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Abstract: To address the demand for belt conveyor idler fault detection under strong interference and long-distance
operating conditions, this paper proposes an ultra-weak fiber Bragg grating distributed acoustic sensing (uwDAS)
detection system that combines point-type fiber optic microphones with distributed optical cable. Fiber optic microphones
are deployed in strong-vibration areas such as motors and hoppers, while sensing cable is laid at close range along the
outside of the conveyor belt. The system acquires idler signals along the entire conveyor without blind zones. Variational
mode decomposition (VMD) denoising and time-frequency analysis are used to verify the feasibility of idler fault
detection. Experiments show that in the 100-2000 Hz range, the designed fiber optic microphone improves average sound-
pressure sensitivity by 21 dB re 1 rad/pPa compared with a bare fiber coil. In idler fault tests, both the fiber optic
microphone and cable detect fault signals; the microphone achieves an SNR of 0.71 dB, higher than the 0.01 dB of the
cable. The method combines the long-distance coverage of sensing cable with the high sensitivity of fiber optic
microphones, improving fault detection at key locations while maintaining flexible deployment. It provides a reliable
technical approach for belt conveyor fault detection.

Keywords: ultra-weak FBG distributed acoustic sensing; fiber optic microphone; sound pressure sensitivity; fault
detection; variational mode decomposition

Figure and Table Captions

Fig. 1 System schematic of an uwDAS-based hybrid detection system integrating optical cables and fiber optic
microphones.

Fig. 2 Fiber optic microphone performance test.

Fig. 3 Belt conveyor site and the arrangement of microphones and cable.

Fig. 4 Time-domain waveforms of microphone and cable signals.

Fig. 5 Fourier spectra of sensing cable and microphone signals.

Fig. 6 Comparison before and after VMD denoising.

Fig. 7 Short-time Fourier transform spectrograms of microphone and cable signals.

Fig. 8 Another group of STFT spectrograms for microphone and cable signals.

1. Introduction

A belt conveyor is a friction-driven mechanical system consisting of a drive device, conveyor belt, tensioning device
and idlers. It is widely used for material transport in coal mines, gravel, fertilizer and other scenarios. Idlers support the
belt and are the core components that enable material transport. They are also the most numerous components in the
system and account for about one-third of the total machine weight.

Idlers operate for long periods under high load and dusty conditions and are prone to faults such as jamming and
damage. Such faults may lead to belt deviation, wear and even tearing, causing unplanned shutdowns and safety risks.
Because idlers are numerous and densely distributed, fault detection is challenging. The timing and severity of idler
failures are random, and the probability of failure increases with service time. Efficient, real-time and reliable idler
detection is therefore important for personnel safety and stable industrial operation.

Conventional idler condition detection mainly relies on manual walking inspection, which is inefficient, time-
consuming and labor-intensive, and carries risks of injury and hearing damage. Robot inspection depends on
environmental modeling for localization and path planning, increasing system complexity and deployment cost. Fiber-
optic sensing is passive, supports long-distance transmission, is immune to electromagnetic interference and can be
distributed along the monitored structure. Distributed acoustic sensing has shown value in rail transit, oil and gas pipelines
and power facilities.

Traditional interferometric DAS systems often have low SNR, limited spatial resolution and high cost. Ultra-weak
FBG-based distributed acoustic sensing (uwDAS) provides clear advantages. Because UW-FBGs have extremely low
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reflectivity, they reduce spectral shadowing and greatly improve sensing-network multiplexing, allowing multiple gratings
to be connected on a single fiber and expanding the application range of fiber sensing.

Previous studies have used DAS and distributed fiber-optic sensing to monitor belt conveyor idlers and related
industrial equipment. However, DAS signal quality depends heavily on fiber installation, and vibrations from adjacent
idlers can cause crosstalk. This paper proposes an uwDAS cable-fiber optic microphone system for idler fault detection. In
regions near the discharge port where materials scatter and accumulate and cable installation is difficult, point-type fiber
optic microphones are installed to reduce the risk of cable damage. In areas with less material scattering, uwDAS cable is
laid to realize long-distance, continuous monitoring of conveyor idler conditions.

