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ABSTRACT 

The technologies of two-dimensional sound source localization based on 

diaphragm extrinsic Fabry-Perot interferometer (EFPI) fiber microphone array 

have been studied in this paper. The fiber microphone array consists of three 

EFPI. Self-calibrated intensity demodulation technology with simple structure 

and low cost is adopted to demodulate the sound signals. Using effective sound 

signal extraction technology to find the starting point and end point of sound 

signal, combining with time differences of arrival (TDOA) positioning 

technology, high-precision sound source location is successfully realized. The 

average positioning error of this system is no larger than 4.82%. The system 

has the advantages of low cost, high practicability and wide application 

scenarios. 

1. Introduction 

Fiber optical sensor has the characteristics of passive 

detection end, anti-electromagnetic interference, low loss, 

corrosion resistance and long distance [1]. Because it is free 

from electromagnetic interference and various new optical 

fiber materials (such as sapphire fiber and plastic fiber) 

appear, the optical fiber acoustic sensor is safe and reliable, 

and it can be used in high temperature, high pressure, strong 

radiation, strong electromagnetism and other environments 

where traditional electroacoustic sensors are difficult to 

work normally. Therefore, optical fiber acoustic sensors 

have received extensive attentions and applications in the 

field of national defense and security [2], oilfield monitoring 

[3], medical diagnosis [4], remote monitoring of gas micro-

leakage [5], etc.. Comparing with other optical fiber acoustic 

sensors, the F-P sensors have obvious advantages in 

sensitivity, dynamic range and miniaturization [6]. 

Because the traditional electroacoustic sensors can't work 

in the harsh environment such as liquid nitrogen [7], the 

sound source localization technology based on optical fiber 

acoustic sensor has attracted extensive research interest in 

recent years [8-12]. In [8], three Fabry-Perot sensors are used 

to achieve a positioning accuracy of 3.55cm in the spatial 

range of 60cm×60cm. In [9], four Fabry-Perot sensors are 

used to achieve a positioning accuracy of 2.42cm in the 

spatial range of 30cm×30cm. In [10], in order to achieve 3D 

sound source localization, four Fabry Perot sensors array are 

used. The positioning accuracy of 3.45cm is realized in the 

spatial range of 100cm×100cm×100cm. In [11], five 

sensitive units used in phase-sensitive optical time domain 

reflectometry (φ-OTDR) to achieve a positioning accuracy 

of 3.4358cm in the spatial range of 50cm×40cm×30cm. Up 

to now, most multi-point optical fiber acoustic detection 

systems are based on fiber Bragg gating (FBG) sensor array 

[10], because they have multiplexing characteristics in 

wavelength domain. However FBG sensors cannot achieve 

high-frequency measurement and have problems such as 

complex demodulation, high demodulation cost and low 

sensitivity. Optical fiber EFPI acoustic sensor combining 

with high performance and flexible multipoint demodulation 

is more suitable for sound source location because of its 

advantages of probe structure, high sensitivity, simple 



structure and low cost. 

Intensity demodulation is one of the most widely used 

demodulation techniques for EFPI acoustic sensors [11], but 

it requires high quality of light source, high cost and low 

practicability. Phase demodulation schemes such as Phase 

Generated Carrier (PGC) demodulation have larger dynamic 

range and better stability, but it’s demodulation method 

usually needs piezoelectric ceramic transducer (PZT) to 

generate phase carrier, which will make the system bulky. 

Furthermore, the mechanical properties of PZT will lead to 

a limited frequency response range [12]. However, self-

calibrated intensity demodulation only needs broadband 

light source to demodulate signals [13], which has the 

characteristics of low cost, strong practicability and wide 

application scenarios.  

In this paper, self-calibrated intensity demodulation 

system is adopted to test the performance of fiber 

microphone. Experimental results demonstrated that the 

system has good performance in stability, sensitivity and 

dynamic range. Moreover, we establish an optical fiber 

localization system based on cross-correlation algorithm and 

realize the sound source localization in two-dimensional 

plane by only using three optical microphones. The 

positioning system has the characteristics of simple structure, 

high positioning accuracy and low cost. 

2. Fabrication process and positioning principle of 

optical fiber microphone 

2.1. Fabrication and performance test of optical fiber 

microphone 

The manufacturing process of EFPI fiber microphone is 

shown in Fig.1. First, as shown in Fig.1 (a), the ferrule is 

bonded to one end of a glass sleeve with an inner diameter 

of 3mm with ultraviolet glue, and then irradiated and cured 

under ultraviolet light; Secondly, as shown in Fig.1 (b), 

adhere the manufactured Graphene Oxide(GO) diaphragm to 

the other end of the glass tube. 

