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Table 1 Connotation and extension of distributed testing and sensing technology

. Time Frequency Coherent Correlation domain
Location method . . . . .
domain domain domain (Chaos, coding)
Intensity (v)OTDR™™ OFDR™’ OLCR/OCDR™” Chaos-OTDR""
&-OTDR™ &-OFDR™
TGD-OFDR™
RBS Phase (coherent detection) @d-OLCR™ —
CP-Phi-OTDR"™"
(direct detection)
Polarization POTDR"™ POFDR" PS-OLCR™ —
4 Spontaneous ROTDR™ ROFDR™! — Chaos-ROTDR"™
Raman scattering ) .
Stimulated ROTDA™ — — —
Spontaneous BOTDR™ BOFDR™ BOCDR"™' Chaos-BOTDR"™
Brillouin scattering ) - Chaos-BOTDA
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Polarization crosstalk POTDR"" OFDP™ ocppt —
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Forward coupling/ scattering

FSBS-OTDA™’

BGD BGD-BOTDA™ — — —

Notes: FSBS indicates forward stimulated Brillouin scattering; TGD indicates time-gated digital; CP indicates chirped pulse; BOTDA

indicates Brillouin optical time domain analysis; BOFDA indicates Brillouin optical frequency domain analysis; BGD indicates Brillouin

dynamic grating; PS indicates phase-sensitive; OLLCR indicates optical low coherence reflectometry; BOCDA indicates Brillouin optical

coherence domain analysis; OCDP indicates optical coherence domain polarimetry; OFDP indicates optical frequency domain

polarimetry.
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Fig. 1 OFDR technology development process and milestones
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Fig. 4

Influence of the laser source phase noise on the PSF“". (a)(b) Influence of frequency tuning nonlinearity; (c) PSF under the

influence of stochastic phase noise (linewidth is 200 kHz, tuning rate is 5 THz/s)
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Table 2 Comparison of frequency tuning nonlinearity compensation methods

Laser parameter

Method Year Tunable Performance RRP
Linewidth
range
Frequency sampling Polarization diversity detection”” 2005 200 kHz 37.5nm 22 pm@35m 1.59>10°
HTCM™" 2005 100 kHz 1nm 3cm@3 m 1.00X10°
Envelope detection' "’ 2009 1 MHz 1 nm 0.4 cm@150 m 3.75%X 10"
NUFFT™ 2012 1.2 MHz 2 nm 5 em@50 m 1.00x10°
Resampling algorithm Time-scale factor'™ 2019 100 kHz 9 nm 0.17 mm@155 m 9.12X10°
Intergrated point™” 2020 — 20 nm 41 pm@50 m 1.22x10°
Equal frequency™ 2021 200 kHz 130 nm 21.3 pm@191m  8.97x10°
Interpolation frequency' ™’ 2023 200 kHz 150 nm 14.9 pm@100m  6.71X10°

Notes: HTCM indicates Hilbert transformation compensation method, and NUFFT indicates non-uniform fast Fourier transform.
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Fig. 5 Compensation results at each position when the measurement distance is 100 m""!
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Table 3 Comparison of phase noise compensation methods

Laser parameter

Method Year ) ) Tunable Performance RRP
Linewidth
range
External modulation SSB-SC™ 2008 2 kHz 16 GHz cm-level@5 km 5.00%10°
OPLL"™ 2019 5 kHz 1 GHz 72 em@200 km 2.78X10°
) High-order OPLL"" 2020 5 kHz 8 GHz 4.3 cm@242 km 5.63x10°
Active servo-loop . . :
Multrloop[““ 2021 A few kHz 60 GHz 1.67 mm@3. 23 km 1.93Xx10°
Dual-loop"* 2021 5 kHz 8.2 GHz 3.7 cm@185 km 5.00% 10°
Bandwidth-division ™" 2011 4 kHz 15 GHz 5 em@40 km 8.00X10°
PNC-based method o i
Hardware-adaptive ™’ 2019 1 kHz 2 GHz 7 cm@100 km 1.43%10°
Deskew filter ™ 2013 1 kHz 1 GHz 1.6 m@80 km 5.00x 10"
Deskew- . _ .
) v . Optimized deskew filter'™ 2014 1 kHz 1 GHz 0.8 m@80 km 1.00X10°
filter-based algorithm )
PPNE deskew filter' ™ 2022 60 kHz 375 GHz 522 pm@8 km 1.53X 10"

