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Table 1 Comparison of characteristics of different pulse coding types'™
Code type Cyclic Simplex Golay GO-Code
Codeword switching time 0 (N,— D¢, 3L, 0
Data storage (number of points) N, N.N, 4N, N,
Decoding complexity O(2N,log,N,) O(N,N.}) O(4N,log,N,) O(2N,log,N,)
Robustness to baseline fluctuations X N/ NG N
Tolerance to signal-dependent noises X N NG NG
Tolerance to non-uniform code envelop X X X NG
Arbitrary energy enhancement factor required by a given system X X X NG

Notes: ¢, is the time taken by the hardware to switch a code sequence to another when using a code type containing multiple coding

sequences, N, is the fiber impulse response sampling points, and N, is the number of code sequence bits.
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Fig. 9 Schematic diagram of RDTS system device based on
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Table 2 Performance comparison of RDTS system based on structure and component optimization

opP Method SF PW SR1 SR2 TR TA MT Y
Double-ended detection'™ MMF 1550 11.83 — — 1.2 2.5 2019
Dual wavelength light source'™” MMF 940,975 — — — — 30 2008
Golay code'™ SMF 1550 12 8 2.5 — — 2010
TA&TR , o

Simplex code " SMF 1550 50 10 1.8 — — 2018
Cyclic code™ SMF 1550 26 1 3 — 30 2011
GO code™ SMF 1550 10.2 2 1.9 — 1 2020
Mirror on the fiber end ™ SMF 1550 4.2 — 2.95 — 47 2010
Mode-locked laser'"’ MMF 1550 0.003 0.1 3 — — 2019
SRz Chaos laser'™ MMF 1550 1.25 0.3 — 0.19 — 2023
SNSPD™ SMF 1548 0.5 0.1 8 — 180 2021
Change working wavelength *'" SMF 1630 85 800 — 8 600 2017

SMF,
Fiber link optimization[m DSF, 1550 37 17 3 — — 2006

SR1 DCF
Few mode fiber'™ FMF 1550 25 1.13 1 — 90 2018

Low water peak fiber""” LWPF 1550 24 1 — 1.77 1 2022

Notes: OP is optimized parameters, SF is sensing fiber, PW is pump wavelength (nm), SR1 is sensing range (km), SR2 is spatial

resolution (m), TR is temperature resolution ('C), TA is temperature accuracy ('C), MT is measurement time (s), and Y is year.
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Fig. 10 Comparison of temperature measurement accuracy before and after M factor calibration under three different measurement

methods™. (a) Result of dual-demodulation based on single-ended detection structure; (b) result of self-demodulation based on single-

ended detection structure; (c) result of double-ended detection
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Fig. 11 Temperature measurement results compared to the original data (blue) after denoising by the NLLM algorithm (red) . (a) SNR;

(b) temperature resolution
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Fig. 13 15 cm long heated area reconstructed using total

variational deconvolution™
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e L T S 0 A e R Y . AR b T ok T EOR S A
PEAHE Y OB L7 AL BAT M B 3R & R I fgt e I %),
2006 4F 2 2019 4F L 2F 1% & & h RDTS /9 17 3 4 4
H 2011 4F 807 f8 i 07, 9 30% ~40% , Ho ik A FBG,
2015 4F LAk A 25%~30%" . it =+ ZFEHN T
b & &  RDTS AT ML 4% J5) E A X s e e, IF S B
ACORFEE . RDTS BT W &9 B AR, HoR R Y
IR,
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Table 3 Performance comparison of RDTS system based on signal processing optimization

opP Method SF PW SR1 SR2 TR TA MT Y
STFT™ 200/220 pm MMF 1064 0.23 — — 5 — 2014
WD 200/220 ym MMF 1064 0.205 1 — 3.5 — 2014
WTMM ™ MMF 1550 10. 4 2.1 0.88 1.58 2 2017
EMD ™ 100/125 pm MMF 1064 0.1 — — 3.5 — 2015
TA & TR D-SVD"™ MMF 1550 0.585 — — 0.95 — 2018
IDDCNN™ SMF 1550 10 3 0.7 — 1 2021
bi-GRU™! SMF 1550 11.5 2 — 0.5 — 2021
DSDN*" MMF 1550 8 — — 0.189 — 2022
NLM'™ MMF 1552 9 2 0.022 — — 2016

Deconvolution

. SMF 1550 0.3 15 — 2 — 2005
ForWaRD"" SMF 1550 30 3 0.45 — — 2014
SRz TVD™ — — 1.3 0.15 0.04 0.1 30 2016
NARX"™ — 1064 0.025 0.05 — — — 2018
SSRNet' ™ — 1550 0.9 0.8 — 0.37 0.35 2022

