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Fig. 1

Backscattering signal. (a) Coherent fading phenomenon; (b) comparison of scattering enhancement signal and Rayleigh

scattering signal
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Fig. 2 Fabrication process of scattering enhanced microstructure fiber. (a) Drawing of online grating technology preparation system for

wire drawing tower'"; (b) OTDR trace map of UWFBG array""; (c) comparison of signals of scattering enhanced fiber and

ordinary single mode fiber''?
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(b) discrete scattering enhanced fiber?; (¢) continuous scattering enhanced fiber”; (d) hybrid encoding grating array spectra™’;

(e) gradient scattering enhanced fiber spectra™
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(b) comparison of fiber backscattered light signals before and after preparation
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Fig. 5 Typical DAS performance improvement scheme based on scattering enhanced fiber. (a) Low frequency drift compensation

scheme™; (b) frequency response band expansion scheme™; (c) detection distance expansion scheme™; (d) spatial resolution

improving scheme'™
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Table 1 Exploration of improving DAS performance based on scattering enhanced fiber

. Ref.
Performance Scheme Institution
No
) Auxiliary interferometer Shanghai Jiao Tong University [28]
Compensation of low-frequency ] ] } ) )
hase drift Reference fiber compensation+ temperature Huazhong University of Science and [29]
S 1
P hysteresis compensation Technology
Pulse linear sweeping Shanghai Jiao Tong University [30]
Spatial resolution improvement i University of Electronic Science and
Pulse coding . [31]
Technology of China
Frequency multiplexing Nanjing University [32]
Frequency response expansion . ) . Huazhong University of Science and
Time-slot multiplexing [33]
Technology
End scattering enhancement University of Southampton [34]
Detection distance increase . . Huazhong University of Science and
Gradient scattering enhancement [21]

Technology
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Table 2 Comparison of three sensitization enhanced technologies for scattering enhanced fiber

Sensitization enhanced

Frequency Fully

Sensitivity Diameter Maximum cable length response  distributed
technology .
flatness detection
Secondary coating Ultra- . . . Relatively
T Moderate ) Maximum sensing distance of the system Yes
sensitization thin poor
Quasi-distributed . Related to the length of the elementary winding coil and the )
. High Moderate ) Good Yes
sensitization elementary spacing
Fully distributed . . . . . . .
High Moderate Maximum sensing distance/winding ratio Good Yes

sensitization
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Table 3 Typical application progress of distributed acoustic sensing technology
. Monitoring . Ref.
Field Year Overview of research
parameter No
Corrosion defect 2020 Defect identification accuracy exceeds 94 % [47]
o High precision detection of pipeline flow through scattering enhanced optical
Pipeline flow rate 2020 . [48]
o fibers
Pipeline . ) . .
o . . Recognition accuracy of external rupture events in complex environments is
monitoring External invasion 2022 [49]
greater than 85%
Leakage 2023 Leakage with a small scale of 0. 5 mm can be monitored through scattering [50]
identification enhanced optical fibers 7
Unmanned aerial 2023 Enhanced fiber optic acoustic sensors (FOASs) are used to detect UAV, with [44]
vehicle a measurement sensitivity of —101. 21 re: 1 rad/pPa
. Marine seismic Fully continuous fiber optic sensitized streamer with sensitivity of —137 dB re: _
Target detection 2022 [51]
i survey 1 rad/(pPasm)
. Distributed sensitizing cable sound pressure sensitivity of —137.2 dB re:
Underwater target 2023 [46]
1 rad/(pPasm)
Multiple defects can be successfully identify and locate along the railway line, _
Track defects 2022 ) o [52]
with a standard deviation of 0. 314 m
Tunnel reinforcement steel ring structure monitoring, recognition rate is larger
Tunnel safety 2021 . - - [53]
Structural health than 97. 8%
monitoring o ) Scattering enhanced optical fiber is used for intrusion detection around -
Building intrusion 2022 o ) ) [54]
- facilities, with a detect distances of =100 feet
Extreme 2021 Femtosecond laser engraved optical fiber, extreme temperature sensing [55]
00
environment (1000 C)
. . Recording direct and reflected seismic waves in a vertical well with .
Oi1l exploration 2021 . . . [56]
microstructure optical fibers
VSP 2019 Clear and high signal-to-noise ratio VSP waveform is obtained [57]
Geological N i Deep imaging of stratigraphic data can detect the intersection fault of two _
Fault exploration 2020 [58]
resource underground boreholes
exploration Oil well
High-temperature resistant scattering enhanced optical fiber is developed, with _
temperature 2020 ) i [59]
extra 1 year lifespan at 150 ‘C
measurement
Subsea oil field 2020 Enhanced Rayleigh scattering cable to obtain multi well data for image coverage [ 60 ]
(b)
vy local signal
light light
T
| | AF
coupler |
LY | _
v | T, | t
AF: frequency sweep range; T': sweep time; v: start frequency; beat ’\/\/\/\)
BPD: balanced photodetector; y: sweep velocity; Z: distance; fre €
Jreur D€L frequency; 7: time delay equency
K19 OFDR R A 45 g il 4 % 5 2
Fig. 9 Basic structure and sensing principle of OFDR
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Fig. 10 High density scattering enhanced fiber. (a) Ge doped photonic crystal fiber™; (b) continuously exposed single mode fiber™;

(c) UV exposed transparent UV coated fiber'"”
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Fig. 11