Notes: SSB-SC indicates single sideband with a suppressed carrier, and OPLL indicates optoelectronic phase-locked loop.
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(FPGA) b, S8 T S, 78 100 km 7% 0 32 3 [
(ARG Res I it 0 e KA B ) Ak 8 1 7 em 19 %5 0] 43
PR RN Z A AE T Y O S e AR b 2
IF, 25 (8] 20 B8R 25 7 ok A A A7 e s i = AR iR k. Lk
Ah RE K20 T PR3 A1 B0 2 8 U 28 3005 5
A OFDR H', 7£ 80 km A 5238 T 0. 8 m 1Y 25 ] 43 B %
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FEAS R DRI 2 [] 43 0 23 0 DA gk — 2B 2 ), i S S0
AR TR 107,

kT M B b S B YR A A MR S A L TR T
b K2 A% ZE B2 A A 4R 3R T R R R T S0 e A o7 e
7 AL Y 2 208 Uk #8 (PPNE-deskew-filter) 7 ¥ .
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Z I AU 45 R R 25 iR A, i R e I K
Y i BLAT S 0 U 1 K 098 B T 2 U8 I A U L 1

il = B A 3 R v 1 BT e S R R K A R A 7 M
P AR AT 1 B 5 R IEE B 8 R T O vk 4
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Y b 5 IO A 7 W A5 RIS R AR e R Sy
Q, ()= exp(jmf?/y ) if0 22 Ak b e 78 X0 AR 3 e 75 38 15
Ebro BIER R E A 6 TR .

FTIZ ¥ 30 OFDR £ 45 (9 I & 45 S an &) 7
Fr s, TR R A8 B 2 AT R R 30O'G %8 (Santec, TSL-
770, 2% 98~ 60 kHz, W E Hl 8 3 nm) o % R G AE
8 km [ 7 I )1t 27 4 3t [l P 4 AR 15 S mm 2 %5 [R] 43 ¢
O EF AR i 14 25 0] 73 ER AL AT 3K 522 pm) |, U i 45 1
K107,

4 T OFDR W43 A AL & AR

& T GG AL i IE AT AT AR AEOL T L A Ak
SR (AR B A PR Bl WG 5 B 2 R BUEHR
Tl e e R e AR o AR —Fh s R BE o3 Ui DL 47
RBS Ml A, OF DR AL AE 55 I 1 77 G 2F Ol
PAFE M IR AT S5 A% i e A I 25 o0 A 3 T LR
RAT AN S A, 2 I B 1 o3 A AU . B ROk
e 17 22 Hu A 4 OF DR 230 A 20l B2 /A8 2 48 A5 I 07 1
H5HE AR R ; % FHiL R OFDR 14 Bt 68 1Y B8 % B 2
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Get the phase noise@(7) of the
auxiliary beat signal and unwrap

Calculate the value of the
average window length

'

Deskew filter
correction

Estimate the e(7) with the 3rd
- e
order of Taylor expansion

Filter ¢(¢) with the
moving average window

€16 PPNE-deskew-filter 5774 Ui 2 6"
Fig. 6 Flowchart of PPNE-deskew-filter algorithm""

o
&

PPNE-deskew-filter
Optimized-deskew-filter

0 1 2 3 4
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1 1 1
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0.5 0.5 = e 0.5 — fe—
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0
144001 1.440014 3.70666 3.706664 5.76912 5769124 7.95303 7.95304
Distance(km)

P 7 R S O 8 ke B ARG SR

Fig. 7 Compensation results of 8 km measurement distance™

o(a) % T PPNE 9 25 #H 8 I A 5 01k 25 BB I AR 45 R0 1L 5 (b) 23 18] 73

» RS

. (a) Comparison of the results by optimized deskew filter and PPNE

deskew filter; (b) comparison of spatial resolution
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strain
elasto-optical effect l elastic deformation
L . .
\ refractive index physical length
L7
L \/ phase | |
RBS intensity [-variation

spectral

thermo-optic effect ]. ] thermal expansion
temperature

8 JET RBS LAY Fp I 2 b A% 6 5 2
Fig. 8 Transfer process of parameter under test based on RBS

sensing
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Fig. 9 Mapping diagram of RBS in spatial domain, spectral domain and phase domain

