
Research Article
Distributed Temperature Sensing System Based on Brillouin
Scattering Effect Using a Single-Photon Detector

Liwen Sheng ,1,2,3,4 Jisong Yan,1 Ligong Li,1 Ming Yuan ,1 Shuai Zhou,1 Rui Xu,1

Jiaqing Liu,1,4 Fushun Nian ,2,4 Long Li,3 and Zhiming Liu1

1Ceyear Technologies Co., Ltd., Qingdao 266555, China
2�e 41st Institute of CETC, Qingdao 266555, China
3Xidian University, Xi’an 710071, China
4Science and Technology on Electronic Test & Measurement Laboratory, Qingdao 266555, China

Correspondence should be addressed to Ming Yuan; ymfjysfj@163.com and Fushun Nian; fushunnian_ceyear@163.com

Received 10 February 2021; Revised 9 March 2021; Accepted 16 April 2021; Published 22 April 2021

Academic Editor: Zhenxu Bai

Copyright © 2021 Liwen Sheng et al. 0is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Utilizing a single-photon detector, a novel direct-detection optical-fiber sensor for distributed measurement of temperature based
on spontaneous Brillouin scattering is proposed and demonstrated experimentally. In our scheme, the ratio of the backscattered
Rayleigh signal and the backscattered Brillouin anti-Stokes is adopted to retrieve the monitored temperature information along
the optical fiber. Taking advantage of the high sensitivity of the single-photon detector, our proposed system achieves a dynamic
range of 20 dBwithout any optical amplification.0e obtainable dynamic range corresponds to a sensing distance of 120 kmwith a
measured temperature error of 0.96°C. Furthermore, the proof-of-concept experiment demonstrates 1.2m spatial resolution over
4.2 km sensing link with 1.24°C temperature error. Considering the performance we achieved now, and the increasing im-
provement of the fabrication technology of sing-photon detector, the photon-counting distributed Brillouin sensor is opening a
door in the field of optical-fiber sensors.

1. Introduction

As one of the strongest nonlinear optical phenomena,
Brillouin scattering has been discovered and widely studied
for several decades. It has attracted intensive interests in
time/frequency domain beam shaping [1–5], the high gain
Brillouin enhancement of weak signals [6–8], and distrib-
uted temperature sensing systems in recent years [9, 10]. For
the fiber temperature sensors case, the Brillouin-based
distributed fiberoptic temperature sensors are an attractive
alternative to traditional point sensors, because they are not
only adopting a standard single mode fiber (SMF) as the
common fiberoptic sensing elements to replace potentially
thousands of individual sensors, but also inheriting features
from classical fiberoptic sensors, such as low cost, durability,
smallness in size, and stability. 0is makes Brillouin-based
distributed temperature measuring systems especially at-
tractive in the civil engineering areas, such as the structural

health monitoring (SHM) of large facilities, long-distance
temperature measurements for pipelines, and others.

0ese Brillouin-based distributed fiberoptic sensors can
mainly be split into two classes: the Brillouin reflectometer
(optical time domain–BOTDR) [11–13] and Brillouin an-
alyzer (optical time domain–BOTDA) [14–16]. Among
them, the first type (BOTDR) is considered as one of the
most promising techniques that can retrieve distributed
ambient temperature information by single-ended fiber
under test (FUT) architecture, large dynamic range, and
random accessibility. It typically adopts a modulated probe
pulse to interrogate the FUT and demodulate position in-
formation from the time-of-flight of the backscattered
Brillouin photons from the sensing fiber. Temperature acts
as the most common monitoring parameter in BOTDR
systems, as this is the quantity to which the FUT is inherently
sensitive. In general, the change in temperature conditions
of the sensing optical fiber induces variations in the acoustic
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properties of the Brillouinmedium and, by consequence, can
be demodulated by examination of the Brillouin frequency
shift (BFS) monitored. Most of BOTDR sensing devices
developed so far are based on the temperature and strain
dependence of the BFS [9]. 0erefore, the coherent het-
erodyne detection and frequency sweep [17] are required in
these presented Brillouin-based sensing systems to obtain
the Brillouin gain spectrum (BGS) with high signal noise
ratio (SNR). 0en, the BFS, which is dependent on both
applied temperature and strain along the sensing fiber, can
be achieved by Lorentz curve fitting the BGS. As a result, the
sensing system configuration would be rather complicated,
and the process of frequency tuning to monitor the BGS
would be very time-consuming.