Shape sensing fiber. (a) Parallel multi-core fiber with engraved Bragg grating™”;(b) scattering enhanced fiber parallel fiber

cluster™”; (c) spiral multi-core fiber with engraved Bragg grating"™; (d) spiral fiber cluster of scattering enhanced fiber"™”
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Table 4 Typical applications of distributed strain/deformation sensing technology

Application scenario Specific application Institution Ref. No
Distributed strain detection of commercial aircraft wings LUNA company [74]
L . . . Japan Aerospace Exploration _
Distributed monitoring helicopter blade deflection [75]

Structural health

monitoring

High-density distributed crack tip sensing and monitoring

Agency
Wuhan University of Technology [ 76]

Strain field monitoring system in ship transverse under

hydrostatic

Wuhan University of Technology — [77]

Shape sensing-assisted epi-dural needle guidance

Shape sensing

Medical catheter position tracking

Shape reconstruction of medical catheters

Nazarbayev University [78]
Intuitive company [79]
University of Leuven [80]
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Abstract

Significance Information technology is the cornerstone that supports the development and social life of today's world,
with its important component of sensing technology. Fiber optic sensing technology utilizes light waves as information
carriers and transmission media to achieve the collection and measurement of signals in the environment. As an important
branch of fiber optic sensing technology, distributed fiber optic sensing can achieve long-distance, high-resolution, and
highly sensitive continuous distributed detection, obtaining two-dimensional spatio-temporal distribution information.
Compared to the other two types of scattering distributed sensing, the system based on Rayleigh scattering features higher
backscattering power and faster response and is more suitable for detecting dynamic and static signals such as sound waves
and strain. With the increasing demands for engineering applications such as resource exploration, structural health
monitoring, and underwater exploration, distributed fiber optic sensing has developed rapidly in recent years.

At present, most distributed sensing systems usually employ single-mode fiber (SMF) as the sensing medium.
However, its Rayleigh backscattering signals are extremely weak, resulting in poor signal-to-noise ratio (SNR) of sensing
light, which in turn causes poor SNR of demodulation signals in distributed sensing systems. Additionally, the intensity
fading effect induced by high laser coherence can cause sensing blind spots, and the light intensity fading can also result in
poor sensing consistency among multi-channels. Meanwhile, due to the influence of optical transmission loss, the sensing
SNR of ordinary non-amplification SMF optic systems is limited at long distances. The fully continuous characteristics of
backscattering signals in optical SMFs can also result in mutual limitations between the system response bandwidth and
sensing distance. Therefore, scattering enhanced special optical fibers are introduced into distributed sensing systems
based on Rayleigh scattering. By continuously changing the fiber material and structure, or introducing discrete scattering
enhancement mechanisms, the distributed sensing limitations of ordinary optical SMFs are overcome in specific sensing
parameters, sensing performance, and other aspects.

Thus, in some specific application scenarios that require high-precision detection, scattering enhanced optical fiber has
irreplaceable advantages. In recent years, numerous research institutions and researchers have conducted research on

scattering enhanced fiber optical distributed sensing systems and obtain significant results.

Progress We focus on analyzing the scattering characteristics and noise suppression mechanisms of scattering enhanced
microstructured sensing fibers, and elaborate on the types and precision preparation techniques of scattering enhanced
fibers. Meanwhile, the performance improvement techniques of DAS and OFDR systems based on scattering enhanced
microstructured fiber are summarized (Fig. 5 and Table 1), and the mechanism and typical applications of DAS SNR and
sensitivity enhancement are discussed. The research progress of scattering enhanced hydrophone composite cables is
elaborated (Table 2), and the construction of highly sensitive distributed hydrophone systems and their hydrophone
applications are introduced (Table 3). Additionally, we summarize the high-density grating scattering enhanced
microstructured fiber to achieve high-resolution, highly sensitive, and highly reliable fully distributed strain sensing based
on optical frequency domain reflectometry (Figs. 10 and 11). Combined with highly reliable reconstruction algorithms,
scattering enhanced microstructured spiral multi-core optical fibers are designed to achieve high-precision three-dimensional

shape sensing and practical applications (Table 4).

Conclusions and Prospects In summary, we study the mechanism of distributed sensing efficiency enhancement from
the perspective of scattering enhanced special optical fibers, introduce the automatic precision fully continuous writing
technology, and focus on the principles of its optical time domain and optical frequency domain distributed sensing
systems. Meanwhile, the research progress of distributed acoustic sensing and optical frequency domain reflection

technology based on scattering enhanced microstructured fiber is summarized, and typical engineering applications based
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on the above two systems are summarized.

In the future, distributed sensing technology based on scattering enhanced optical fibers can still be improved and
expanded in various aspects. For example, the material and structural parameters of scattering enhanced microstructured
fiber can be optimized, and the high-efficiency and stable writing preparation process can be improved. Additionally, the
scattering enhancement characteristics of optical fibers can be combined with intelligent AT algorithms to optimize sensing
demodulation accuracy. Meanwhile, the high precision 3D shape sensing and scattering enhanced fiber distributed
hydrophone can be further extended to various cross applications. As the scattering enhanced special sensing fibers further
develop in the future, distributed sensing systems based on scattering enhanced fibers will play an irreplaceable role in most

fields.

Key words sensors; distributed fiber optic sensing; scattering enhanced fiber; distributed acoustic sensing; optical

frequency domain reflectometry
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