Notes: OP is optimized parameters, SF is sensing fiber, PW is pump wavelength (nm), SR1 is sensing range (km), SR2 is spatial

resolution (m), TR is temperature resolution (°C), TA is temperature accuracy (‘C), MT is measurement time (s), and Y is year.
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Table 4 Typical product information of some mainstream manufacturers at home and abroad
Sensing  Spatial ~ Temperature
. ) . Temperature Measurement
Company Product range / resolution  resolution 3 .
) accuracy /°C time /s
km /m /C
AP Sensing"”’ N4416A 8 =1 0.5 0.3 —
SensorTran (acquired by Halliburton)*" Astra™ 5-15 1-2 0.1-1.8 2-4 100
IFOS™ R#*Sense DTS-01 5 1(3km) 1 2 =120
LIOS (acquired by LUNA )™ DE. TECT 10 — 1 — —
(o5 Wellwatcher
Schlumberger ™ ) 4 <1.2 0.1 2-10 30
Hyperion
Sensornet (acquired by Nova Metrix)"" Sentinel DTS 15-45 1-5 2.25-2.75 — 10
Silixa™ ULTIMA™ DTS  10-35 — 0.01-0.1 — =1
901 . 2.3 (9760
Weatherford " ForeSite Sense DTS~ 5-20 1.2 ) 0.12 40
m
Yokogawa Electric""” DTSX3000 6-50 <1 0.02-2.6 — —
Optromix!""! DTS 500 16 0.5-4 — 2 =10
Hangzhou Sensys Photonics Co. , Ltd. .
(0o DTS8000 4-16 0.5-3 0.2 1-2 1-10
Zhejiang Zhendong Optoelectronic _
. . o5 ZD-2 2.5-16 0.5 0.2 2 <2
Technology Co. , Ltd. "
Shanghai Bohui Technology Co. , Ltd. Fire-Laser & T
(on) 2-40 1-5 0.1-1 2-4 240-600
(tunnel)-Laser
Suzhou Guangge Technology Co. , Ltd. . .
o) AT800 2-30 1-5 — 1-4 1-30
Wuxi Buliyuan Electronic Technology _
. . BLY-FT100 50 2 1 0.1 3
Co., Ltd.
Wuhan Science and Technology
DTS-4004 10 1 2 2 1

Optoelectronics Co. , Ltd. "
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M0 X B e A Y AR R s B N SR 5 Bl i
TTHAEAEEE L, THEANHRDTS REIER
U2z 4 W N7 Y s 7 T 1

BB R 2 KA R R, X ST
O IURAR IR AR S 1 B AL B R A A . fi
JHRDTS 52 B4 42 i i (4 J5L BRAE T« S 3 30 A7 K AL
Ak T B Ao VB U R B S A B PN F IR R AN i H
S R AL S AR R R 25 SRR 2 R R
Bl DA T RN R U R ML b R KR A T
Bl R I JU AR R AR, B B R I
FI A DTS & 4 & #A & T 51 Hop 32 2040 A Ay 2
RDTS ZR G HAR B 30022 4 Wa I o7 FH o 11 &5 4
N EEAE 15Ca) Frs o 38 i I R g T Btk AT i
G I S0 A PR A R R — R RS ik,
i S I ARG I BN R, 3 — R O S AGE Ll Ah
I ARAF g | R ) A o7 G I K O S B . 2007 4R
g K AR TAEE B 7T i GR Ao
RDTS % 4t 7F Peribonka 3= 31 b 5 v W i) 3% 3 09
A1, 2008 4, Grenoble Institute of Technology [

Khan % 78 7 [ 5 #6140 — 050 20 RDTS R 46
WFE T Is PRI 2 s, R G0l 4 MR 50/125 MMF
N 2. 2 ke K AL BOGAS U R 02 6] 23 BE 3R 00 50
0.01 °CHI L m ik 5 2E4T T 9 31 14 R AR R 46 K
F2 hA T m B I s SRR 18] B 8 D A 2 T U
2011 4F , K F| WP University of Innsbruck #J Aufleger
ST Knezovo KU T2 it W0 14 O £F
JEI B R G BOR AT, i SRR B T R GE R a]
Stk IR B A 15(b) B o 20154F /i mt K
S0 Yan 3K T B £F 2 I #OE 40 RDTS &
B8, 855 R IR I BE IR I 5T T B 98 U A 6 O R
FLE NI AR R RHE IR 5% S A BRI
LRI A, Al T SR I B AR R e e
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Fig. 15 Application of RDTS system in embankment dams safety and pipeline leakage monitoring. (a) Schematic diagram of the dam

safety monitoring application structure””; (b) leakage test site"""; (¢) schematic diagram of the pipeline leakage monitoring"*”;

(d) pipeline leakage monitoring site'
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Fig. 16 Application of RDTS system in power system safety monitoring. (a) Integration of optical fiber in the cable""; (b) thermal

conductivity model of the overhead cable "*; (c) application in photovoltaic panel temperature monitoring"™”; (d) application in

motor temperature monitoring"*”
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Abstract

Significance

Temperature measurement is a common requirement in the daily life of human beings and production

activities. Abnormal and abrupt temperature variations in such diverse important fields as civil engineering, industrial

machinery, aerospace, and infrastructure can cause significant economic losses and are even life-threatening. High-

accuracy and real-time measurements of temperature distributions are thus demanding, and different technologies have

been developed accordingly. Specifically, optical fiber-based temperature sensors have been demonstrated as unparalleled

modalities in harsh-environment applications, which is due to their distinct advantages over conventional electrical devices,
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such as small size, light weight, immunity to electromagnetic interference and chemical corrosion, and importantly, the

capability for spatially distributed sensing.