Remarkably, in Brillouin-based distributed temperature
systems (DTS), namely, BOTDR DTS systems, the ambient
temperature information can also be measured from the
intensity ratio of the backscattered Rayleigh component and
the spontaneous Brillouin scattering (SpBS) component (i.e.,
Stokes component and anti-Stokes component) which was
first reported experimentally by Schroeder et al. [18].
However, the separation with high rejection ratio of the
SpBS signal from the Rayleigh scattering (RS) signal problem
is a key challenge. It is evident that the residual RS com-
ponent in SpBS signal would evolve a strong background
noise when the Brillouin component is measured, which
gives rise to a significant temperature error. To resolve the
key problem effectively, many scholars have done a lot of
researches to accomplish the intensity measurement of RS
and SpBS signal, such as fiber Bragg grating (FBG) notch
filter [19], Fabry-Perot scanning interferometer [20], and
Mach-Zehnder interferometer [21]. But the typical fre-
quency shift value between Stokes/anti-Stokes component
and Rayleigh is about 10.85GHz (∼0.0868 nm) in common
silica optical fibers. 0erefore, as mentioned above all, these
proposed methods are not able to obtain relatively pure
Brillouin signal. In addition, to enlarge the temperature
sensing distance limited by the power of the weak signal and
photon-detector’s (PD) sensitivity, some groups employed
optical preamplification method to solve this sensing range
issue [22]. Unfortunately, owing to the involvement of
optically pumped amplifiers, the BOTDR DTS sensor would
give rise to a large ASE-ASE beat noise which easily dete-
riorates the sensing performance. On the other hand, the
more sensible approach for obtaining long measuring dis-
tance without amplifying the laser pulse would be to enhance
the sensitivity of the receiver. At present, utilizing single-
photon detectors (SPD) with a high sensitivity of about
-100dBm instead of linear PD in conventional OTDR sys-
tems to obtain large dynamic range and high spatial reso-
lution was demonstrated [23] in 2011. Hu et al. [24]
proposed a unique photon-counting OTDR based on
superconducting nanowire single-photon detectors
(SNSPD), monitoring a 0.04 cm spatial resolution and a
sensing length of 110 km. However, the high sensitivity of
the detector is realized via electrical amplification, which
requires low temperature (2K∼4K) to suppress noise.

In this work, we theoretically and experimentally report
a novel direct-detection BOTDR sensor system for

distributed temperature measurement based on the com-
bination of the intensity ratio of the Rayleigh signal and the
anti-Stokes (RASR) method and single-photon detection
technology, where the separation of the anti-Stokes com-
ponent from the Rayleigh signal is achieved by a cascading
FBG filter and then the ambient temperature information is
calculated by the RASR. Meanwhile, a time-corrected single-
photon counting (TCSPC) method is adopted to generate
the histograms of the time-of-flight delays between the
incident of a probe light pulse and the capture of back-
scattered photons. 0e maximum dynamic range can reach
20 dB (corresponding to 120 km sensing range, considering
that the attenuation ratio of the FUT is about 0.168 dB/km in
our experiment) without any optical amplification. Addi-
tionally, the experiment results also demonstrated that the
proposed method is suitable to realize high spatial resolution
and acceptable measurement error as well as large sensing
length in a relatively simple scheme, and a spatial resolution
about 1.2m and a temperature measurement error about
1.24°C are obtained in 4.2 km sensing range.