The process of fabricating GO diaphragm is similar to the 

method in [14]. The manufacturing process of GO 

diaphragm in this paper is shown as follows: 

(1) Put the GO solution with the concentration of 

200mg/L into the ultrasonic cleaner and shake it for 4-5 

times, 20 minutes each time, with an interval of 10 minutes 

each time. This step is to make the GO solution more 

uniform, so that the prepared GO film is more stable and not 

easy to disperse;  

(2) Use the rubber head dropper cleaned with deionized 

water to draw an appropriate amount of prepared GO 

solution and drop it on the surface of 1×1cm square copper 

foil with a thickness of 0.05mm, let it dry naturally at room 

temperature;  

(3) After the water evaporates, a circle of light colored GO 

film will be formed on the copper foil. Cut the copper foil 

into a square of appropriate size and place it in the corrosion 

solution prepared by environmental protection etchant. After 

the copper foil is completely corroded, the GO film will 

suspend above the liquid level. Finally, use glass to transfer 

the prepared GO film to deionized water for cleaning. 

So far, the whole preparation process of GO film is over.  

The thinner the GO diaphragm, the higher the sensitivity 

of the fabricated sensor. 
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Fig.1. Fabrication of EFPI fiber optic microphone. 

Then, as shown in Fig.1 (c), the optical fiber (SMF) is 

inserted into the ceramic ferrule, the distance between the 

fiber end face and the GO diaphragm is controlled by three-

dimensional moving stage to form a microcavity structure. 

At the same time, the system shown in Fig.2 can be used to 

calibrate the initial cavity length. 
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Fig. 2. Cavity length calibration system of EFPI acoustic sensor. 

In the process of moving the three-dimensional moving 

stage, with the change of cavity length, the spectrum 

observed on the spectrometer also changes. It can be 

considered that the initial cavity length of the optical fiber 

microphone has been found when the fringe contrast of the 

interference spectrum is greater than 15dB. The interference 

spectrum of the sensor in this paper is shown in Fig.3. 

 



 

Fig. 3. Interference spectrum of EFPI acoustic sensor. 

It can be seen from the interference spectrum that the 

interference fringe contrast of the sensor is about 18dB. The 

wavelengths of two adjacent peaks are 𝜆ଵ = 1543.08nm 

and 𝜆ଶ = 1554.78nm, respectively. According to the fringe 

counting method, the cavity length can be obtained as 

follows 

𝐿 =
ఒ೙ఒ೙శభ

ଶ(ఒ೙ିఒ೙శభ)
               (1) 

By substituting 𝜆ଵ  and 𝜆ଶ  into (1), we can obtain the 

cavity length of the acoustic sensor 𝐿 = 102.528μm. 

Finally, as shown in Fig.1 (d), the sensor has been 

successfully manufactured after the sensor is encapsulated 

with AB epoxy. 

The fiber microphone self-calibrated intensity 

demodulation system is shown in Fig.4. The light coming 

from the broadband light source is launched into the EFPI 

fiber microphone through the first circulator, and then the 

reflected light enters the fiber Bragg grating (FBG) through 

the second circulator. The Bragg wavelength of the fiber 

Bragg grating is located at the midpoint of the linear region 

of the interference spectrum of the EFPI sensor head. As 

shown in Fig.5, the linear region of EFPI sensor head is 

around 1550nm, so we chose FBG with center wavelength 

of 1550nm, 3dB bandwidth of 0.2nm and reflectivity greater 

than 90%. After passing through the second circulator, The 

signal light 𝐼ோ reflected from the FBG is received by photo-

detector 1(PD1). The reference light 𝐼்   transmitted from 

the FBG is received by PD2. The analog-to-digital converter 

(ADC) module is used to collect two voltage signals after 

photoelectric conversion, and the collected data is 

transmitted to PC terminal for processing through field-

programmable gate array (FPGA) development board. 
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Fig.4. Self-calibrated intensity demodulation system. 

𝐼ோ contains not only the signal to be measured, but also 

the noise such as light source intensity noise and optical fiber 

disturbance noise. However, 𝐼்   contains only the noise, 

such as light source intensity noise and optical fiber 

disturbance noise. Therefore, taking the normalized value of 

the 𝐼்  as the self-calibrated coefficient C, the reflected light 

intensity after compensation can be expressed as [15]  

𝐼௦௘௟௙௖௔ప
തതതതതതതതത =

ூೃ

஼
                  (2) 

 

Fig.5. Working point Q. 