K.=110. 37 ne-m/rad ,K; = 0. 0124 °C «m/rad .
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Fig. 10  Relationship diagram of OFDR sensing method

performance
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Fig. 11

Validation of extremal relationships for strain accuracy measurements. (a) Signal-to-noise ratio versus strain accuracy; (b)

sweep range versus strain accuracy; (c¢) strain spatial resolution versus strain accuracy

4.2.2 M AERARETNRY

PR OFDR & Ge L M e iy £ 2R AR I &% 2
BE AR 5 RBS I 8 M AE o I AR S P A
W 2 B I 0 2k AF P ER 3E L RBS OB R Y i 2
CRUBSORE ) , 2o & 0 BE B R 2 3 8O 4 BURE 25 1) L i
225 500 5 ff R B AR R EF R LS AL, AT E

Je RBS JGE (A 1EY . RBS W5 75 48 19 2 5% 4 AH A7
M A i R R R L R TR S E0RY RBS G A 56
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F 4  OFDREERIERE T 29 K 2% 45 Hr

Table 4 Analysis of constraints on OFDR sensing performance

Performance degradation Mechanism Noise Effect Origins
Nonlinear frequency sweeping
Phase noise of laser
. . . . . Thermo-optic effect
Poor sensing distance and spatial resolution Phase noise ) Tunable laser
Range Elasto-optical effect )
bioui Environmental
ambiguity, Dispersion . o
uity P Strain/Vibration
RBS
. X Temperature
distortion

Strain accuracy and range degradation

Parasitic amplitude modulation

Polarization fading

Amplitude noise

Spectral filtering of device

4.3 OFDRMEIRAFE

e TR, WJGEF RBS B9 =45 B4 &, 4390
TRl A ok B JGIE AR = A 8 vk 0T ik A 4
s UL OF DR AR N e (L IR BE (25 8] 23 32 K JE

B ) ST R, B 2 R Y A S I SELAR DR R
il 5 ALk .
4.3.1 MR BRFEHE

WO R 1 2 5 ) DVS (distributed vibration
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Fig. 12 Demodulation process based on RBS spectral™”’
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) ) 3) (4)V
Take phase
Reference [ —» FFT angle Smoothing
(S)L
Strain . Averaging by Phase
demodulation [*| i sliding window | unwrapping
®) ™ ©)

FI13 BT RBS AR LAY 22 53 A X5 AR 37 35 i ) i g

new demodulation principle
3 X3 coupler®!, neural networks!'%!

noise/fade suppression
TGD-OFDR??!

differential relative phase!'’”
ARC-DSM algorithm%!

polarization diversity detection!!'!!

nearest neighbor analysis!”!
RBS phase optimization
scattering enhancement!"!
phase-accumulation!!?

strain/temperature

frequency controlled OTDR!® \

spatial domain correlation analysis!*>-°

|

vibration frequency

Pl 14

\ dynamic

vibration

Fig. 13 Differential relative phase demodulation process based on RBS phase'’

static
strain/

temperature

OF DR & &3 A ik 2%

7]

wide sensing range
spectral vermier OFDR
GPU acceleration!®>103

narrow sensing range
CP-®-OTDRE!

Fig. 14 OFDR sensing technology development thread

Table 5

%5

OFDR & &M fg— 2

Overview of OFDR sensing performance

RBS spcetral optimization
nonlinear correction™, spectral splicing!®,
polarization diversity®, scattering enhancement!'*!

range ambiguity correction
distance compensation!?2%%1,
kalman prediction!'"’; recursive compensation!!'4

spectral mismatch suppression
local correlation'®), spectrum registration®
zero-mean normalized cross correlation!!%

sensing signal denoising
wavelet denoising!®”, 2D image denoise!!"-11]