2. Theory

According to the previous experimental results [18], the
distributed direct-detection temperature sensing system is
based on the fact that only the backscattered SpBS com-
ponent is sensitive to the ambient temperature, while the
backscattered RS component is insensitive to the sur-
rounding environment temperature and generally acts as a
reference. 0us, it is not necessary to obtain the absolute
intensity ratio (Rayleigh/(Stokes + anti-Stokes)) to calculate
the temperature information along the sensing FUT. In
addition, it is not easy to obtain Stokes and anti-Stokes
component with the proposed filter method at the same
time. 0erefore, the RASR method is presented to de-
modulate the ambient temperature information along the
FUT, which is an excellent candidate for the absolute in-
tensity ratio measurement. Clearly, compared with the
measurement of SpBS signal in traditional method, the
proposedmethod is more convenient and only needs a single
monitor of the anti-Stokes signal. As a result, the absolute
ambient temperature information relating to the relative
change of the ratio of RASR can be given by the following
equation:

T �
1

CT

1 −
RASR(T)

RASR Treference( 
  + Treference, (1)

where CT represents the temperature sensitivity of the
Brillouin-based distributed temperature sensor, 0.3%/°C as
common. It means that the absolute ambient temperature
information relating to the relative change of the ratio of
RASR meets the linear relationship with the coefficient of
0.3%/°C. RASR(T) and RASR(Treference) are the intensity
ratio of the RS and anti-Stokes signal of the unknown
ambient temperature and the known ambient temperature,
respectively. Treference and T represent the reference tem-
perature value (i.e., the FUTat known ambient temperature)
and the unknown temperature value, respectively.

2 International Journal of Optics



It is apparent that the proposed method can be used to
monitor ambient temperature variation along the length of
the FUT link. However, if the measured anti-Stokes power
includes the residual RS component after cascading filter, a
significant temperature error will occur when performing
RASR measurement. 0e rejection ratio is defined as the
ratio of the Brillouin anti-Stokes power (Panti−Stokes) to the
residual RS power (Presidual). It can be described as follows:

RR �
Panti−Stokes

Presidual
. (2)

To demonstrate the difference between the actual
temperature value and the nominal temperature value
(i.e., temperature information measurement error) under
different levels of Rayleigh noise, a simulation is imple-
mented. In simulation, we choose the RASR(Treference) at
room temperature (20°C) as a reference. Figure 1 highlights
the results of the simulation under different RR values. It can
be seen from Figure 1 that the ambient temperature mea-
surement error increases with the increase of the residual RS.
When the rejection ratio exceeds 20 dB, the impact of the
residual RS power on temperature measurement error is
negligible, and the measurement errors are 0.43°C and
0.14°C at 70°C, respectively. It is worth noting that the RR
reaching 25 dB is very difficult, which is limited according to
the performance of the cascading FBG filter. Furthermore,
not only will the power of the RS signal deteriorate the
temperature measurement accuracy, but also the coherent
noise of the backscattered RS from the narrow bandwidth
laser source would lead to the temperature measurement
error [25]. 0erefore, the actual measurement inaccuracy
will be larger than the theoretical result.

3. Experimental Setup

A schematic diagram of the experimental arrangement is
presented in Figure 2. An ultranarrow linewidth (∼10 kHz)
distributed feedback (DFB) laser is used as the light source,
when the SpBS signal is measured. Nominal power is about
15 dB m with a vacuum emission central wavelength of
1549.97 nm. 0e output of the continuous wave laser source
is shaped to probe pulse by a cascading electro-optic
modulator (i.e., the combination of EOM1 and EOM2) with
a 55 dB high extinction ratio (ER), which is driven by an
arbitrary function generator (AFG). Two polarization
controllers (PC1 and PC2) are employed just before the
EOM1 and EOM2 module to realize the shaped output
probe light pulse with good performance, respectively. 0en,
the modulated probe pulse is launched into a polarization
scrambler (PS) to mitigate the polarization-reduced noise
problem and directed into the other end of the sensing FUT
(YOFC, HT1510-B) through a circulator (CIR). 0e back-
scattered sensing information is obtained in the same access.
A cascading FBG filter, which consists of a common FBG1
filter (3 dB bandwidth of about 0.24 nm) and a thermally
adjustable narrowband FBG2 filter with 3 dB bandwidth of
∼40pm (AOS Gmbh, 18062083), in conjunction with the
second optical switch (OS2) is employed to pick out the anti-
Stokes component against the strong backscattered RS