As one of the most important optical fiber temperature sensing technologies, Raman distributed optical fiber
temperature sensing (RDTS) systems have outstanding advantages of electromagnetic compatibility, long sensing
distance, and wide temperature range. Thus, they are widely adopted in the safety monitoring of infrastructure structures,
the oil and gas industry, fire detection, and many other fields. The first RDTS system can be dated back to 1985, when a
sensing distance of 1 km is realized with a spatial resolution of 3 m based on the first generation of opto-electronic devices.
Recent years have witnessed tremendous growth and advancement in light sources, detectors, sensing elements (i. e. ,
optical fibers), and signal demodulation techniques, which leads to new generations of RDTS systems with significantly
enhanced performance measures. It is of significance to summarize and discuss the existing research progress and future
development trends for further development in RDTS systems.

Progress We review the advanced RDTS technology based on the performance improvement methods mainly in three
aspects of system optimization, temperature demodulation, and data processing. Firstly, the system optimization is
focused on the system structures and components. The structure optimization is mainly conducted as the double-ended or
loop structure, which involves the adoption of optical switches or an additional mirror at the optical fiber end to reduce the
uncertainty of measured temperature in the long-term utilization. The components optimization mainly involves the
optimization of the light source, detector, and sensing fiber. In the light source, related research concentrates on the
wavelength and pulse width selection, application of pulse coding technology, and employment of new-type light sources.
In terms of detectors, with the rapid development of single-photon detectors, their applications in ROTDR systems are
bound to bring greater performance improvement. In terms of sensing fiber, the adoption of dispersion shift fiber (DSF),
dispersion compensation fiber (DCF), and low water peak fiber provide a new idea for long-distance sensing. Few-mode
fibers (FMFs) combine the advantages of single-mode and multi-mode fibers and yield better performance in RDTS
systems. Secondly, in temperature demodulation, a variety of calibration and compensation methods are summarized in
the problems of optical power fluctuation, Rayleigh scattered light residue, and differential temperature sensitivity for
Stokes and anti-Stokes. Thirdly, the data processing mainly involves the applications of various denoising algorithms to
improve the spatial resolution and signal-to-noise ratio (SNR) of the systems.

Subsequently, a global market survey of RDTS systems is summarized. The main research and development
institutions and manufacturers at home and abroad are listed by combining the performance comparison of their typical

products. The typical applications in various engineering scenarios are presented.

Conclusions and Prospects The current research achievements of RDTS systems can be comprehensively summarized
from three perspectives including system optimization, temperature demodulation, and data processing. In terms of
system optimization, pulse coding technology can enhance the SNR by over 10 dB without compromising the system'’s
spatial resolution. The application of genetic optimization algorithms to find the optimal pulse coding sequence maximizes
the advantages of pulse coding, leading to more than seven-fold improvement in temperature resolution. By introducing
chaotic laser sources into the RDTS system and combining relevant demodulation algorithms, the spatial resolution can be
increased from 50 m to 0. 3 m. The utilization of FMFs provides a viable solution to overcome both the low SRS threshold
of single-mode fibers (SMFs) and the large modal dispersion of multi-mode fibers (MMFs). Compared to SMF (MMF),
this approach significantly enhances system temperature (spatial) resolution with minimal influence on spatial (temperature)
resolution. In the context of temperature demodulation, various calculation methods of temperature calibration are
introduced to mitigate the effect of system power fluctuations, signal crosstalk, and losses on measurement results.
Appropriate calibration methods can improve temperature accuracy by over 14 ‘C. Regarding data processing, in recent
years, algorithms based on image processing and artificial intelligence have been successively applied to RDTS systems,
both improving SNR and contributing to spatial resolution enhancement. Under the applications of these algorithms,
spatial resolution can increase by five times, and temperature resolution reaches the order of 0. 01 °C.

Furthermore, we summarize the domestic and international market trends of the RDTS systems and major vendors
and compile information on typical products offered by these vendors. However, compared to foreign products, there is
room for further improvement in the technical indicators of domestic products.

With an increasing number of proposed ideas, there is considerable potential for enhancing the performance of RDTS
systems. Achieving miniaturization by device integration and enhancing portability is a long-term theme for the
development. The application and optimization of various artificial intelligence algorithms will also equip the systems with
faster processing speeds and superior performance. Additionally, rational design optimization of sensing optical fibers and
other system-related aspects could further expand the systems’ applications in extreme environments such as ultra-high and

low temperatures, and nuclear radiation. Many potential applications of this deserve further exploration.
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