2.2. Sound source localization model based on TDOA 

The structure of the fiber microphone array used in this 

paper are shown in Fig.6 and the sound source localization 

model based on TDOA is adopted. 

 

Fig. 6. Linear fiber microphone array for sound source localization. 

For the array composed of three fiber microphones, the 
received signal 𝑥௜(𝑡)  of the i-th (𝑖 = 1,2,3)  optical fiber 
microphone 𝑀௜ can be expressed as 

𝑥௜(𝑡) =  𝛼௜𝑠(𝑡 − 𝜏௜) + 𝑛௜(𝑡)         (3) 
Where 𝛼௜  represents the propagation attenuation factor 

of the sound source 𝑠(𝑡), which is inversely proportional to 
the square of the propagation distance. 𝜏௜  represents the 
delay of the sound source 𝑠(𝑡)  reaching the optical fiber 
microphone 𝑀௜ , and  𝑛௜(𝑡)  represents the additive white 



noise received by the optical fiber microphone 𝑀௜. Then the 
cross-correlation function of the signals received by the i-th 
and j-th optical fiber microphones can be expressed as 

𝑅௫೔௫ೕ
(𝜏) = 𝐸ൣ𝑥௜(𝑡)𝑥௝(𝑡 − 𝜏)൧       (4) 

Based on (3), (4) can be written as: 

𝑅௫೔௫ೕ
(𝜏) =  𝐸{[𝛼௜𝑠(𝑡 − 𝜏௜) + 𝑛௜(𝑡)]ൣ𝛼௝𝑠൫𝑡 − 𝜏௝൯ +

𝑛௝(𝑡)൧ൟ                 (5) 
The TDOA between the 𝑀௜ and 𝑀௝ microphone can be 

expressed as 𝜏௜௝ , and the autocorrelation function of the 

sound signal is expressed by 𝑅ௌ൫𝜏௜௝൯. Because there is no 
correlation between noise and noise, sound source and noise, 
the cross-correlation function between 𝑥௜(𝑡)  and 𝑥௝(𝑡) 
can be written as 

𝑅௫೔௫ೕ
(𝜏) =  𝛼௜𝛼௝𝑅ௌ൫𝑡 −  𝜏௜௝൯        (6) 

When the cross-correlation function takes the maximum 
value, 𝑡 −  𝜏௜௝ = 0 . Therefore, we can obtain the time 
difference 𝜏௜௝  by searching the position where the 
maximum value of the cross-correlation function of the two 
signals is located. 

The most critical step is to judge the starting and ending 

positions of the acoustic signal in the process of accurately 

obtaining 𝜏௜௝ . We use 𝑥௜௝(𝑡)  as a discrimination signal, 

where 𝑥௜௝(𝑡) is composed of two signals 𝑥௜(𝑡) and 𝑥௝(𝑡) 

received by sensor 𝑀௜ and sensor 𝑀௝, signal 𝑥௜(𝑡) is the 

odd term of 𝑥௜௝(𝑡) , and signal 𝑥௝(𝑡)  is the even term of 

𝑥௜௝(𝑡) . The variance feature is used to divide the whole 

signal 𝑥௜௝(𝑡) into 𝑘 segments, 𝑁 sampling points in each 

segment, calculate the signal variance of each segment, and 

take the median of these 𝑘 variances as the threshold to find 

the starting and ending points of the sound. Generally, the 

curve in the neighborhood of the starting and ending points 

is relatively steep, and the variance of nearby signal 

segments is relatively large. In the whole signal, the variance 

of the non-voiced signal segment is the smallest, and taking 

the median as the threshold can more keenly perceive the 

sudden change of the signal. After the threshold is set, a 

sliding window is executed at both ends of the whole section 

of signal respectively. The length of the window is 𝑁 and 

10 sampling points are slid each time. When the variance of 

the signal in the sliding window exceeds the threshold at a 

certain moment, it is considered that the critical point of 

starting or ending has been found.  

 
Fig. 7. Effective signal extraction. 

The position of sound source is calculated by geometric 

positioning technology after obtaining the estimated value of 

time delay [17]. 

