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Featured Application: This work can be applied to the industrial field where DAS has been de-

ployed, but the measurement requirements are changeable. It provides a simple and fast way to 

achieve high-sensitivity acoustic detection through DAS.  

Abstract: Fiber distributed optical fiber acoustic sensor (DAS) is generally used in distributed long-

distance acoustic/vibration measurement. We found that DAS with excellent performance of low 

self-noise and anti-fading in combination with the plastic structure in daily life as an acoustic trans-

ducer can achieve high-sensitivity acoustic measurement at a single point rather than designing a 

state-of-the-art acoustic transducer or using special enhanced scattering fiber. The simple acoustic 

transducer we proposed for DAS can reach the sensitivity level of -106.5dB re. 1rad/μPa at a sensing 

range of 5.1 km, which can meet many demands on the industrial site. 

Keywords: optical fiber; distributed acoustic sensing; phase-sensitive OTDR (optical time domain 

reflectometry) 

 

1. Introduction 

Fiber distributed acoustic sensor (DAS) based on Rayleigh scattering employs low-

cost, existing common single-mode fiber (SMF) to achieve quantitative acoustic measure-

ment of long distance, high spatial resolution, and high sensitivity[1][2]. These advantages 

make DAS widely used in fields such as third-party interference (TPI) and leakage detec-

tion of pipelines[1][3], seismic [4][5], perimeter safety[6][7], traffic flow[8][9], etc. 

Among DAS based on Rayleigh scattering, phase-sensitive OTDR optical time do-

main reflectometry (φOTDR), which can quantitatively measure the phase of Rayleigh 

scattering, has achieved commercial success because it not only has the common ad-

vantages of DAS but also is relatively low-cost[10][11]. However, due to the ultra-low 

Rayleigh scattering intensity, the acoustic sensitivity of φOTDR is hard to be im-

proved[12]. For example, the sensitivity of the φOTDR used in seismic is still far lower 

than that of the traditional geophone[1]. Recently, more work turned to increase the dis-

tributed backscattering throughout the fiber, substantially improving the sensitivity and 

significantly suppressing the fading [2][13]. But it is still a great challenge for DAS to de-

tect ultra-weak sounds like airborne sounds. The main reason is that the sound pressure 

coefficient of the optical fiber is minimal, which is too hard to quantify such a small phase 

change even using the state-of-the-art DAS[14]. The main idea to solve this problem is to 

design a sound pressure transducer with exquisite structure[15][13]. Although the effect 

of these transducers has been proved to be excellent, special customized mechanical de-

signs are required[15]. When there is an urgent need for high-sensitivity acoustic meas-

urement on the industrial site, there is no time to customize special transducers and order 

special enhanced scattering optical fiber (uncommon in daily life). Suppose we can trans-

form ordinary objects in life into the acoustic transducer. In that case, we can quickly meet 

such urgent measurement needs, which could significantly improve the flexibility of the 

deployment of DAS.  
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In this work, we obtain a DAS with low-self noise and anti-fading performance 

through multi-frequency probe and polarization diversity receiver (PDR) to reduce the 

dependence on special optical fibers and a well-designed transducer, making the system 

more versatile. Then we connect the DAS to SMF and obtain an ultra-simple sound wave 

transducer with a good performance by manually winding the SMF to an ordinary plastic 

bottle. This way, we can quickly and flexibly switch the measurement methods on site 

and realize simultaneous distributed and point acoustic measurements. 

2. Principle and experiment setup 

The multi-frequency probes and PDR scheme has been proven effective in suppress-

ing fading of φOTDR[12][16]. This paper adopts LFM-φOTDR with multi-frequency 

probe and PDR as the DAS, whose system structure is shown in Fig. 1.  

 

Figure 1. The DAS system based on multi-frequency and PDR receiver. 

The light emitted by a narrow linewidth laser (NLL) with a low phase noise first 

passes through a polarization maintaining (PM) coupler. An acousto-optic modulator 

modulates 90% of the light to generate probe light. 10% of the light as a local oscillator 

signal can be expressed as: 

��(�) = ��� exp(����) (1) 

��  is the power of the local light. One wideband AWG generates LFM pulses, whose 

sweep range of two adjacent interrogation periods is 150M~200M (n=1) and 200M~250M 

(n=2), respectively,  

��(�) = � �
�

��

� exp ��2���,�� + ����� (2) 

where ��,� represents the initial frequency of the nth LFM pulse, and κ Represents the 

chirp rate. LFM pulse of these two frequencies (pulse width �� 2μs) is amplified by the 

power amplifier to drive the acoustic-optic modulator AOM to generate multi-frequency 

