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Abstract: To address insufficient acoustic sensitivity and significant mid-to-high frequency attenuation in DAS optical
cables, a distributed acoustic sensing cable with an externally stranded sensing unit is proposed. Acoustic-field
propagation in a four-layer solid-gas composite medium is analyzed, and an acoustic pressure transfer model is
established. Finite-element simulation is used to study the effects of sheath Young's modulus and air layer on acoustic
response. Stranded and spiral-armored cables based on UW-FBG arrays with 5 m spacing are fabricated, their frequency
characteristics are tested, and pipeline leakage monitoring experiments are performed. Results show that the average
acoustic pressure sensitivity of the stranded cable is more than 10 dB re 1 rad/pPa higher than that of the spiral-armored
cable, with smaller mid-to-high frequency attenuation. Reducing the Young's modulus of the outer sheath enhances
acoustic-field coupling and improves cable acoustic sensitivity, providing guidance for optimized design of acoustic
sensing cables.
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Figure and Table Captions
Fig. 1 Acoustic-field propagation model of the four-layer medium.

Fig. 2 Relationship between sound-intensity transmission coefficient and E3.

Fig. 3 Simulation models of the stranded and spiral-armored cables.

Fig. 4 Acoustic pressure cloud map and stress distribution of the stranded cable.

Fig. 5 Acoustic pressure cloud map and stress distribution of the spiral-armored cable.

Fig. 6 Relationship between fiber-core stress and sheath modulus and frequency response of the core.
Fig. 7 Test system.

Fig. 8 Frequency response characteristics of the two cables.

Fig. 9 Pipeline leakage field experiment.

Fig. 10 Power spectral density of cable signals.

1. Introduction

Distributed acoustic sensing (DAS) has high sensitivity, resistance to high temperature and pressure, corrosion
resistance and immunity to electromagnetic interference. It has broad application prospects in pipeline leakage monitoring
and acoustic-fingerprint fault diagnosis. As the key sensing unit of a DAS system, the acoustic response characteristics of
the sensing cable strongly determine overall system performance, and targeted structural optimization of the cable has
become an important direction for improving DAS.

Bare DAS fiber has high sensitivity and fidelity but low strength and poor robustness. Cabling and armored structures
significantly improve survival and engineering adaptability in complex environments, but the added mechanical
constraints weaken fiber response to external vibration. Prior studies have shown large differences in sensitivity among
cable structures, indicating that mechanical design can greatly improve sensor sensitivity and stability.

Helically wound fiber-optic cables can respond sensitively to signals from multiple directions because the fiber is
wound helically. However, water and air differ greatly in density and elastic modulus, and their acoustic impedances differ
by more than three orders of magnitude. At an air-cable interface, reflection loss is far greater than coupling loss in water.
In addition, high-density helical winding introduces optical power loss and involves complex manufacturing, limiting
adaptability for long-distance pipeline leak monitoring and belt-conveyor fault monitoring.

This paper proposes a distributed acoustic sensing cable in which the sensing unit adopts an external stranded
structure. The acoustic propagation characteristics of a cylindrical multilayer cable are analyzed, a gas-solid-gas/solid-
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solid coupled four-layer acoustic-pressure transfer model is established, COMSOL simulation is used to examine key
factors affecting acoustic-pressure transfer efficiency, and corresponding DAS cables are fabricated and tested.

2. Basic Principles

2.1 Acoustic Propagation Theory of Multilayer DAS Cables

The four-layer acoustic-field propagation model of a DAS cable consists of external air, the outer cable sheath, the
inner sheath/filling layer and the fiber core. The boundaries between layers are considered ideal acoustic interfaces. A
plane harmonic wave generated by an external sound source is assumed to impinge perpendicularly on the cable surface
and then pass through the layers to reach the fiber core. Due to characteristic acoustic-impedance mismatch, sound waves
are both reflected and transmitted at each interface; this paper focuses on the transmission process toward the fiber.

Each layer is described by density, sound velocity and characteristic acoustic impedance. Solid layers such as the
sheath and fiber core are treated as isotropic elastic media in which sound propagates as longitudinal waves. The Young's
modulus and density of the cable materials directly determine impedance matching at the interfaces.

Using continuity of sound pressure and particle velocity, the transfer matrix method is used to establish relationships
among acoustic fields in the layers. The pressure transmitted into the fiber core is taken as the evaluation indicator for
cable acoustic response performance. For a spiral-armored cable, the third layer is air, which acts as an acoustic isolation
layer. In a stranded cable, the third layer is a solid inner sheath. Because the modulus of the solid inner layer is far greater
than that of air, the inhibitory effect of a high-modulus outer sheath on sound transmission is alleviated, improving the
acoustic pressure reaching the fiber.

2.2 Simulation Modeling

COMSOL was used to establish three-dimensional acoustic-solid coupled finite-element models of stranded and
spiral-armored cables. The stranded cable consists internally of tight-buffered fiber and multiple filling units stranded
together to form a compact composite structure, with FRP in the center and good contact among subunits and the outer
sheath. The spiral-armored cable contains a sensing fiber loosely located inside the outer sheath, with a relatively thick air
layer around it.

