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Abstract: The traditional single-mode fiber (SMF) optical time domain reflectometer (OTDR) may not
be able to accurately detect and locate fault events in the dead zone of few-mode fiber (FMF) links.
This paper introduces the concept of higher-order spatial mode detection dimensions unique to FMF,
combined with the spatial mode coupling characteristics between modes. The Fresnel reflection from
the end face of the fiber, the interior of the circulator, and the connector only occurs in the spatial
mode of the injected optical pulse. The Rayleigh backscattering, which reflects the fault distribution
characteristics of FMF links, can be detected by non-excited higher-order spatial modes. The proposed
method can completely overcome the traditional OTDR dead zone. In this paper, the six-mode fiber
is taken as an example for experimental verification. The detection optical pulse is injected into the
fundamental mode LP01, and the Rayleigh backscattering of LP11a, LP11b, LP21a, LP21b, and LP02

higher-order spatial mode are collected and analyzed to accurately detect and locate the fusion splice
fault event at 100 m and 500 m in the dead zone.

Keywords: few-mode fibers; OTDR; fault detection; high-order mode

1. Introduction

With the continuous increase in communication services, the transmission capacities
of communication systems increase, and the capacities of single-mode fiber (SMF) com-
munication systems approach the nonlinear Shannon limit. At present, few-mode fiber
(FMF) communication technology based on mode division multiplexing (MDM) is a new
expansion scheme used to break through the capacity limit of SMF systems [1–6]. Spatial
division multiplexing fibers, represented by FMF and multi-core fiber (MCF), have become
key innovation contenders in high-capacity transmission media, and will rapidly develop
in the fields of long-distance high-capacity transmission and high-density access to data
centers. Therefore, in light of the engineering deployment and large-scale application of
FMF communication, one of the future SDM technologies, studying new FMF link fault
detection technology is of great significance.

At present, fault detection of FMF links mainly follows the traditional fault detection
concept of SMF. According to the implementation method of the detection signal, it can be
divided into the optical time domain reflectometer (OTDR) [7] and the optical frequency
domain reflectometer (OFDR) [8]. Among them, the OTDR is currently the most widely
used type of fault detection technology in engineering. Its basic principle is to inject
continuous optical pulses into the fiber link, and then measure and analyze the Rayleigh
backscattering and Fresnel reflection power distribution curves carried by the fundamental
mode LP01. The precise location of any position, different types of events, and the loss
characteristic measurement can be realized conveniently, in real time, and reliably. At
present, many researchers are continuously conducting in-depth research on this technology
and proposing optimization solutions, including chaotic OTDR technology [9], single
photon detector OTDR [10], pulse coding modulation [11], coherent OTDR [12], linear
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optical sampling technology [13], OTDR signal processing algorithm [14,15], etc. The
measurement dynamic range, fault detection sensitivity, spatial resolution, and other
parameters are greatly improved. However, it is very clear that due to the strong Fresnel
reflections produced by the front fiber end faces, connectors, and other optical elements, the
large power difference between these Fresnel reflections and backscattered Rayleigh leads
to saturation of the photodetector (PD), resulting in a large dead zone in the single-mode
OTDR system [16]. Depending on the width of the input light pulse and the bandwidth of
the photodetector, the dead zone is usually tens to hundreds of meters. In the dead zone,
the traditional OTDR cannot provide reliable FMF link fault detection data, so it is a serious
problem for OTDR-based FMF link fault detection applications.