Spatial Strain/ Temperature
Method Year Length . Rate
resolution  Range  Accuracy
Spatial domain correlation analysis'"” 2016 42km 11.6m N/A N/A 500 Hz
Intensity o 2 pe 89 ne ]
Frequency controlled OTDR" 2009 8 km N/A Static(~s)
0.22°C 0.01°C
Phase accumulation™"” 2022 13.5m 18 mm 14000 pe  0.48 pe  Static(~s)
Phase Scattering enhancement 2022 10.4m 0.2mm 1400 pe 1.3 pe Static(~s)
Polarization diversity detection'""" 2023 2.5m 1 mm 400 pe 5 pe Static(~s)
Spectral splicing'"” 2023 1km lem 10000 pe 4 1.1pe  Static(~s)
) o 568 pe 2.3 pe  Static(~s)
Nonlinear correction'” 2014 300 m 7 cm )
50 °C 0.7°C  Static(~s)
L . 10000 pe 5pe )
Kalman prediction""” 2022 50m 5 mm Static(~s)
450 °C 0.5C
Spectral Zero-mean normalized cross correlation'"”’ 2018  22m 1.6cm 5000 pe 50 pe Static(~s)
Distance compensation'” 2022 10.4m  2mm 10000 pe N/A Static(~s)
S 1 i 2023 10 20 10856 0.4 2.4 kH
ectral vernier m cm 56 pe . Z
P T ne/v Hz
i . ) . e 200 pe 100 Hz
Spectrum registration & GPU (graphics processing unit)® 2019 1.2m 5 mm 20 pe
1000 pe 20 Hz
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Fig. 15 Strain measuring results by SSM-OFDR". (a) Results before and after spectral splicing; (b) close-up view; (c) large strain

measuring
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Fig. 16 Schematic illustrations of range ambiguity and spectral mismatch caused by strain”’""''*". (a) Principle of range ambiguity; (b)

principle of spectral mismatch
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Fig. 17  Algorithmic workflow" """, (a) Local inter-correlation; (b) position compensation
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Fig. 20 SV-OFDR distributed strain measuring results. (a) Large strain demodulation results; (b)(c) vibration signal demodulation

results
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6 OFDRAYZSMEREXT L

Table 6 Performance comparison of OFDR instruments

= . Spatial Amplitude Measuring
Type Country Maker Model Length .
resolution Range Accuracy rate
70 m 20 pm 80 dB
USA Luna Inc. OBR-4600 —130dB 3s
2 km 1 mm 60 dB
Jun Long OFDR 120 m 5 mm 65 dB —65dB 15s
RES BACIRI OFFD-L-2502 25m 2 mm 50dB —120dB 1s
China Mega-Sense Co. OCI 100 m 20 pm 80 dB —130dB 12s
OFDR-D 100 m 20 um 90 dB —135dB 5s
GDUT
OFDR-F 5 km 0.5 mm 70 dB —130dB 10s
Japan Santec SPA-100 4.5m 6 pm 70 dB —135dB 5s
OBR-4600 70 m 1cm +15000 pe +1 pe 3s
USA Luna Inc. ) 20 m 0.65 mm 415000 pe 45 pe 12.5Hz
ODiSI-6000
100 m 2.6 mm 415000 pe +2 pe 10 Hz
Sensing OSI-S 100m  Imm(min) 412000 pe +1 pe —
Mega-Sense Co.
Chi OSI-D 20 m 0.65 mm 412000 pe +4 pe 50 Hz
“hina
OFDS-H 100 m 2 mm +12000 pe +2 pe 8s
GDUT.
OFDS-S 5 km 5cm 412000 pe  £0.5 pe 30s
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Fig. 21 Typical OFDR instruments. (a) Luna OBR-4600; (b) Mega-Sense Co. LGAS50; (¢) GDUT OFDS
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Fig. 22 Ultra-long distance optical fiber and link measuring application””. (a) Fiber link loss of OFDR controlled by optical phase

locking; (b)(c) measurement accuracies of optical fiber loss at 10 km and 100 km
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Fig. 24 Typical application of distributed acoustic sensing”™. (a) Observed acoustic signal in long-term deep sea floor observatory; (b)

measured seismic profiles of the surface wave
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Fig. 25 3 km fiber coil strain measurement results. (a) Strain results under different temperature excitations; (b) interlayer strain; (c)

interturn strain
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Abstract
Significance Distributed fiber sensing and measurement techniques have been given attractive attention in recent decades

due to high sensitivity, high resolution, and large capacity. They have found a wide range of applications in the structural
health monitoring of civil infrastructures such as bridges and dams, power-transmission line monitoring, oil-gas extraction
and pipeline leakage detection, marine geophysical exploration, dynamic measurement, fiber-optic device characterization,
fault diagnosis, etc. On the one hand, distributed measurement techniques can be categorized in principle into scattering
effects (including Rayleigh backscattering, Brillouin scattering, and Raman scattering) and coupling effects (polarization
crosstalk). On the other hand, these techniques can be divided into optical time domain reflectometry (OTDR), optical
frequency domain reflectometry (OFDR), and optical coherence domain reflectometry (OCDR).