A rectangular coordinate system is established using 𝑀ଶ 

as the reference array element in Fig.6. The coordinate of 

sound source 𝑆  is (𝑥, 𝑦) , 𝜏ଵଶ  is the TDOA between 

sensor 𝑀ଵ  and sensor 𝑀ଶ ,  𝜏ଶଷ  is the TDOA between 

sensor 𝑀ଶ and sensor 𝑀ଷ. Based on the distance difference, 

geometric positioning technology can be expressed as 

ቊ
ඥ(𝑥 + 𝑑)ଶ + 𝑦ଶ − ඥ𝑥ଶ + 𝑦ଶ = 𝑣𝜏ଵଶ

ඥ𝑥ଶ + 𝑦ଶ − ඥ(𝑥 − 𝑑)ଶ + 𝑦ଶ = 𝑣𝜏ଶଷ

     (7) 

Where 𝑣 = 346.8662𝑚 𝑠⁄  is the sound velocity in the 

air. The intersection of two semi-hyperbolas can be obtained 

by solving (7), which is the possible sound source position. 

Finally, the actual position coordinates can be judged from 

the starting point and the end point of the sound. 

3. Experimental results and discussion 

We established a self-calibrated intensity demodulation 

system to demonstrate the validity and performance of the 

fiber-optic microphone. We seting the FPGA sampling rate 

to 11025Hz and collecting a section of 30s audio data. The 

sound waveform after compensation is shown in Fig.8. Fig.8 

shows that the noise of the acoustic signal after wavelet 

transform algorithm is very small and the signal-to-noise 

ratio is very high, so, the self-calibrated intensity 

demodulation method is suitable for real-time sound 

monitoring, such as oil pipeline leakage monitoring, voice 

monitoring and other occasions. 



 

Fig. 8. Acoustic signal demodulated by self-calibrated intensity after noise reduction 

 

Fig. 9. Acoustic pressure responses of the fiber-optic microphone at 1 kHz.  

The voltage sensitivity of the optical fiber microphone 

was tested at 1 kHz and the sound pressure amplitude 𝑃௜௡  is 

gradually increased from 100mPa to 600mPa. The output 

signals 𝑈௢௨௧  of the fiber microphone are shown in Fig.9. 

The result indicates that there is a good linear relationship 

between the 𝑃௜௡   and the 𝑈௢௨௧  with a linear correlation 

coefficient (R) of 0.999. The voltage sensitivity of the fiber 

microphone can be calculated as in the slope of the linear fit 

curve, which is 0.073878 V/Pa. 

The tested frequency response of the fiber microphone is 

shown in Fig.10. The incident acoustic frequency varies in 

the range of 0.1 to 3 kHz. The measured voltage sensitivity 

(V/Pa) can be converted to phase sensitivity (rad/μPa) by 

eliminating the effect of the output voltage of PD. The results 

show that the fiber microphone has a relative flat frequency 

response between 100 Hz and 3000 Hz. The phase sensitivity 

at 1kHz is −133.82 dB re 1 rad/μPa . The sensor is 

suitable for low frequency sound pressure detection. 

 

Fig.10. Frequency response of the fiber-optic microphone. 

Then, as shown in Fig.11, we established an optic fiber 

microphone array positioning system which consists of three 

EFPI acoustic sensors. The distance between adjacent 

sensors is 10cm, and the sensors are installed in a piece of 

glass plate of 20cm×30cm. The light from the broadband 

light source is divided into three paths through 1×3 coupler, 

and the signal of each sensor is demodulated by self-

calibrated intensity demodulation method, received by PD, 

collected by FPGA, and finally be sent to the upper computer 

for processing. The coordinates of the three sensors are 

(−10cm, 0cm) , (0cm, 0cm)  and (10cm, 0cm) , 

respectively. 
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 FP sensor 1  FP sensor 2  FP sensor 3

Circulator
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ADC
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Fig. 11. Block diagram of optical fiber microphone array sound source 

localization system. 

The frequency of sound source is 1 kHz in the experiment 

and the sampling frequency of the FPGA is 100 kHz. Firstly, 

the collected signals are noise reduction and normalized, 

then the effective signals are extracted, and then the time 

difference is calculated according to (6). The sound source 

can be located by substituting the time difference into (7). 

When the coordinate of sound source is (20cm, 40cm), the 

typical time-domain waveforms detected by three sensors 

are shown in Fig.12. 



 

Fig.12. When the coordinate of sound source is (20cm, 40cm), the typical time 

domain waveforms detected by three sensor systems are as follows. 