At present, to reduce the influence of the dead zone caused by the end face of the
front-end fiber, and so on, in practical engineering applications, we can reduce the length
of the dead zone by cleaning the entrance connector to reduce the Fresnel reflection power.
At times, this method may not completely eliminate the effect of the Fresnel reflection due
to the quality of the optical fiber connector. In terms of technology, a transitional fiber
(also known as a false fiber) is added between the OTDR and the optical fiber under-tested
(FUT) during the actual fault detection. The false fiber is an optical fiber with a length
ranging from 300 to 2000 m (the length can be selected according to the need). The dead
zone of the front end falls in the transition false fiber, and the beginning end of the FUT
falls within the linear stable region of the OTDR curve. This method makes the dead
zone occur in the transition false fiber instead of the FUT. Therefore, the fault event at the
beginning of the fiber link is easier to detect. However, this scheme reduces the maximum
detection range of the OTDR. In addition, the connector between the transition fiber and
the FUT may also create another dead zone at the beginning of the FUT. The OFDR method
obtains the information in the fiber by measuring the frequency and phase information of
the reflected light and performs high-precision measurements on the short fiber segment,
without being affected by the dead zone caused by the pulse width in the traditional
OTDR, effectively overcoming the dead zone problem in the OTDR. For example, Maxim E.
Belokrylov et al. used advanced signal processing algorithms, digital frequency filtering,
and empirical mode decomposition to achieve high spatial resolution [17]. Fan Xinyu
et al. proposed a hardware-adaptive OFDR phase noise compensation method, which
has high computational efficiency and is easy to implement in hardware, achieving a
dynamic range of 37.5 km and a spatial resolution of 7 cm [18]. The OTDR based on time-
dependent single photon counting has been reported to overcome dead zone limitations by
detecting spontaneous Stokes–Raman signals, but this scheme cannot be used for detection
and sensing applications that rely on Rayleigh backscattering [19]. The chaos OTDR can
overcome the blind spot problem in a traditional OTDR, to some extent, by using a chaotic
laser signal and correlation detection technology [20]. Yuan Mao et al. used the TMF-based
OTDR to accurately perceive the location and frequency of vibration events located within
the dead zone [21]. Weicheng Chen et al. proposed a mode-coupled measurement system
based on two photonic lantern schemes, which can eliminate the Fresnel reflection and the
associated dead zone from the front facet of the fiber [22].

Therefore, aimed at the problem of blind zone fault detection in FMF links, a dead-
zone-free OTDR system is proposed based on the unique spatial mode dimension of FMF
and the mode-selective photonic lantern multiplexer/demultiplexer (MUX/DEMUX). The
detection optical pulse is injected through the fundamental mode LP01 so that the Fresnel
reflection from the fiber end surface only occurs on the LP01 mode. The Rayleigh backscat-
tering reflecting the fault distribution characteristics of the fiber link can be detected by the
non-excited higher-order spatial mode. The experimental results show that—compared
with the traditional OTDR LP01 detection method—the proposed scheme can effectively
solve the fault event detection in the blind area of FMF links. Compared with the TMF-
based OTDR method for vibration sensing [21], our proposed method can be used for the
fault detection of FMF links, such as fusion splice, connector mismatch, and FMF break,
by using the non-excited higher-order spatial modes LP11a, LP11b, LP21a, LP21b, and LP02
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Rayleigh backscattering amplitude. At the same time, the high sensitivity detection of
fusion splice faults can be realized by using high-order spatial mode.

2. Experimental Principle

Figure 1 shows a comparison diagram of the traditional single-mode OTDR and the
OTDR system based on higher-order spatial mode detection proposed in this paper. As
shown in Figure 1a, in a single-mode OTDR, the optical pulse is injected into the FMF
through an SMF circulator. When the optical pulse carried by the fundamental mode LP01
is transmitted forward along FMF, two different types of optical signals are transmitted
in reverse. The first type of signal is reflected by the Fresnel reflected light signal at
the connection of the circulator 2 port. The second type of signal is the elastic Rayleigh
backscattering caused by the dielectric density fluctuation. The inelastic Brillouin scattering
and Raman scattering are not considered in this study because they are not affected by the
dead zone. Due to the mode coupling between FMF modes, Fresnel-reflected, and Rayleigh
backscattering signals exist in the form of the fundamental mode LP01 and other parts of
the excited higher-order spatial mode. When reversely transmitted to the fiber circulator
2 port, the other higher-order spatial modes are coupled to the fundamental mode LP01
or the loss disappears. Finally, the optical signal is still carried by the fundamental mode
LP01. The large power difference between Fresnel reflection and Rayleigh backscattering
leads to saturation of the photodetector, resulting in a large dead zone in the single-mode
OTDR system, as shown in Figure 1a. Similarly, in a multimode OTDR-based system, the
blind zone effect still exists because multiple spatial modes are excited and all modes are
detected after reverse transmission.
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Figure 1. Principle comparison between traditional single-mode OTDR and FMF OTDR based on the
higher-order spatial mode.

