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ABSTRACT— In this study, we present the 

findings derived from our simulation and 

experimental investigation of a distributed 

optical fiber acoustic sensor. The proposed 

sensor operates by utilizing the self-interference 

of Rayleigh backscattering. When the optical 

pulse propagates through the optical fiber, the 

phase of the Rayleigh backscattered light 

changes at the location where the acoustic signal 

is present. This phase change is then amplified 

through the self-interference of two Rayleigh 

backscattered beams in the Michelson 

interferometer scheme. This study aims to 

present the Phase Generated Carrier (PGC) 

demodulation method along with the arctangent 

function (ATAN) and the Coordinate Rotation 

Digital Computer (CORDIC) algorithm. This 

method offers a simple and efficient algorithm 

for computing hyperbolic and trigonometric 

functions. The system allows for the detection of 

acoustic waves caused by sinusoidal disturbances 

with a spatial resolution of approximately 20 m.  

KEYWORDS: CORDIC algorithm, Distributed 

sensor, Interferometry, Modulus, Optical fiber 

acoustic sensor, Polymer. 

I. INTRODUCTION 

Optical fiber sensors involve the use of light 

guided through an optical fiber to interact with 

physical, chemical, and biological 

measurements. This interaction results in a 

modulated optical signal that carries 

information about the measurement parameter 

[1]-[3]. Fiber sensors have several advantages 

over conventional electronic sensors. These 

include their lightweight design, resistance to 

electromagnetic interference, high sensitivity, 

and multiplexing capability [1]-[3]. Optical 

fiber sensors can be classified into four main 

categories based on their properties: intensity-

modulated, phase-modulated (interferometric), 

polarization-modulated (polarimetric), and 

wavelength-modulated (spectrometric) sensors. 

Optical fiber sensors possess the ability to 

measure a wide range of physical, chemical, 

and biological quantities [4]-[15]. Distributed 

optical fiber sensors enable simultaneous 

measurement at thousands of points, using a 

standard, unmodified optical fiber as the 

sensing element. These sensors work by using 

both elastic and inelastic scattering in optical 

fibers. Specifically, when Rayleigh scattering is 

dominant, elastic scattering occurs. Distributed 

optical fiber sensor that utilizes Rayleigh 

scattering; scattering is used exclusively to 

monitor and detect propagation effects [16]-

[20]. Recently, there have been some reports in 

which Rayleigh backscattering is employed to 

detect acoustic perturbations [5], [8]-[10], [16]-

[18]. 

A distributed fiber-optic acoustic sensor can 

detect and locate single or multiple acoustic 

events occurring at any position of the fiber 

under test (FUT) [8]-[10]. These findings have 

promising applications in maintaining border 

intrusion, oil and gas pipeline security, and 

structural health. Currently, there have been 

numerous reports on interferometric optical 

fiber acoustic sensors. These reports describe 
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different demodulation methods and 

interferometric configurations, such as Mach-

Zehnder [21], [22], Michelson [23]-[25], and 

Fabry-Perot [26], [27]. The interferometer 

output is a cosine function that relies on the 

phase difference between its two arms. This 

phase difference can be affected by random 

temperature and pressure fluctuations, leading 

to signal fading or random changes in the 

detected signal [28]. The PGC demodulation 

method is desirable for reducing signal fading, 

as it offers high efficiency and good linearity. A 

recent study thoroughly explored different 

demodulation methods for interferometric 

optical fiber acoustic sensors, such as the 

CORDIC algorithm. 

In this paper, we aim to simulate the acoustic 

demodulated signal of a distributed optical fiber 

acoustic sensor. The simulation is based on the 

self-interference of two Rayleigh backscattered 

beams, which are obtained from a Michelson 

interferometer. To accomplish this, we utilize 

the ATAN+CORDIC algorithm. The 

verification process involves creating a 

distributed optical fiber acoustic sensor. This 

sensor exploits the demodulated signal, which 

is obtained by integrating the PGC method with 

the ATAN+CORDIC algorithm. By digitally 

implementing the CORDIC algorithm on an 

FPGA, we achieve a consistent frequency 

response and an improved signal-to-noise ratio. 

This sensor is capable of detecting acoustic 

waves within the frequency range of 0.5-5 kHz. 

To the best of our knowledge, this is the initial 

endeavor to enhance sensitivity in a distributed 

optical fiber acoustic sensor through the 

utilization of two acousto-optic modulators 

(AOMs) and low-modulus polymeric materials. 

The results indicate that the utilization of 

polyvinyl chloride yields an improvement of 8 

dB in the power spectrum of the sensor at 1 

kHz, as opposed to the situation in the absence 

of polymeric packaging.  