2. Principle

2.1 uwDAS Cable-Fiber Optic Microphone Sensing System

The hybrid sensing system consists of optical cable, fiber optic microphones, a demodulation module and a computer.
The cable serves as the backbone for signal transmission and distributed baseline sensing. Fiber optic microphones are
fusion-spliced in series with the cable at key regions as local sensitivity-enhanced units. The demodulation module
recovers disturbance information by demodulating the phase of Fizeau interference between reflected lights from adjacent
gratings.

When sound waves act on the fiber, they cause tiny strain and change the optical phase. The uwDAS system
demodulates this phase change to reconstruct key parameters such as sound amplitude and frequency. The computer
collects grating phase data through host software at a sampling rate of 10 kHz. When sound or vibration acts on the cable,
microstrain is induced in the cable, modulating the optical pulse phase and enabling detection of acoustic or vibration
events. Coiling the cable during installation increases the effective sensing length affected by sound or vibration and
enhances the response to weak signals.

The secondary sensitivity-enhanced fiber optic microphone consists of a shell, mandrel and base. A foam sensitivity-
enhancing material with Young's modulus of about 16.5 MPa and Poisson's ratio of about 0.35 is attached to the mandrel
surface, and bend-insensitive fiber is wound on the foam with prestrain to form the sensing core. The mandrel is fixed on
the base, and the base is embedded into the shell to form the microphone.

The mandrel-shell design realizes secondary sensitivity enhancement. First, sound enters through the acoustic holes
and acts on the mandrel, which deforms slightly and strains the wound fiber. Second, the shell reflects part of the sound
wave back to the mandrel. Early reflections act again on the mandrel and increase deformation amplitude, improving
weak-signal response. The rigid mandrel provides structural stability and raises resonance frequency, while the low-
modulus foam generates larger deformation under sound pressure and significantly increases sensitivity.

By combining fiber optic microphones with distributed cable, the system retains long-distance continuous sensing and
adds high-sensitivity detection at key local regions.

2.2 Variational Mode Decomposition

Variational mode decomposition (VMD) is a fully non-recursive and adaptive signal-processing method. It constructs
and solves a variational problem to obtain the optimal center frequency and finite bandwidth of each mode component,
enabling effective signal decomposition. Each mode is assumed to have finite bandwidth around a center frequency, and
the goal is to minimize the sum of estimated bandwidths under the constraint that all modes sum to the original signal.

The Hilbert transform is applied to each mode to obtain analytic signals, and each mode spectrum is shifted to
baseband. The squared gradient norm is calculated to estimate bandwidth. By introducing a Lagrange multiplier and
quadratic penalty term, the constrained variational problem is converted to an unconstrained one. The alternating direction
method of multipliers (ADMM) is then used to iteratively update the mode functions, center frequencies and Lagrange
multiplier until convergence.

Selecting the optimal intrinsic mode function (IMF) is key for reconstruction and denoising. For fiber optic
microphone signals, a composite index combining envelope entropy and envelope spectrum kurtosis is introduced.
Envelope entropy reflects signal sparsity; if an IMF contains more noise and less feature information, its entropy is larger.
Envelope spectrum kurtosis characterizes the prominence of fault-characteristic peaks and is sensitive to impulsive
components. A larger composite index indicates richer fault information and lower noise interference.

For cable signals, kurtosis is used as the primary selection criterion because it is sensitive to transient impact
components and can identify impulsive features from background noise. Since the cable is fixed on the idler frame and is
easily affected by low-frequency vibration, kurtosis helps select the IMF containing impact components and avoids low-
frequency noise interference.
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3. Experiments and Results

3.1 Fiber Optic Microphone Performance Test

The microphone performance test system included an uwDAS demodulator, computer, audio signal generator, sound-
level meter, bare fiber coil, fiber optic microphone, vibration-isolation sponge and sound-absorbing box. The bare fiber
coil served as the control group, and the coil and microphone were different grating points on the same fiber. Both were
placed on a flat sponge and inside the sound-absorbing box to reduce external vibration and echo.

The audio generator produced sine signals from 100 Hz to 2000 Hz in 50 Hz steps. For each frequency, the phase
information demodulated by uwDAS and the sound pressure recorded by the meter were captured. The ratio of phase to
sound pressure was the sound-pressure sensitivity. In the 100-2000 Hz range, the average sound-pressure sensitivities of
the fiber optic microphone and bare fiber coil were -117.6 dB re 1 rad/pPa and -138.6 dB re 1 rad/pPa, respectively. The
microphone improved average sensitivity by 21 dB re 1 rad/pPa.