OTDR employs the short and high power light pulse for interrogation, which is an effective tool for long distances.
However, the tradeoff between sensing length and spatial resolution restricts the measurements to only meter-level spatial
resolutions. OCDR utilizes the low coherence light from a broadband light source. They can offer a micrometer-level
OFDR is a distributed optical fiber

measurement method based on the frequency-modulated continuous wave principle in the optical domain. It obtains the

spatial resolution, whereas the measurement range is less than a few meters.

characteristics, such as scattering/reflection/loss and polarization features, along the optical fiber according to the mapping
relationship between the Fourier transformation frequency of the interference signal and the characteristic location. In
addition, the distribution of external physical fields, such as temperature/stress/strain sensing, can be further acquired.
Unlike distributed measurement methods based on time-domain or coherent-domain, OFDR offers superior comprehensive

properties, including high spatial resolution, high measurement sensitivity, long measurement distance, broad dynamic
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range, and high-speed response. However, due to the influence of phase noise, amplitude noise, and environment noise,

the performance of OFDR in practice is not satisfactory.

In the past few years, various methods have been proposed to compensate for the laser source noise and environment
noise to improve the performance of the OFDR. Distributed sensing based on OFDR is also developing towards high
performance and multi-parameters. With the continuous expansion and deepening of the application field, OFDR is facing
more daunting challenges, which put forward higher requirements for its measurement performance and anti-interference
ability. Therefore, it is of great importance and necessary to provide an overview of recent research progress in existing

high-performance OFDR tests and sensing techniques to guide the future development direction.

Progress We first review the measurement principle of OFDR and summarize key technologies to enhance OFDR system
performance, such as the noise sources in distributed measurement (Fig. 1), the degradation mechanisms of the spatial
point spread function (Fig. 3), and the error or noise compensation techniques. Then, the measurement limit of distributed
sensing based on OFDR is derived, and several methods for improving the sensing accuracy and measurement distance are
analyzed (Fig. 14). Subsequently, an outline of the current development status of domestic and foreign OFDR instruments
is given (Table 6). Besides, application examples are given in measuring integrated waveguide devices, polarization
maintaining fibers, and inside stress sensing of optical fiber coil. Finally, several future research directions of OFDR are

prospected.

Conclusions and Prospects OFDR systems can provide a good performance of high spatial resolution, high speed, and
long measurement and sensing length. This technique can be widely applied to the fields of high-performance fiber optic
component measurement and high-precision multi-parameter sensing. In the future, OFDR will continue to develop
toward the goal of higher performance, stronger environmental adaptability, and higher measurement cost-effectiveness.
The mixed modulation technology such as multi-domain localization (including time, frequency, and coherent domain) and
multi-dimensional modulation (including amplitude, phase, and polarization modulation) can provide an effective way to
break through the measurement limits and realize the ultra-high performance of OFDR technology. Furthermore, the high-
precision OFDR sensing technology should be stepped up to meet the demands of multi-parameter decoupling and anti-
interference ability improvement. Correspondingly, for the noise compensation algorithms at present, artificial intelligence
and advanced algorithms are all important means for noise suppression capability enhancement and demodulation accuracy
improvement. Besides, new requirements are put forward for the small size, low power consumption, and low cost of the
core modules in OFDR instruments.

With the continuous innovation of OFDR technology theory and the progress of technology development, China's
current overall technology level has achieved international parallelism. However, the typical application fields of OFDR
technology need to be continuously expanded, and the advantages of the technology need to be continuously emphasized.
In this context, the development of domestic OFDR technology should be highly valued and vigorously developed to
realize OFDR technology independent control and localization of hardware, including continuous mode-hopping-free
tunable laser source, high-speed and high-precision optoelectronic conversion, and data acquisition module. Moreover,
the OFDR technology should gradually move towards engineering applications in the field rather than being confined to
laboratory measurements. The environmental adaptability of OFDR instruments should be enhanced to ensure that the
core technical indicators of distributed testing and sensing are not degraded in different scenarios. Finally, a high-
performance distributed specialized measurement and quantitative sensing methodology should be proposed to promote
application development in core fields and typical scenarios, which provides a solid foundation and strong support for
satisfying the requirements of applications such as testing of military devices, exploration of oil and gas resources, and

power and energy monitoring.

Key words optical frequency domain reflectometry; measuring degradation mechanism; distributed sensing limitation;

optical frequency domain reflection instrument; high-performance application
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