‘b’ first increases and then decreases. Besides, the phase
value in zone ‘c’ is sharply declined. Obviously, the phase variation induced by the temperature
change is consistent with the fluctuation tendency of temperature. Whereas the phase variation
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Fig. 5. The waveform comparison between measured signal and standard signal of (a) 10 Hz;
(c) 500 Hz; (e) 5 kHz; Power spectrums of measured signals (b) 10 Hz; (d) 500 Hz; (f) 5 kHz.

of the non-affected region is almost zero. And the experiment indicates that temperature variation
applied on short fiber length of only 10 cm can be successfully detected.

In order to get temperature sensitivity of the system for 10 cm FUT, the temperature of 10 cm
FUT is controlled by the super-high precision thermal controller with a temperature accuracy of
+0.001 °C. Then the temperature would be gradually risen from room temperature of 23.851 °C
with 5 °C temperature increment, and the phase variation corresponding to temperature varying is
recorded as shown blue dots in Fig. 7(b). Accordingly, the relationship between the phase variation
and temperature change is obtained by the linear fitting and the result shows a good linear response
of 10.979 rad/°C for 10 cm FUT. Meanwhile, the phase fluctuation of a 5 m long reference fiber
(separation of BEPs is 5 m) is measured by placing the fiber in the commercial insulating box at
25 °C for 750 seconds, which has a thermal and airflow insolation function and the temperature
is controlled by the Thermo Electric Cooler (SLD70-SN9RDA) with a temperature accuracy of
+0.001 °C. Then the recorded maximum phase fluctuation of reference fiber is around 1.04 rad,
which is shown as the green line in Fig. 7(b). Finally, the temperature precision could be calculated
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Fig. 7. (a) Temperature color map of phase variation along the sensing fiber. (b) Relationship between
the phase variation and temperature change for 10 cm FUT and the recorded phase fluctuation of
reference fiber.

around 0.095 °C for 10 cm FUT. Owing that the thermal fluctuation within the insulating box is much
lower than the temperature precision of system, the maximum phase fluctuation of the isolated
fiber segment is irrelevant to the thermal instability, which can be regarded as phase demodulation
accuracy of the system during this period. According to Equation (5), the phase variation is linearly
proportional to the length of FUT and temperature variation, so the longer sensing fiber length would
have higher temperature sensitivity. To verify this, we further measure the temperature sensitivity of
system with 3 m and 5 m long fiber under test (FUT) at the temperature range from 30 °C to 50 °C
with 2 °C temperature increment. As shown in Fig. 8, the temperature sensitivity of 3 m FUT and
5 m FUT are 325.148 rad/°C and 536.273 rad/°C respectively, which are almost 30 times and 50
times higher than the one of 10 cm FUT. And the result is consistent with theoretical analysis. In
addition, the temperature precision of the system can be improved to 0.002 °C with the 5 m FUT.
To demonstrate the fast temperature-responding speed of the system, we recorded both the tem-
perature and the phase variation process of the 10 cm FUT simultaneously. Firstly, the temperature
of thermal controller keeps 20 °C for 30 seconds. After that, we turn on the heating switch of the
thermal controller and increase to 30 °C. The temperature of thermal controller has been increased

Vol. 11, No. 6, December 2019 7104811



IEEE Photonics Journal

Distributed Temperature/Vibration Fiber Optic Sensor

12000 1
11000 L [*— Recorded Phase Variation For 3m FUT ]
10000 | —A— Recorded Phase Variation For 5m FUT 1
9000 - $=325.148 rad/C ]
— 8000 - R2=0.9998
©
® 7000 - $=536.273 rad/C
© 6000 | R?=0.9999
@ 5000
=
o 4000
3000
2000
1000
0
_1 000 1 L 1 L 1 1 1 1 1
30 32 34 36 38 40 42 44 46 48 50
Temperature(°C)
Fig. 8. The temperature sensitivity of 3 m FUT and 5 m FUT.
(a) (b)
45 T T T T T T 300 40 T T T T T T T
e Temperature e Temperature 30
421 Phase 127 % Phase 360 8
208 1240 36 ' . |‘_(0.324s) 4 0
39F (0.3) 34 0
5 204 4210 5 . -4 -30
T - 8 —
g 4180 g g " L1 60 g
g -4 150 E g 28 90 2
Q. 4120 < Q26 £
£ 125 o E 1200
e 190 2 24
120] 0 22 -150
1154 30 20 — 180
136 7 138 139 18 |
. \ ) 4o . . A . ) 210

120

150

Time(s)

180

210

240

270

30

60

20

Time(s)

Fig. 9. (a) The curve of phase response to temperature rising and the recorded temperature every one
second. (b) The curve of phase response to temperature decreasing and the recorded temperature
every one second.

gradually and then held a temperature stabilization nearby 30 °C. Next, the thermal controller heats
up again until its temperature is stable in the range of 40 °C + 0.001 °C. Predictably, phase variation
tendency of the FUT is identical with the temperature change as shown in Fig. 9(a). The two insets
of Fig. 9(a) show the sensor has a response time of 0.3 seconds at 20 °C, and 0.34 at 30 °C.
Furthermore, we tested the responding speed of temperature decreasing process. The tempera-
ture of FUT is increased and kept at 35 °C for a period of time and then decreased to 20 °C. The
phase variation of the FUT varying with the temperature decreasing is illustrated in Fig. 9(b). A
response time of 0.324 seconds to the external temperature decreasing can be obtained from the
inset of Fig. 9(b). Consequently, we can confirm that the system has a fast-response to the external
temperature change, with the response time of only about 0.3 seconds.

In particular, although the spatial resolution in this experiment is only 5 m, it can be further
improved by changing the interval between adjacent BEPs. Besides, it can be seen that there is
a tradeoff between the temperature sensitivity and the length of fiber disturbed by temperature
change according to Equation (5), and hence the potential response range of the temperature can
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be anticipated less than 1 cm, which is meaningful for the early warning of ultra-small sized fire
source in the special oil and gas pipelines monitoring applications.

4. Conclusions

In conclusion, a wideband frequency and high precision distributed fiber sensor for simultane-
ous measurement of vibration and temperature is demonstrated. In order to enhance SNR and
achieve high-precision phase measurement, integration of the BEOF and coherent phase detec-
tion is employed. Additionally, the wavelet packet decomposition algorithm is adopted to effectively
discriminate the quasi-static temperature and dynamic vibration signals. The experimental results
prove that the system has the capabilities of wide frequency bandwidth from 0.01 Hz to 20 kHz and
high-fidelity waveform recovery. Besides, temperature variation applied on short fiber length of only
10 cm can be successfully detected with high precision of 0.095 °C and fast temperature-response
speed approximately 0.3 seconds. Therefore, the sensor has great potential applications for the
early warning of centimeters-level of the fire source in the special oil and gas pipelines monitoring.
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