The OTDR system based on the higher-order spatial mode proposed in this paper is
shown in Figure 1b. Compared with the traditional single-mode OTDR system, a mode
MUX/DEMUX is added between the transmitter and the FMF under test. Assuming that
the FMF used supports the propagation of N spatial modes, the mode MUX/DEMUX
should have N input SMF ports and one FMF output port. Using the example shown in
Figure 1b for analysis, the optical pulse is injected into the MUX LP01 mode port through
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the SMF circulator for spatial mode conversion and then injected into the FMF link. Due to
the presence of spatial mode coupling between modes, the LP01 mode energy is coupled to
other higher-order spatial modes. When transmitting backward, the DEMUX converts the
backscattering light of each spatial mode to the corresponding fundamental mode LP01.
The Fresnel reflections from inside the circulator and at the connector occur only in the
LP01 mode of the injected optical pulse, while the fault distribution of the reaction FMF
link can be detected by Rayleigh backscattering of non-excited higher-order spatial modes.
Therefore, the OTDR based on higher-order modes (LP11a, LP11b, LP21a, LP21b, etc.) can
effectively avoid the influence of the dead zone, and fundamentally solve the dead zone
problem of traditional OTDR. Similarly, any mode can also be used to inject detection
optical pulses, while other spatial modes achieve dead-zone-free detection.

3. Experimental Results and Discussion

To verify the feasibility of the proposed scheme, the performance of the traditional
single-mode OTDR system is compared with that of the OTDR system based on the higher-
order spatial mode proposed in this paper. The experimental setup for FMF link fault
detection based on the traditional single-mode OTDR is shown in Figure 2. The distributed
feedback laser (DFB) generates a 1550 nm continuous wave light, which is modulated
by an electro-optic modulator (EOM) driven by a signal generator (SG) to generate an
optical pulse signal with repetition frequency, f, and pulse width, T. The models of the
DFB, SG, and EOM are Fby Photoelectric OSMPAC-15-3M, RIGOL DG1032, and Thorlabs
LN56S, respectively. The modulated light pulse is amplified by the erbium-doped fiber
amplifier (EDFA) and injected into the 3 km FMF link through the SMF circulator (SMF
Cir.), and the fusion splice fault is introduced at the position 500 m away from the FMF
input port. The fault event is set in the OTDR blind zone. At the same time, a fusion splice
fault event is also introduced at 2.5 km of the FMF link. The core and cladding diameter
of FMF under test are 13.28 µm and 125.26 µm, respectively. The mode field diameter
and cutoff wavelength are 9.25 µm and 1325 nm, respectively. When the detecting optical
pulse is transmitted along the FMF link, the Rayleigh backscattering signal returns to the
single-mode fiber circulator through port 2 and enters the photodetector through port 3
for photoelectric conversion, and the electrical signal is sampled and averaged through
the oscilloscope to further suppress the influence of noise on the detection result. Finally,
digital signal processing is performed on the collected data, and the fault detection and
location are performed by the Rayleigh backscattering curve of the LP01 mode.
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Figure 2. FMF link fault detection experimental setup based on traditional single-mode OTDR.

Based on the experimental device shown in Figure 2, the FMF link fault detection is
carried out. The SG output pulse signal with the repetition frequency of 10 kHz, pulse
width of 1000 ns, and peak pulse power of 40 mw are set. The optical pulses are injected
into the FMF link under test through the optical circulator. As shown in Figure 3, the fault
detection results of the FMF link are based on the traditional single-mode OTDR under
different optical pulse widths. At the beginning end of the FMF, it can be more clearly
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observed that the PD saturation is caused by excessive Fresnel reflection power from the
fiber end face, the circulator interior, and the connector. The distance from the reflection
point to the PD recovery to the backscattering level is approximately 0.5 dB, which means
the attenuation blind zone is approximately 1041 m, as shown in Figure 3a. Due to the
existence of this blind area, the fusion splice fault at 500 m cannot be effectively identified.
In contrast, the Rayleigh backscattering distribution can be observed after the dead zone,
and the precise detection and location of the fusion splice fault at 2.5 km can be achieved.
It can be seen that the traditional single-mode OTDR still has some defects in realizing
the accurate detection and location of fault events in the blind zone of the FMF link. As
shown in Figure 3b, when the modulated light pulse width is 100 ns, the Fresnel reflection
and Rayleigh backscattering power of the LP01 mode are reduced, and the photoelectric
detector saturation recovery is faster, resulting in the blind zone range being reduced to
161.8 m. Compared with the 1000 ns pulse width condition, the blind area is reduced by
about 879.2 m, and the fusion splice fault at 500 m can be detected. However, faults within
161.8 m cannot be effectively detected based on the LP01 mode. Therefore, the length of the
blind area can be reduced by reducing the width of the pulse, but the blind area problem
cannot be solved fundamentally.
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Figure 3. Detection results of fusion faults in the FMF link based on the traditional single-mode
OTDR under different optical pulse widths.