3.2 Belt Conveyor Fault Detection System

The field experiment was conducted in the industrial park of Yichang Aneng Biomass Thermal Power Co., Ltd., on
the No. 1 and No. 2 material conveyor belts with a total length of 100 m. Fiber optic microphones were installed near the
discharge port where material scattering was severe, and cables were laid in other regions. Both were arranged
longitudinally along the conveyor and fixed to idler brackets with cable ties to form a complete distributed detection
system.

The discharge-port region showed severe material scattering and accumulation. Installing fiber optic microphones
there replaces cable laying and prevents cable damage, while cable is installed in regions less affected by materials. Faulty
idlers usually produce knocking or impact sounds clearly different from normal operation. To obtain fault signals, a steel
pipe was used to lightly jam a normally operating idler and generate abnormal sound, simulating an idler fault condition.

3.3 Idler Fault Signal Processing

Idler fault signals are nonstationary and nonlinear. Short-time Fourier transform depends on a fixed window and
wavelet transform depends on a basis function, both of which limit time-frequency resolution. Empirical mode
decomposition is adaptive but can suffer mode mixing and end effects. VMD is introduced because it adaptively
determines the center frequency and finite bandwidth of each intrinsic mode by solving a variational problem, enabling
robust decomposition of nonstationary and nonlinear signals.

3.3.1 Selection of VMD Mode Number k

The center frequency of each mode is the key to distinguishing modes, so k can be selected by comparing modal
center frequencies. Ideally, the center frequencies should be well separated. If two modes have close center frequencies,
decomposition is poor or over-decomposition has occurred. Stable-operation signals were analyzed after excluding
conveyor startup and shutdown. For microphone signals, k = 4 was selected based on center-frequency separation, Pearson
correlation coefficients and the index of orthogonality. For cable signals, the same selection method indicated k = 5.

3.3.2 Time-Frequency Analysis

Time-domain waveforms of fiber optic microphone and cable signals under normal and faulty idler conditions were
analyzed using stable-operation data from 4 s to 24 s. After normalization, it was difficult to distinguish normal and faulty
conditions in the time domain, so frequency-domain analysis was required.

Fast Fourier transform showed that the cable had larger low-frequency amplitude, while the fiber optic microphone
had lower low-frequency response. This is because the cable is fixed to the idler bracket and is directly affected by low-
frequency bracket vibration. The microphone senses acoustic signals and is less sensitive to bracket vibration due to its
stable mandrel structure and prestrained sensing fiber.

In the frequency spectrum, the cable fault signal showed peaks near 880 Hz and 1100 Hz, while the microphone fault
band was near 1000-1200 Hz. Because the cable and microphone measured different idlers, their fault bands differed.
Since fault signals were mixed with environmental noise, VMD denoising was used. For microphone signals, the IMF
with the largest composite index was selected; for cable signals, the IMF with the largest kurtosis was selected.

After denoising, the fiber optic microphone signal showed more obvious amplitude fluctuation than the cable signal.
The calculated SNR was 0.71 dB for the microphone and 0.01 dB for the cable, indicating that microphone signals after
denoising have a significantly better signal-to-noise ratio and stronger fault detection capability.

Short-time Fourier transform was used for further analysis because FFT lacks time resolution. The low-frequency
energy difference between normal and fault conditions was not obvious, while high-frequency energy differed
significantly. The microphone showed much lower low-frequency energy than the cable, indicating less interference from
low-frequency vibration. After VMD denoising, noise energy in the fault signal was suppressed and the fault frequency

Translated English version - formatting and content follow the source manuscript.



band was retained. The idler fault center frequency was around 1000 Hz. The analysis confirms that the proposed uwDAS
cable-fiber optic microphone system can detect idler faults effectively while combining the distributed advantage of cable
and the local sensitivity enhancement of microphones.

4, Conclusion

This paper proposes an idler fault detection system based on an uwDAS cable-fiber optic microphone combination.
Fiber optic microphones are deployed at critical local nodes, while cable is laid in other regions to realize long-distance
continuous coverage.