LFM pulse light. We use pulse EDFA to amplify the multi-frequency LFM pulse light to 

increase the power entering the optical fiber. Here, we need to avoid nonlinear effects, 

such as modulation instability [], caused by the system with excessive power injected into 

the fiber. The light field of the probe light entering the optical fiber can be expressed as: 

��,�(�) = ���� �
�

��

� exp ����� + 2���,�� + ����� (3) 

When the probe light is injected into the fiber to be tested, Rayleigh scattered light 

returns to the receiver through port two and port three of the circulator in turn. The re-

turned Rayleigh backscattered light field can be expressed as 
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where � is the total number of scattering points in the fiber, �� is the electric field inten-

sity of the scattered light at each scattering point, ��  is the time delay of Rayleigh 

backscattered light generated at a certain position � on the optical fiber returning to the 

receiver. PDR is used to reduce polarization fading. The local oscillator and Rayleigh scat-

tered light are mixed in the PDR, and then the Rayleigh scattered light of two polarization 

states is detected by two balanced detectors with a bandwidth of 350M, where the detected 

x-polarization signal can be expressed as 

��,�(�) ∝ �{���(�) ⋅ ��
∗(�)}

= �  

�

���

��� �
� − ��

��

� sin�2���,�(� − ��) + ��(� − ��)
� − �����                     (5) 

where * is the complex conjugate sign, and � is the amplitude of Rayleigh backscattered 

light converted into electrical signal by BPD. Then �(�) is converted to digital signal by 

two 250M A/D converters and demodulated in real-time by high-speed FPGA. We use 

Hilbert transform to change the real signal �(�) into the complex signal, which can be ex-

pressed as follows in the x polarization: 

��,�(�) = �  
�

�

�(�)� �
� − �

��

� exp���2���,�(� − �) + ��(� − �)� − �������

= ℎ(�) ⊗ ��(�)

(6) 

where T is the total round-trip time in the optical fiber, ℎ(�) is defined as the impact re-

sponse of the fiber under test (FUT). We generate the Matching filter ��
∗(−t) on FPGA, 

and convoluted with ��,�(�) to obtain Rayleigh scattering signal in x polarization direc-

tion after pulse compression 

��,�(�) = ℎ(�) ⊗ ��(�) ⊗ ��
∗(−t) (7) 

At last, we get four complex vectors ��,�(�), ��,�(�)，��,�(�)，��,�(�). The relative rela-

tionship of these four complex vectors in time is shown in Fig. 2.  

 

Figure 2. The space and time relationship of ��,�(�), ��,�(�)，��,�(�)，��,�(�). 

��,�(�) ��,�(�) is 0.04ms later than ��,�(�), ��,�(�), we first delay the ��,�(�), ��,�(�) by 0.04 ms, and 

then use the rotated vector sum method (RVSM) to synthesize the four complex vectors. Since the 

randomness of Rayleigh scattering intensity is related to the polarization and frequency of the de-

tection light, the four signals can play a significant anti-fading effect by RVSM. Therefore, within 

0.08ms, one complex vector signal is obtained by RVSM, so the interrogation frequency of the sys-

tem is 12.5kHz, which can respond to acoustic signals with a frequency less than 6.25kHz, covering 

ordinary acoustic frequencies such as mechanical vibration and voice. The complex vector signal is 

transmitted to the upper computer through the PCIe x4 bus for spatial difference and unwinding 

operations. Finally, the acoustic signal of the entire optical fiber is demodulated in real-time. 

3. Results 

3.1. Anti-fading effect of the DAS 

The route of the FUT is: 5.1km bare SMF reel - 20m SMF wound on PZT - 100m 

jumper - self-made microphone with 20m fiber – 0.8km bare optical fiber reel. We applied 
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a signal with a frequency of 400 Hz to the PZT and recorded the 480 meters signal around 

the PZT when using the different number of polarization and frequency, as shown in Fig. 

3, We can see that the four signals of the time-differential phase of “1-polarization-1-fre-

quency” have many fading points(Fig. 3 (a)(b)(c)(d)), and phase(Fig. 3(f)) and its time dif-

ferential phase (Fig. 3(e)) synthesized by “2-polarization-2-frequency” almost have no fad-

ing point, which means that the system can recover and output high-quality acoustic sig-

nals consistently.  

 

Figure 3. The time differential phase waterfall demodulated by (a)1st frequency of X polarization; 

(b)2nd frequency of X polarization; (c)1st frequency of Y polarization; (d)2nd frequency of Y polariza-

tion; the time differential phase (e) and phase (f) waterfall synthesized by a “2-polarization-2-fre-

quency”. 