signal. Finally, the sensing signal of the backscattered SpBS is
captured by an SPD (Qasky, WT-SPD300-ULN) and a
TCSPC (PicoQuant, PicoHarp300) for follow-up data
processing to retrieve the temperature information. When
performing the so-called strong backscattered RS compo-
nent measurement, an amplified spontaneous emission
(ASE) light source with the maximum output power of
16.9 dB m is used instead of the DFB laser source to suppress
the fluctuation of captured backscattered RS caused by
coherent fading noise. 0e received wideband backscattered
RS is coupled into the variable optical attenuator (VOA) via
the second channel of the OS2 in order to avoid saturating
the SPD. It should be noted that the captured sensing signal
coupled into the VOA includes not only the backscattered
RS signal but also the backscattered Stokes and anti-Stokes
Brillouin signal. But the weight of SpBS compared with that
of backscattered RS signal is negligible, so it has little effect
on the following calculation of the intensity ratio of the
Rayleigh signal and the anti-Stokes signal. At last, the
measured backscattering Rayleigh photon counts (NRayleigh)
and Brillouin anti-Stokes photon counts (Nanti−Stokes)
histogram distributions are obtained on the TCSPC, re-
spectively, and the ambient temperature trace can be plotted
from NRayleigh/Nanti−Stokes.

4. Experimental Results and Discussion

In the experiment, to demonstrate the filtering performance
of the cascading FBG filter, we first analyze the spectral
characteristics of the thermally adjustable narrowband FBG2
filter and the linear relationship between the output filter
wavelength and the input dialing value. By using the ASE
light source and an optical spectrum analyzer (OSA:
YOKOGAWA, AQ6370D), the corresponding experimental
results are successfully obtained, which are separately
plotted in Figures 3 and 4.

As displayed in Figure 3, the filtering performance of the
thermally adjustable narrowband FBG2 filter is stable. 0e
output filter wavelength is changed when the dialing value
changed, and moves to the larger wavelength as the dialing
value increases. Figure 4 highlights the output filter wave-
length, plotted versus the input dialing value. Meanwhile, a
least squares fitting of linear regression is used in order to
demonstrate the linear relationship. It can be seen that the
output filter wavelength increases with the input dialing
value increasing, and the experimental results are in good
agreement with the linear fitting result.

Subsequently, an experiment is carried out to determine
the capability of the cascading FBG filter that a pure
backscattered Brillouin anti-Stokes component can achieve
in the sensing FUT. A DFB laser source is employed to
introduce Rayleigh and spontaneous Brillouin signals. 0e
monitored spectra with and without the cascading FBG filter
are depicted in Figure 5 by means of an OSA. As expected,
the Brillouin anti-Stokes signal is extracted from the
backscattering RS light with RR no less than 21 dB when
utilizing the proposed filter method.0erefore, the influence
of RS noises on the anti-Stokes signal could be negligible.
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In addition, to fully demonstrate the advantages of the
presented BOTDR DTS sensor, temperature measurement is
carried out by placing a segment of the FUT into a thermally
insulated oven to simulate the change of environmental
temperature. We carry out two types of experiment. 0e first
type of experiment focuses on long-distance measuring of
temperature information. 0e second one puts particular
emphasis on the achievable spatial resolution. For the long-
distance temperature measurement, a 1 km segment (the third
section) of the 34 km standard SMF is put into a thermally
insulated oven, which is located at the position between the
second section (about 31 km) and the fourth section (about
1 km), and kept at a temperature of 50°C.0e continuous wave
probe light is modulated to form a 1μs pulse, corresponding to
100m spatial resolution, and the repetition rate is 1 kHz, which
depends on the length of the monitored fiber. In order to
enhance the dynamic range, a 5ns gate width and 5μs dead
time with detection efficiency of 10% are applied to the SPD.
Meanwhile, the TCSPC records the histograms of the time-of-
flight delays between the incident probe light and the detection
of anti-Stokes photons at the SPDwith a 262ns time bin width.
0e captured data are converted into standard photon-
counting OTDR traces using the measured NRayleigh and
Nanti−Stokes. Furthermore, what deserves special mention is that
the measured NRayleigh is not sensitive to the ambient tem-
perature and can be monitored before the true sensing

experiment. 0erefore, in practical applications, only
Nanti−Stokes is needed to be measured.

