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Fig. 1 Signal-to-noise ratio in the distributed system of Rayleigh scattering sensing
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Fig. 2 Rayleigh scattering in optical fibers
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Fig. 6 Scattering spectrum estimation of scattering enhanced fibers prepared by various methods
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Table 1 Current development status of scattering enhanced fiber by increasing scattering intensity

Scattering Max
Category Concrete method Year enhancement / Loss length / Ref.
dB km
2015 20 [15]
UV exposure 2022 7 0.5 dB/km 74.0 [9]
Irradiation 2023 37.3 [16]
o 2011 2.79 dB/km [17]
Radiation
2016 68. 8 dB/km [18]
Identical weak FBG array 2016 =30 [20]
Chirped weak FBG array 2017 ~10 0.4 dB/km 100. 0 [21]
Random weak FBG array 2019 30 0.15dB/m 0.4 [22]
FBG array by femtosecond laser 2017 40 15-41 dB/m 0. 005 [26]
. - 2019 5/15/30 [27-29]
Microstructure Weak Fresnel reflection point
2022 26 3dB/m 0.02 [30]
Fabry Perot cavity array 2015 20 [31]
2020 35 0.6 dB/km 79.2 [32]
Nano reflector 2022 30 [33]
2018 20 [38]
98% (mole fraction) GeO, 2022 29.2 [42]
46.1-47.5 292-298 dB/m 0. 0002 [47-48]
2018-2021
) MgO 32.3-45.2 27.8-33.1dB/m 0.001 [49,52]
Doping
2022 48.9 14.3dB/m 0.003 [53]
Ga 2023 26.4-43.8 0.1-5.1dB/m 0.01 [54-55]
Ba 2023 35.4-44.9 1.2-6.9dB/m 0.01 [56]
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Fig. 7 Relationship among signal-to-noise ratio, radius, and

relative refractive index difference in optical fibers
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Abstract

Significance

Fiber optic sensing technology has been widely applied in multiple fields and has received good feedback due

to its advantages of strong anti-interference ability, small size, high sensitivity, long transmission distance, and intrinsic

safety. Distributed sensing technology (OTDR, @-OTDR, and OFDR) based on Rayleigh scattering can achieve long-
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distance, large-scale, and multi-parameter monitoring, which has attracted more attention in applications. With the
increasing demand for monitoring length and range in various application fields, the traditional methods of increasing light
source power and detector detection limit have reached their peaks in increasing the system distance. The development of

new scattering enhancement methods is urgent, so as to enhance the sensing distance of distributed sensing technology.

Progress We review several ways to enhance the scattering light in fibers by enhancing their scattering coefficients and
backscattering ability from the perspective of fibers, as well as the limitations and application scenarios of these methods.
We also provide a detailed introduction to the latest scattering enhancement method, which enhances scattering by

enhancing the backward collection coefficient and has potential development prospects in future distributed sensing.

Conclusions and Prospects The research progress of fiber optic scattering enhancement methods is as follows.

1) Enhancing fiber scattering by increasing the scattering coefficient. It is commonly used to increase the scattering
coefficient of optical fibers through irradiation, microstructure, and nanoparticle doping to enhance the Rayleigh
backscattering light of the fibers.

The irradiation method is to increase the refractive index disturbance in the fiber by ultraviolet or radiation irradiation.
It 1s simple to operate and has continuous scattering enhancement. However, it will increase the loss of the optical fiber
and reduce the sensing distance. At the same time, the preparation speed of the optical fiber is slow, requiring the removal
of the coating layer and resulting in a decrease in mechanical strength. Therefore, the scattering enhanced fiber prepared in
this way is difficult to apply to engineering environments.

The microstructure method refers to the formation of weak gratings, reflection points, Fabry Perot cavities, and other
junction microstructures in optical fibers through ways such as ultraviolet, femtosecond, and arc discharge, resulting in
significant refractive index changes. This method is flexible and has higher controllability, and it can be continuously
prepared in large quantities without removing the coating layer and changing the mechanical strength of the optical fiber.
However, it still increases the loss of the optical fiber and reduces the sensing distance, and the distribution of
microstructures in the optical fiber is discrete, forming a minimum sensing area between two adjacent points, which
reduces the spatial resolution of the distributed sensing system. This method is suitable for applications in sensing
scenarios that do not require high spatial resolution.

The doping method of nanoparticles increases scattering in fibers by doping elements such as germanium, calcium,
barium, gold, and magnesium. It has continuity, and the scattering enhancement is more obvious. In addition, it can be
directly prepared through fiber drawing, which ensures the mechanical properties of the fiber. However, the high
scattering enhancement also brings about a significant increase in losses. The losses of nano-doped fibers are generally two
or three orders of magnitude higher than those of irradiation and microstructure and are generally applied in sensing
scenarios with short distances and high signal-to-noise ratios.

2) Enhancing fiber scattering by increasing the backscattering collection coefficient. The method of increasing the
backscatter collection coefficient to enhance fiber scattering theoretically does not increase the loss of the fiber, which
mainly includes three types: plastic optical fiber, multimode optical fiber, and ultra long adiabatic tapered optical fiber.

Both polymer fiber and multimode fiber can increase the backward collection coefficient by increasing the numerical
aperture, but the material absorption loss of polymer fiber itself is greater than that of quartz fiber. Therefore, it is
generally applied in short-distance sensing scenarios. Multimode optical fibers have significant mode losses, and dispersion
over long distances can degrade the spatial resolution of the system. It is commonly used in scenarios with lengths of
kilometers.

Our team has proposed an ultra long tapered single-mode fiber that can increase the backward collection coefficient of
the fiber to enhance scattering, without causing external losses. It can break through the distributed sensing long-distance
limit of single-mode fiber and achieve sensing with an equal scattering signal-to-noise ratio at each point, and it can be
applied to ultra long sensing scenarios with a length of above 150 km. Ultra long tapered single-mode fiber also has the
advantage of enhancing the performance of fiber Bragg grating (FBG) arrays. Engraving FBG arrays on tapered optical
fibers can effectively increase the remote reflection signal of FBG and expand the number of arrays, which has great

development potential for future high-tech composite distributed sensors.

Key words fiber optics; distributed sensing; scattering enhanced fiber; irradiation optical fiber; microstructure fiber; doped

fiber; ultra long tapered fiber
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