First, the microphone structure significantly improves local sound-pressure sensitivity. Laboratory tests show that in
the 100-2000 Hz range, the average sensitivities of the microphone and bare fiber coil are -117.6 dB re 1 rad/pPa and
-138.6 dB re 1 rad/pPa, respectively. The sensitivity enhancement improves the ability to capture weak fault signals and
provides a sensing basis for early fault identification at critical regions.

Second, field tests verify that both uwDAS cable and fiber optic microphones can detect idler fault signals. Analysis
of data from a belt conveyor field site shows that after VMD denoising, both the microphone and cable detect fault signals
effectively, demonstrating system validity and engineering applicability under practical conditions.

Third, the system can flexibly allocate the ratio and position of cable and fiber optic microphones according to
different test scenarios, and has good universality and scalability. The validated field conditions and fault types are still
limited, and fault-feature extraction and recognition methods require further optimization.

Translated Tables
Table 1. Center frequencies for different k values

k Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
2 50.8 682.2
3 69.7 565.6 694.3
4 69.5 565.5 694.3 3440.1
5 63.9 553.2 683.2 1005.9 3453.4
6 63.8 553.2 683.2 1005.8 3447.1 4267.5

Table 2. Correlation coefficients between each mode and the original signal

k IMF1 IMF2 IMF3 IMF4 IMF5 IMF6
2 0.653 0.806

3 0.439 0.664 0.729

4 0.438 0.664 0.729 0.060

5 0.430 0.630 0.773 0.0140 0.0003

6 0.430 0.630 0.773 0.2940 0.0510 0.0002

Table 3. Index of orthogonality values under different k values

k 2 3 4 5 6
10 0.1020 0.0888 0.0877 0.0994 0.1030
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Fig. 1 System schematic of an uwDAS-based hybrid detection system integrating optical cables and FOMs.(1) shell; (2) Mandrel; (3) Base.

22 TBRRE DR

THREIER0IZ—FT IR « BENMNESRESE » 275 EBRENE « RBTHEENRNE - RS MESHENREROIT
KMERHE » KIMESHERDE - BHRBIMENT ¢

(1) RS MESBMEEFPLRRNBIREE - M AN FHOTMESRE - SR MESHETHREZNR) » ROREFHFNED
BEZNEFRES -

(2) WMEMESREHATHRASEIR  [RBINES -
Heh s afkhR g - ARKEESES SER  FESIE AT ZIER 25500 - Bl
HAAROSRERE S FE EREER - AE N IEESREHBIFOSRE o

(3) HEULESHBENTHEEY  BHEESHESHERZN » RARIIRINRNED BERRMT :

KPABEDFENESNH > RAPBERND IMF 52 > RS IMF 220050 » HEFMBSELMER ; HETUEHR ; ARRK
S RRAFMERESHNEM -

SREEZ S3IEERY » 5| A Lagrange FEEHEFH ZXETII » HLIREDRIAELCRIFLRE AN - SEIFES Lagrange RIXHH

H X F5 AKF (alternate direction method of multipliers, ADMM)i#—S RT3 AIRR » Wi EATEH ~ M > FEIG HAREHRA 8%
B RBARESRENRME » IRTERRE - IMEAIEEF > AFEHE - 1§ ~ BISE » AlE8 TR B REEN -

MG FEIUEL » MTIEFFIATAE VMD 99 BIRSE » AERSREMINE LT UAEERSUE R MLSRIRTRE o 5 > FTEEANRE
RIESHENIRR °

I AR S B R 1 die MEIRGR , KL RIBARRRISRG R % , [ S, P OSRR EH A RES s FIBWE.O , RGO 5 X E TR e
BEMLR - RIGHRBEETF -

He « 9300 ~ FMIEEH IS ; HRERK - MNRESHHE IMF F > 8 IMF D ERRRP OISR RMET > EERHEERELER
% > WX B)FF=

HAhlSiEE - RN RBHAESREGEN TIRFHSEE T L VMD D ERRFEINE MESHRER I

NI VMD SR VSS9 8 FIEEVR L IMF R EMFRIRIXE—D o AR RRES VMD EH IMF D E2RTEEFN » 51 A [211%
AR EKHENEKEEERESNESER > HEARA

BRBEARFBESHRRIHYE > 4 IMF FIRERS » HEERRVN » NEREERK > k2 » WERHEER/22] - ARIEFAGESK
ERHIERF SRR EREE » MIMEEBERTEAEESHNTRE » SIASKIEEERT - EAMRER3MFEIEES I A BKEIITIESR
B> FIAEFPEH MR S H BRI IGR SR HEM AN - X IMF B 3MEEESTIPEESES - IHEEMEA » RZN#/ - 3
AZRRNEIEREFEES » FRESIEMEBHEHRMAN IMF - E51EIREX » RIDIZ IMF S 2FEEMNEEEEHFEE > ANZ
RS FHL o