3.2. Fabricate of microphone  

When we talk close to the plastic bottle, if we hold the plastic bottle, we will feel no-

ticeable vibration, which inspires us if the fiber is wound onto the plastic bottle, the phase 

change of Rayleigh scattering will be much larger due to the increase of strained fiber 

length. When the system has good anti-fading performance, we chose an ordinary empty 

plastic drink bottle with a diameter of ~6.5 cm and a total length of ~23 cm was used as 

the acoustic transducer structure. We wound the 20m fiber in the regular and shallow 

groove on the bottle. The fiber was wound slightly tight to obtain an initial strain. Finally, 

we use high-temperature tape to fix the fiber on the bottle. The handmade microphone is 

shown in Fig. 4. We put a Sound level meter (SLM) together with the microphone to meas-

ure the sound level of the speaker. To match the fiber length on the microphone, the gauge 

length of DAS in this experiment is set to 22.4m, a little longer than the length of the fiber 

wound onto the microphone (20m). 
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Figure 4. Handmade microphone (up) and Sound level meter SLM (down). 

3.3. The performance of DAS and handmade microphone  

To test the performance of this handmade microphone, we placed a speaker at 50cm 

from the microphone and then let the speaker generate sound waves with a frequency of 

500Hz and a decibel of 84dB (tested by the SLM near the microphone). At the same time, 

we applied a 200Hz 3V drive signal to the PZT. The waterfall signals of 6km fiber collected 

by the DAS system are shown in Fig. 5. 

 

Figure 5. The phase waterfall of (a)6km fiber and (b)near PZT and microphone. 

We indexed the phase at the PZT and handmade microphone positions, respectively, 

as shown in Fig. 5(a)(b). It should be noted that since the PZT and the microphone are not 

placed in a vibration isolation room, there will be some environmental interference, espe-

cially the low-frequency sound mixed in the acquired signal. We can roughly estimate 

that the background noise of the system (from Fig. 6(c) (d)) is − 60�� ����/��, a mini-

mum detectable strain of ~10 pε/√Hz. The phase change generated by the handmade mi-

crophone was ~1.5 rad. Considering the SPL of 84 dB, the measured sensitivity is -106.5 

dB re.1rad/μPa. 
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Figure 6. phase at the positions of (a)PZT and (b)handmade microphone. PSD of phase at the posi-

tions of (c)PZT and (d)handmade microphone. 

Then we test the microphone's normalized frequency response by tuning the speak-

er's frequency from 200Hz to 1000Hz in step of 50Hz (at a fixed volume), as shown in Fig. 

7. The largest response frequency is around ~450Hz, which may be related to the fact that 

the material of the microphone is plastic, whose elastic modulus is relatively large. There-

fore, the handmade microphone is more suitable for detecting low-frequency mechanical 

vibration. If the frequency band of the detected sound is higher, the material with a small 

elastic modulus should be selected. 

 

Figure 7. Normalization frequency response of the handmade microphone. 

3.4. The simulation sound of valve acquisition by the handmade microphone  

To simulate the ability of the handmade microphone to deploy in the industrial field, 

we played two mechanical audio files of an open dataset [17] for malfunctioning industrial 

machine investigation and inspection (MIMII dataset). The sound file we played was gen-

erated by valves. The first part of the sound file we played was generated by the normal 

valves and the second part was abnormal. The signal recorded by our microphone is pro-

cessed by a high pass filter (the stop edge frequency is 80Hz, the pass edge frequency is 

100Hz) to remove most of the DC noise generated by temperature or low-frequency vi-

bration. The recorded signal of the valve can be seen in Fig. 8 and downloaded in Supple-

ment 1. The rhythmic working sound of the valve and the background noise can be clearly 

heard.  
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Figure 8. The recovered simulated valve sound by the handmade microphone. 

4. Discussion and Conclusions  

This paper presents a DAS with a hybrid distributed/point topology: most fiber is 

straight to complete distributed measurement, but at the same time, to improve the sensi-

tivity of some points, fibers can be wound onto transducers that can improve acoustic 

wave reception. We have proved through experiments that transducers are not must over-

meticulously designed and machined if the performance of DAS is good enough and the 

conditions are limited. We can wind fiber onto common objects (such as plastic bottles) 

around us, and then we can achieve high-sensitive acoustic measurements quickly. The 

fabrication of this microphone is simple: it only takes 20 minutes to wind a 20-meter-long 

optical fiber onto a drink plastic bottle.  

In the industrial field, the measurement requirements may be urgent, so it is neces-

sary to realize this flexible topology simply. For example, since the vibration wave gener-

ated by the TPI has a large scope of action, the fiber parallel to the power cable is used to 

detect TPI events distributedly. Because the power cable accessories are more prone to 

insulation failure, we can install simple microphones at the cable accessories, which can 

significantly improve the acoustic sensitivity at this position so that it has better partial 

discharge detection capability. We believe that the simultaneous distributed and point 

acoustic measurement in a handy and cost-efficient way will benefit the DAS application 

in industries. 
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