Figure 4 shows an experimental setup for dead-zone-free fault detection in an FMF
link based on the Rayleigh backscattering of the higher-order spatial mode. The system
structure is basically the same as that in Figure 2; the main difference is that a 6-LP mode
selective photonic lantern (Phoenix, 6PLS-GI-15-1-2-2-MS) is added between the SMF
circulator and the FMF, which can support LP01, LP11a, LP11b, LP21a, LP21b, and LP02 spatial
mode conversion and demultiplexing. The wavelength range of a photonics lantern is
from 1520nm to1620 nm. The insertion loss of fiber-in to fiber-out is less than 4 dB, and
the mode crosstalk between LP01 and higher-order modes is better than −20 dB. Thus, the
backscattered power caused by the photonic lantern from LP01 to other higher-order modes
is so small that it can be neglected. The modulated optical pulse enters the mode selective
photonic lantern from the LP01 port (or LP11a, LP11b, LP21a, LP21b, or LP02 port) for spatial
mode conversion and outputs the corresponding single excited LP01 mode (or LP11a, LP11b,
LP21a, LP21b, LP02 spatial modes). Due to the existence of spatial mode coupling of the
FMF, the Rayleigh backscattering light from excited and non-excited coupling modes (LP01,
LP11a, LP11b, LP21a, LP21b, and LP02 modes) in the FUT returns to the photonic lantern
for spatial mode separation. Then the backscattered light carried by the LP01 mode (or
LP11a, LP11b, LP21a, LP21b, or LP02 mode) is returned to the optical fiber circulator by port 2
and output by port 3, and then the backscattered light is detected by a photodetector (Fby
Photoelectric, IAM-6020) with a bandwidth of 20 M. The electrical signals are sampled and
averaged by the RIGOL MSO5104 oscilloscope with a sampling rate of 8 G Sa/s, and the
Rayleigh backscattering curves of each spatial mode are obtained for fault detection.
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Figure 4. Experimental setup for dead-zone-free fault detection of an FMF link based on higher-order
spatial mode Rayleigh backscattering.

The example shown in Figure 4 is used for experimental analysis. The modulated
optical pulses are injected from the LP01 port of the mode-selective photonic lantern, and
the Rayleigh backscattering curve of the LP01 spatial mode is obtained through the third
port of the optical circulator, which is correlated with the Rayleigh backscattering light
in the LP01 mode. As expected, the Rayleigh backscattering curve of the LP01 mode is
affected by a dead zone at the beginning of the FMF link, as shown in Figure 5a. Because
the attenuation blind area caused by Fresnel reflection in the front segment is about 1043 m,
the fusion splice fault at 500 m cannot be effectively detected and located. Since the blind
area has no impact on the fusion splice fault at 2.5 km, effective detection and location
can be achieved. This experimental setup is similar to the traditional single-mode OTDR
shown in Figure 2, so the dead zone problem still exists.
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Next, the optical pulses are injected through the LP01 port of the photonic lantern, and
the backscattering curves of the higher-order spatial mode are obtained from the LP11a,
LP11b, LP21a, LP21b, and LP02 ports of the photonic lantern. Figure 5b shows the Rayleigh
backscattering curve of the LP11a spatial mode. Obviously, the blind zone disappears, and
the precise detection and location of the fusion splice fault at 500 m and 2.5 km can be
realized. The main reason is that the Fresnel reflection from the optical fiber end face, the
circulator interior, and the connector only occurs on the fundamental mode LP01 of the
injected optical pulse. The Rayleigh backscattering power along the entire FMF link will
not saturate PD. Similarly, the LP11b, LP21a, and LP21b modes can effectively eliminate the
dead zone, as shown in Figure 5c–f, and achieve accurate detection and positioning of the
fusion splice fault locations at 500 m and 2.5 km. At the same time, it can be seen that the
higher-order spatial mode has higher fault detection sensitivity for fusion splice faults,
and the higher-order spatial mode fusion splice loss is greater. The previous work has
also confirmed this conclusion [23], which can realize the high-sensitivity fault detection
of FMF links. Therefore, through the analysis of the above results, we can conclude that
the proposed method based on the higher-order spatial mode can effectively eliminate the
blind area caused by the Fresnel reflection of the front end of the fiber end and realize the
accurate detection of the dead zone for the FMF link.