Figure 6 illustrates the relationship between the back-
scattered signal power and the sensing range. 0e red solid
line denotes the RS component and the blue solid line
represents the SpBS signal. 0e linear fitting results of the
experimental data show that the attenuation coefficient of
the 34 km sensing optical fiber is 0.168 dB/km, which is in
good agreement with the nominal loss value of 0.18 dB/km.
It is evident that the backscattered power of the heated zone
is distinguished. By calculating the noise value away from the
trailing end of the FUT, the peak dynamic range of the
proposed BOTDR DTS system with about 20 dB can be
obtained, which corresponds to a temperature measuring
distance of about 120 km. According to the statistical dis-
tribution histograms of the measured RS and anti-Stokes
photon, the calculated temperature information through
RASR algorithm versus distance is plotted in Figure 7. It can
therefore be observed that the temperature difference be-
tween the reference room temperature (20°C) with the
RASR(Treference) of 30.45 and the true measured temperature
with the RASR(T) of 27.62 is 30.96°C using the proposed
method. Obviously, the measured ambient temperature
(50.96°C) is in agreement with the real ambient temperature
and presents a 0.96°C temperature error. It is noteworthy
that the RASR value under such fluctuating background can
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Figure 1: Simulation results of ambient temperature measurements under different rejection ratios.
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be obtained along the FUT, given by averaging of the five
continuous measurement results.

In the spatial resolution experiment, except for the time
bin width of TCSPC (2 ns), other parameters of the SPD are
consistent with the first type experiment. As the spectral
linewidth of the probe pulse becomes comparable to the SpBS
linewidth, one expects a reduction in Brillouin amplification
factor. 0e spontaneous Brillouin linewidth is directly related
to acoustic phonon lifetime (typically not larger than 10 ns) in
the FUT. 0erefore, the optical probe pulse width controlled
by the cascading EOM is 10 ns, corresponding to 1m spatial
resolution, to make full use of the SpBS.0e measured FUT is

composed of five spools of SMF with the four equal lengths of
about 1 km and a 200m.0e second and fourth section of the
FUTs to be measured are placed in a thermally insulated
oven and maintained at a temperature of 55°C and a
temperature of 50°C, respectively. Figure 8 highlights the
experimental results of the measured temperature value as
a function of sensing length. We can find that the change
in room sections (20°C) and the heated sections of the
FUTs are 36.24°C with a measured temperature error of
1.24°C and 31.41°C with a measured temperature error of
1.41°C, respectively. Additionally, as depicted in Figure 9,
a spatial resolution of 1.2m is demonstrated along the
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FUTof 4.2 km, which is slightly larger than the theoretical
spatial resolution of 1m due to the fluctuation of the
counts and the broadened pulse by the chromatic

dispersion in the FUT. Certainly, the fluctuation of the
counts could be efficiently improved by increasing the
average times.
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Figure 7: Measured temperature profiles along the sensing fiber.
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5. Conclusions

In this work, we demonstrate a direct-detection Brillouin-based
distributed temperature system based on a photon-counting
detector. 0e capability of measurement temperature with
large dynamic range and high spatial resolution is experi-
mentally investigated in detail. A dynamic range of 20 dB,
corresponding to the sensing length of 120 km, is success-
fully presented with a measured temperature error of 0.96°C.
Meanwhile, the proposed photon-counting sensing system
also exhibits a spatial resolution of 1.2m and a measured
temperature error of 1.24°C in 4.2 km sensing range. 0e
performance of Brillouin-based distributed temperature
sensor may be further improved by increasing the incident
probe light power without exciting other nonlinear effects
and shortening the injection pulse width.
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