Material parameters were assigned based on the actual cable materials, including silica fiber core, FRP and
polyethylene sheath. A plane-wave acoustic excitation with an incident pressure amplitude of 0.5 Pa was applied radially
to the cable surface. Simulation showed that the equivalent stress amplitude at the fiber core of the stranded cable reached
about 18.6 N/m2. In contrast, the air layer in the spiral-armored cable caused rapid attenuation of the sound field inside the
cable, and the core stress was only about 0.4 N/mz2.

The results show that cable structure has a decisive influence on acoustic coupling and transfer efficiency, directly
limiting the stress response at the fiber core. Under the same external acoustic excitation, a continuous internal solid
medium transfers acoustic energy more efficiently.

Simulation of the stranded cable showed that as the Young's modulus of the outer sheath increases, the maximum
stress at the fiber core decays exponentially because high modulus causes acoustic-impedance mismatch and reflects
incident energy. Increasing the modulus of the inner sheath creates a stiffer acoustic transfer channel, suppresses
secondary attenuation inside the cable and helps maintain acoustic coupling efficiency. The natural frequency also shifts
from around 1300 Hz to 2400 Hz as sheath modulus increases, indicating that the sensitive frequency band can be
designed for specific acoustic monitoring scenarios.

3. Cable Fabrication and Testing

3.1 Cable Fabrication

Considering the high-frequency response of the cable, a 1.0 mm diameter FRP was selected as the strength member of
the stranded cable. A thermoplastic polyurethane (TPU) sensitivity-enhancing layer was extruded around the FRP,
increasing its outer diameter to 2.5 mm. Six 0.9 mm filling units were stranded around the FRP center; one unit contained
the UW-FBG sensing fiber, and the remaining units provided structural filling and mechanical support. The UW-FBG
array had a center wavelength of 1550.12 nm, spectral width greater than 22 nm and grating spacing of 5 m.

The fiber stranding density was optimized according to intrinsic attenuation to balance acoustic response and
transmission performance. An outer thermoplastic elastomer (TPE) protective layer was extruded as the sheath. By
introducing TPU and TPE as acoustic coupling media, the structure effectively improves transmission of external sound
waves to the fiber core. While meeting tensile and engineering installation requirements, the cable can be directly attached
to pipes, belt conveyors and other equipment.
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3.2 Acoustic Characteristics Test

To verify the acoustic response differences of cable structures, the frequency-response characteristics of the stranded
and spiral-armored cables were compared. The test system included a DAS demodulation module, host computer,
dedicated speaker and sound-level meter. Each cable was about 25 m long and was coiled inside a sound-absorbing box to
reduce environmental echo and reflection. A computer-controlled audio generator output constant-amplitude sinusoidal
sweep signals, which impinged perpendicularly on the cable surface. The DAS system demodulated and recorded fiber
phase response, while the sound-level meter recorded incident sound pressure at the cable position.

The stranded cable showed higher acoustic pressure sensitivity throughout the test band, with slower attenuation at
high frequencies and clear resonance enhancement at several frequencies. Sensitivity was about -112 dB re 1 rad/pPa at
1200 Hz, about -120 dB re 1 rad/pPa at 2400 Hz and again about -112 dB re 1 rad/pPa near 4000 Hz. The spiral-armored
cable, because its third layer is air, showed slightly higher response only at a few resonance points and was generally at
least 10 dB re 1 rad/pPa lower in other frequency ranges, with rapid attenuation above 2000 Hz.

3.3 Pipeline Leakage Monitoring Experiment

An outdoor test system was built to further evaluate the practical performance of the two cables in gas-pipeline
leakage monitoring. The stranded and spiral-armored cables were fixed about 1 m from the gas pipe, and a leakage valve
was adjusted to simulate the leak source. To eliminate instrument differences, the two cables were fusion-spliced in series
and connected to the same DAS demodulator.

Welch power spectral density estimation was used to analyze the acquired time-domain signals and improve spectral
stability. Under the same leakage-source excitation, the PSD of the stranded cable was generally higher than that of the
spiral-armored cable in the main leakage-frequency band, demonstrating stronger acoustic response and higher sensitivity.
The results confirm that cable structure strongly affects the coupling path from external sound source to cable structure
and finally to the fiber core.

4. Conclusion

This paper proposes and verifies a UW-FBG DAS cable based on a stranded structure and applies it to pipeline
leakage sound-field monitoring. A four-layer cylindrical acoustic-transfer model was established. Simulation shows that
the acoustic sensitivity of the stranded cable is generally better than that of a spiral-armored cable and attenuates more
slowly as frequency increases. Reducing the Young's modulus of the outer sheath can significantly improve acoustic
monitoring sensitivity.

Stranded and spiral-armored cables were fabricated and tested. Experimental results verified that the stranded cable
improves sensitivity by about 10 dB re 1 rad/pPa compared with the spiral-armored cable. The stranded cable balances
high sensitivity and engineering economy, and its acoustic coupling advantage in air makes it suitable for pipeline leakage
and other acoustic monitoring applications.
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