In order to further verify that the scheme can achieve higher precision dead-zone-free
detection, we conducted an in-depth analysis of the detection results of the fusion splice
located 100 m under the condition of a 100 ns probe optical pulse, as shown in Figure 6.
The Rayleigh backscattering curve of LP01 mode is affected by a dead zone at the beginning
of the FMF link, and the length of the blind zone is about 174 m, so the fusion splice fault at
100 m cannot be effectively detected, as shown in Figure 6a. The higher-order spatial mode
Rayleigh backscattering can realize the precise detection of the fusion splice fault at 100 m,
as shown in Figure 6b. It can be concluded that this scheme can realize higher precision
detection without a dead zone.

Similarly, any spatial mode can be used to inject the detection optical pulse, while other
spatial modes can be used to achieve dead-zone-free detection. Using LP11a, LP11b, LP21a,
LP21b, and LP02 modes as excitation spatial modes, respectively, the Rayleigh backscattering
curves of other spatial modes of FMF are obtained from other ports of the photonic lantern.
The measurement results are shown in Figure 7. According to the analysis of Figure 7a–d,
when LP11a, LP11b, LP21a, LP21b, and LP02 modes are excitation modes, respectively, the
Fresnel reflections from the end face of the fiber, the interior of the circulator, and the
connector only occur in the corresponding excitation spatial mode of the injected optical
pulse. The attenuation blind area caused by front Fresnel reflection in the excitation mode is
approximately 1000 m, which makes the fusion splice fault at 500 m unable to be effectively
detected and located. Since the dead zone has no impact on the fusion splice fault at
2.5 km, effective detection and location can be achieved. The Rayleigh backscattering,
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which reflects the fault distribution characteristics of the FMF link, can be detected by the
non-excited higher-order spatial mode to realize the dead-zone-free accurate detection of
fusion splice faults at 500 m. Through the above analysis, it can be seen that the scheme
can effectively eliminate the dead zone caused by the front Fresnel reflection and realize
the non-excitation mode without blind area detection. However, the dead zone is also
caused by the reflection events (such as the FC/APC and FC/PC connector mismatch)
inside the FMF link. Therefore, how to realize dead-zone-free detection inside the FMF link
is a worthwhile and important area of research.
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Figure 7. Dead-zone-free detection results of fusion splice faults based on FMF OTDR under different
excitation modes.

4. Conclusions

In this paper, the dead-zone-free fault detection method of FMF links based on higher-
order spatial mode Rayleigh backscattering is proposed and experimentally verified, which
solves the dead zone problem caused by the Fresnel reflection of the end face of fiber, the
interior of the circulator, connector, etc. By using one of the spatial modes for optical pulse
injection, the other spatial modes are used to provide the Rayleigh backscattering distribu-
tion information of FMF links, to overcome the traditional OTDR dead zone problem. The
effective detection and location of faults in the blind area can be realized. A six-mode fiber
optic link fault detection system is experimentally constructed. The experimental results
show that by transmitting optical pulses in the LP01 mode and collecting the Rayleigh
backscattering of non-excited spatial modes LP11a, LP11b, LP21a, LP21b, and LP02, the precise
detection of fusion splice faults at 100 m and 500 m in the blind zone is achieved. Therefore,
the dead-zone-free fault detection and location method of FMF links based on higher-order
spatial mode Rayleigh backscattering provides a strong guarantee for future fault detection
in long-distance, large-capacity FMF.