 

 

Fig.13. When the coordinate of sound source is (20cm, 40cm), the time domain 

correlation of the three sensors was analyzed. (a) The correlation between sensor 1 

and sensor 2; (b) Correlation between sensor 2 and sensor 3. 

Through autocorrelation operation, the TDOA between 

FP sensor 1 and FP sensor 2 was calculated as 0.15ms, and 

the TDOA between FP sensor 2 and FP sensor 3 was 

calculated as 0.1ms. The correlation function curve is shown 

in Fig.13. The location results are shown in Table 1. The 

average positioning error of the system is no larger than 

4.82%. Experiments show that the sound source location 

system with three EFPI sensors can locate the sound source 

accurately. 

Table 1 Results of sound source location 

Experiment 

number 

Actual 

location(cm) 

Positioning 

results(cm) 
Positioning error 

𝑥଴ 𝑦଴ 𝑥ଵ 𝑦ଵ |𝑥ଵ − 𝑥଴| 𝑥଴⁄  |𝑦ଵ − 𝑦଴| 𝑦଴⁄

1 20 40 20.49 41.62 2.45% 4.05% 

2 20 60 20.42 61.4 2.1% 2.33% 

3 30 40 27.93 37.39 6.9% 6.53% 

4 40 60 36.87 57.21 7.83% 4.65% 

Because of the 100 kHz sampling frequency of the signal, 
the theoretical time delay estimation error may be 0.01ms. 
We eliminate the variable y from (7), then the total 
differential of 𝑥 to 𝜏ଵଶ and 𝜏ଶଷ can be expressed as 

∆𝑥 =  
ப௫

பఛభమ
∆𝜏ଵଶ +

ப௫

பఛమయ
∆𝜏ଶଷ           (8) 

The minimum values of ∆𝜏ଵଶ and ∆𝜏ଶଷ are determined 
by the sampling rate. The higher the sampling rate, the 
higher the positioning accuracy. Therefore, it is possible to 
improve the positioning accuracy by increasing the sampling 
rate. 

When the coordinate of sound source is (20cm, 40cm), 

the theoretical TDOA (𝜏ଵଶ, 𝜏ଶଷ) is (1.52181 × 10ିସs,

1.00624 × 10ିସs), the TDOA (𝜏ଵଶ
ᇱ , 𝜏ଶଷ

ᇱ ) calculated by the 

correlation function is (1.5 × 10ିସs, 1 × 10ିସs), therefore 

(∆𝜏ଵଶ, ∆𝜏ଶଷ)  is (−2.181 × 10ି଺, − 6.24 × 10ି଻) . The 

ቀ
ப௫

பఛభమ
,

ப௫

பఛమయ
ቁ is (−3.3849 × 10ହcm/s, 4.2214 × 10ହcm/s). 

By substituting (∆𝜏ଵଶ, ∆𝜏ଶଷ) and ቀ
ப௫

பఛభమ
,

ப௫

பఛమయ
ቁ into (8), we 

can obtain the ∆𝑥 = 0.4748cm, this value is close to the 

positioning error of the actual system.  

The comparisons between the system performance in this 

paper and that in the literature are shown in Table 2. It must 

be noted that considering that the positioning accuracy of the 

left and right sensors in this system is the same, so, the 

distance in the direction of the sensor is actually 2×40cm. 

Therefore, the actual measurement spatial range of this paper 

is 80cm×60cm. 

Table 2 The comparison of the system performance in this paper between 

that in the literature 

 Technology Complexity Cost 
Positioning 
accuracy 

Spatial range 

Ref.8 EFPI high high 3.55cm 60cm×60cm 

Ref.10 EFPI low high 5.14cm 
100cm×100cm×100

cm 
Ref.11 Φ-OTDR high high 2.49cm 50cm×40cm×30cm 
This 
paper 

EFPI low low 3.13cm 80cm×60cm 

 



4. Conclusion 

A two-dimensional sound source localization system 

based on fiber FP cavity microphone array is successfully 

realized. The self-calibrated intensity demodulation scheme 

is used to demodulate the sound signal, and the starting point 

and end point of the sound are found out through the signal 

extraction technology, and then the TDOA of the two signals 

is calculated through the cross-correlation algorithm. Finally, 

the position of the sound source can be calculated by 

substituting the geometric positioning algorithm. The 

average positioning error of the system is no larger than 

4.82%, which proves the effectiveness of the system. The 

system has the advantages of simple structure, high 

positioning accuracy and low cost. It has high engineering 

application value in voice monitoring. 
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