FFHLEES VMD SRH IMF 3 E289EEMN > REBUEEISIRMENZOFITRYE - XZRAIEE24]3E S FRBESH TR S+ 28R
BEB B MM S ERRENES PRI HES P EHEREETHE RS H o AEEEETRAFEL - SREMRTIU > IHEEERE
A EhE RS BY IMF » BERRRSUIEE T o HEQWT ©

XA ABARES ; ASE ; ARFESHKE | BIREE

3. ERS4ER

3.1 NEFERMERENR

Translated English version - formatting and content follow the source manuscript.



HAZTXIMERENIR RSB 2(2)FF7T » E4E uwDAS FRIAIRE BN - SIS S AL « BEI - B4 - AFERX - BEEENRS
7o HAp » BARARAZZXRIMEBE » ZFRN—IRMT EHNREM SR o 7N » FRAFMAAZ R NRIEFIENREESL
—EBRARSE AT > LUBVIINURSHFRIZT T o BERNLTS uwDAS RIEIREIERE > uwDAS RIS EZ BN BRI E
S o BRI EIMES AERS  TERENERES » HEFEAAZRNFEEAS » EEHRBESHAZRNESEEENMT
BATFIERAEE - BMES A%E2E R 100~2000 Hz SAZRSEEINMIEXES > M50 Hz AFK » SFHEREMAZRT uwDAS ##iE L AAE L
= BRI A EIHHVEE » AL S B EMNELERAIZAE THEERSE - BRI ZRXNEETSERMERNT LR > W
B 2(b)Fi7R ° 7E 100~2000 Hz SMEESEEIA AT ZE = NIRRT IE ERBE 5 5179-117.6 dB re 1 rad/uPa #1-138.6 dB re 1 rad/uPa » ¢
ALZRNBRTF R » FHUEERHEIRS T 21 dB re 1 rad/uPa ©

2 NEFZRFNMERENR (e = e KSR BEMNTRE 5 (b))eeFE e MR IF RIS RN N fh £

Fig. 2 FOMs performance testing. (a) Schematic diagram of the frequency response test device structure for the FOMs; (b) Frequency response curves of
the FOMs and the bare fiber coil
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Fig. 3 The layout of the belt conveyor site and the arrangement of FOMs and optical cables (a) Host computer of the uwDAS system; (b) No. 1 and No. 2
material-conveying belt conveyors; (c) Installed optical cables ; (d) Deployed FOMs
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Fig. 4 Time domain waveforms of the FOMs and optical cables signals (a) FOMs-idler under normal condition; (b) FOMs-idler fault; (c) optical cables-
idler under normal condition; (d) optical cables-idler fault.
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Fig. 5 Fourier Transform Spectra of Sensing Cable and FOM Signals for Idlers: (a) Normal; (b) Faulty.
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Fig. 6 Comparison of idler fault signals before and after VMD denoising: (a) FOMs; (b) Optical cables
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Fig. 7 Short-time Fourier transform spectrograms of the FOMs and the optical cables. (a) idler under normal condition measured by the FOMs; (b) idler

fault measured by the FOMs; (c) FOMs fault signal after VMD based denoising; (d) idler under normal condition measured by the optical cables; (e)
idler fault measured by the optical cables; (f) optical cables fault signal after VMD based denoising.
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Fig. 8 another Short-time Fourier transform spectrograms of the FOMs and the optical cables. (a) idler under normal condition measured by the FOMs;
(b) idler fault measured by the FOMs; (c¢) FOMs fault signal after VMD based denoising; (d) idler under normal condition measured by the optical
cables; (e) idler fault measured by the optical cables; (f) optical cables fault signal after VMD based denoising.
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Retained Figures and Visual Materials
The original figures, screenshots, diagrams and experimental plots from the source manuscript are retained below in their
original order for layout continuity. Captions in the translated body follow the source numbering where available.
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