Author Contributions: Conceptualization, methodology, and writing—original draft preparation,
F.L.; software, and validation, T.G.; formal analysis, investigation, and resources, Z.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China
under grant no. 62105246, Zhejiang Provincial Natural Science Foundation of China under grant
no. LY23F050003.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Richardson, D.J.; Fini, J.M.; Nelson, L.E. Space-division multiplexing in optical fibres. Nat. Photon. 2013, 7, 354–362. [CrossRef]
2. Zhang, Y.; Wang, C.; Wang, K.; Ding, J.; Zhu, B.; Shen, L.; Zhang, L.; Wang, R.; Yan, C.; Liu, B.; et al. 4.096 Tbit/s multidimensional

multiplexing signals transmission over 1000 km few mode fiber. Chin. Opt. Lett. 2024, 22, 010602. [CrossRef]
3. Shibahara, K.; Hoshi, M.; Miyamoto, Y. 10-spatial-mode 1300-km Transmission over 6-LP Graded Index Few-Mode Fiber with

36-ns Modal Dispersion Optical Fiber. In Proceedings of the Optical Fiber Communication Conference, San Diego, CA, USA, 5–9
March 2023; p. M2B.2.

4. Rademacher, G.; Puttnam, B.J.; Luís, R.S.; Sakaguchi, J.; Klaus, W.; Eriksson, T.A.; Awaji, Y.; Hayashi, T.; Nagashima, T.;
Nakanishi, T.; et al. 10.66 Peta-Bit/s Transmission over a 38-Core-Three-Mode Fiber. In Proceedings of the Optical Fiber
Communication Conference, San Diego, CA, USA, 8–12 March 2020; p. Th3H.1.

https://doi.org/10.1038/nphoton.2013.94
https://doi.org/10.3788/COL202422.010602


Photonics 2024, 11, 433 10 of 10

5. Wang, F.; Gao, R.; Li, Z.; Liu, J.; Cui, Y.; Xu, Q.; Pan, X.; Zhu, L.; Wang, F.; Guo, D.; et al. 400 Gbit/s 4 mode transmission for
IM/DD OAM mode division multiplexing optical fiber communication with a few-shot learning-based AffinityNet nonlinear
equalizer. Opt. Express 2022, 30, 5868–5878. [CrossRef] [PubMed]

6. Zuo, M.; Ge, D.; Liu, J.; Gao, Y.; Shen, L.; Lan, X.; Chen, Z.; He, Y.; Li, J. Long-haul intermodal-MIMO-free MDM transmission
based on a weakly coupled multiple-ring-core few-mode fiber. Opt. Express 2022, 31, 22622–22634. [CrossRef] [PubMed]

7. Liao, R.; Tang, M.; Zhao, C.; Wu, H.; Fu, S.; Liu, D.; Shum, P.P. Harnessing oversampling in correlation-coded OTDR. Opt. Express
2019, 27, 1693–1705. [CrossRef] [PubMed]

8. Li, S.; Qin, Z.; Liu, Z.; Yang, X.; Xu, Y. Long-Distance OFDR With High Spatial Resolution Based on Time Division Multiplexing.
J. Light. Technol. 2023, 41, 5763–5772. [CrossRef]

9. Zhang, M.; Wang, Y. Review on Chaotic Lasers and Measurement Applications. J. Light. Technol. 2021, 39, 3711–3723. [CrossRef]
10. Li, B.; Deng, G.; Zhang, R.; Ou, Z.; Zhou, H.; Ling, Y.; Wang, Y.; Wang, Y.; Qiu, K.; Song, H.; et al. High Dynamic Range Externally

Time-Gated Photon Counting Optical Time-Domain Reflectometry. J. Light. Technol. 2019, 37, 5899–5906. [CrossRef]
11. Liu, C.; Deng, Z.; Wang, Y.; Jiang, J.; Qiu, Z.; Wang, Z. Golay Coding Phi-OTDR with Distributed Frequency-Drift Compensation.

IEEE Sens. J. 2022, 22, 12894–12899. [CrossRef]
12. Chen, X.; Zou, N.; Liang, L.; He, R.; Liu, J.; Zheng, Y.; Wang, F.; Zhang, X.; Zhang, Y. Submarine cable monitoring system based on

enhanced COTDR with simultaneous loss measurement and vibration monitoring ability. Opt. Express 2021, 29, 13115–13128.
[CrossRef] [PubMed]

13. Wang, S.; Fan, X.Y.; He, Z.Y. Ultra-high resolution Optical Reflectometry based on Linear Optical Sampling Technique with Digital
Dispersion Compensation. IEEE Photon. J. 2017, 9, 6804710. [CrossRef]

14. Liu, F.; Zhang, W.; Wu, P.; He, Z. Fault detection sensitivity enhancement based on high-order spatial mode trend filtering for
few-mode fiber link. Opt. Express 2021, 29, 5226–5235. [CrossRef] [PubMed]

15. Abdelli, K.; Cho, J.Y.; Azendorf, F.; Griesser, H.; Tropschug, C.; Pachnicke, S. Machine-learning-based anomaly detection in optical
fiber monitoring. J. Opt. Commun. Netw. 2022, 14, 365–375. [CrossRef]

16. Feuerstein, R.J. Field measurements of deployed fiber. In Optics InfoBase Conference Papers; Optica Publishing Group: Anaheim,
CA, USA, 2005.

17. Belokrylov, M.E.; Kambur, D.A.; Konstantinov, Y.A.; Claude, D.; Barkov, F.L. An Optical Frequency Domain Reflectometer’s
(OFDR) Performance Improvement via Empirical Mode Decomposition (EMD) and Frequency Filtration for Smart Sensing.
Sensors 2024, 24, 1253. [CrossRef] [PubMed]

18. Zhang, Z.; Fan, X.; Wu, M.; He, Z. Phase-Noise-Compensated OFDR Realized Using Hardware-Adaptive Algorithm for Real-Time
Processing. J. Light. Technol. 2019, 37, 2634–2640. [CrossRef]

19. Eraerds, P.; Legré, M.; Zhang, J.; Zbinden, H.; Gisin, N. Photon Counting OTDR: Advantages and Limitations. Photon Counting
OTDR: Advantages and Limitations. J. Light. Technol. 2010, 28, 952–964. [CrossRef]

20. Chen, M.; Zhang, M.; Chen, S.; Zhang, J.; Yan, S.; Wang, Y. Health Monitoring of Long-Haul Fiber Communication System Using
Chaotic OTDR. China Commun. 2020, 17, 1–11. [CrossRef]

21. Mao, Y.; Ashry, I.; Wang, B.; Hveding, F.; Bukhamseen, A.Y.; Ng, K.T.; Ooi, B.S. Sensing within the OTDR dead-zone using a
two-mode fiber. Opt. Lett. 2020, 45, 2969–2972. [CrossRef] [PubMed]

22. Chen, W.; Hu, G.; Liu, F.; Chen, C.; Song, C.; Chen, J. Measurement of mode coupling distribution along few mode fiber based on
two photonic lanterns. Opt. Commun. 2018, 428, 136–143. [CrossRef]

23. Song, C.; Liu, X.; Liu, F.; Zhang, M.; Hu, G. Fault detection of few-mode fiber based on high-order mode with high fault detection
sensitivity. Opt. Lett. 2019, 44, 4487–4490. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1364/OE.492795
https://www.ncbi.nlm.nih.gov/pubmed/37475368
https://doi.org/10.1364/OE.451971
https://www.ncbi.nlm.nih.gov/pubmed/35209540
https://doi.org/10.1364/OE.27.001693
https://www.ncbi.nlm.nih.gov/pubmed/30696231
https://doi.org/10.1109/JLT.2023.3267613
https://doi.org/10.1109/JLT.2020.3043829
https://doi.org/10.1109/JLT.2019.2941997
https://doi.org/10.1109/JSEN.2022.3177958
https://doi.org/10.1364/OE.418920
https://www.ncbi.nlm.nih.gov/pubmed/33985053
https://doi.org/10.1109/JPHOT.2017.2762352
https://doi.org/10.1364/OE.416098
https://www.ncbi.nlm.nih.gov/pubmed/33726062
https://doi.org/10.1364/JOCN.451289
https://doi.org/10.3390/s24041253
https://www.ncbi.nlm.nih.gov/pubmed/38400410
https://doi.org/10.1109/JLT.2018.2875210
https://doi.org/10.1109/JLT.2009.2039635
https://doi.org/10.23919/JCC.2020.05.001
https://doi.org/10.1364/OL.393539
https://www.ncbi.nlm.nih.gov/pubmed/32479435
https://doi.org/10.1016/j.optcom.2018.07.048
https://doi.org/10.1364/OL.44.004487
https://www.ncbi.nlm.nih.gov/pubmed/31517913

	Introduction 
	Experimental Principle 
	Experimental Results and Discussion 
	Conclusions 
	References