II. THEORY AND SIMULATION 

Figure 1 illustrates the optical fiber path in the 

Michelson interferometer. The Faraday Rotator 

Mirror (FRM) is a fiber optic polarization 

rotation mirror designed for fiber optic 

networks and measurement applications. The 

FRM in Figs. 1 and 2 play the role of a mirror 

that is used to set up the Michelson 

interferometer. As shown in Fig. 1, ω0 is the 

modulation frequency and S is the path 

difference between the two sensing arms. er is 

the electric field of the backscattered wave from 

the upper arm of the interferometer, and ers is 

the electric field of the backscattered wave from 

the lower arm of the sensor. When a coherent 

light pulse with a duration of W and an optical 

frequency of f is injected into a fiber at t=0, a 

backscattered wave is generated at the input end 

of the fiber. This backscattered wave can be 

mathematically represented as [19], [20]:  

 
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 (1) 

 where 
ia  and 

i are the amplitude and delay 

of the backscattered wave, respectively, for the 

ith backscattering. N represents the total 

number of backscatterings. 

Fig. 1. Schematic illustrates the optical path in a Michelson interferometer, which incorporates a distributed feedback 

laser diode (DFB-LD), an acoustic-optic modulator (AOM), and a Faraday rotator mirror (FRM) [20]. 
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The rectangular function is provided as: 

rec 1 when 0 1

rec 0 otherwise

i
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 (2) 

The relationship between distance zi (from fiber 

input) and time delay 
i  is given by

2i f in z c  . The refractive index of the fiber 

is nf, and the spectral resolution of the system is 

defined as 2R fS cW n . The relationship 

between location accuracy, ∆N, and sampling 

rate, Sa, is defined as: 

2 a f

c
N

S n
 

 (3)  

Equation 1 represents the distance, denoted as 

x, from the input end in the sensing fiber is 

written as: 
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The complete details of the acquired relations 

for utilizing them in the data acquisition system 

are elaborated in [19], [20]. 

The PGC method is utilized for the detection of 

minute signal phase shifts, thereby mitigating 

signal fading resulting from significant 

environmental fluctuations. This is 

accomplished by introducing a high-amplitude 

phase shift at a frequency distinct from the 

signal band. These signals of interest are carried 

as sidebands by these significant amplitude 

signals. Equation 5 can be used to express the 

light intensity at the output of the interferometer 

[28]: 

    0cos cosI A B C t t     (5) 

where A and B are constants that represent the 

average intensity and visibility of the 

interferometer, respectively. Meanwhile, 

 0cosC t is a sinusoidal modulation with a 

frequency of 
0 and an amplitude of C. This 

modulation is applied to one arm of the 

interferometer. The carrier signal can be 

generated using either a phase modulator or a 

piezo-electrically stretched fiber coil. This 

signal,  t , encompasses not only the desired 

signal but also various environmental effects, 

 t , Written by: 

     cost D t t     (6) 

The frequency and amplitude of the signal are 

determined by   and D, respectively. By 

utilizing Bessel functions to expand Eq. 5, we 

can determine [28]: 
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Similarly, by expanding the phase angle,  t , 

in Eq. 6, Eqs. 8 and 9 can be derived as [28]: 
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The Bessel functions mentioned in Eqs. 7-9 are 

denoted as ( )nJ C  and ( )nJ D . The PGC 

demodulation method is employed during the 

simulation and experimental investigation, 

which is based on the ATAN+CORDIC 

algorithm [26]. 

III. EXPERIMENTAL SETUP AND 

RESULTS 

Figure 2 illustrates the experimental setup. A 

1550nm DFB-LD from NKT Photonics, with a 

narrow linewidth of around 5kHz, generates a 

power of 8mW. This power is then increased to 

300mW using an Erbium-doped fiber amplifier 

(EDFA). To eliminate the amplified 

spontaneous emission (ASE) noise produced by 

the EDFA, a narrowband pass filter is used. The 

amplified light is modulated using one or two 

AOMs to generate a 200 ns pulse with a 

repetition rate of 100 kHz. This repetition rate 

corresponds to a sensing length of 1km, 

considering the time it takes for light to 

propagate through the fiber. AOM also causes 

a frequency shift of 100 MHz, which is 

performed using an RF driver and a function 

generator (FG). Next, circulator one is used to 

launch the optical pulse into the fiber under test. 

The FUT is comprised of three sections of 

standard single fiber, including a 500m optical 

fiber, a 20m optical fiber wound around a disk 

PZT, and a 470m optical fiber. The resonance 

frequency of the PZT is set at 36 kHz. The 

sinusoidal waves ranging from 0.5 to 5 kHz 

with a peak-to-peak value of 5 are applied to the 

PZT throughout a series of experiments. An 

underwater speaker and a 20m optical fiber 

wound around a disk PZT are fixed in the tank. 

The water tank is used in the initial test for the 

possibility of obtaining a signal in a water 

environment. In the next step, we plan to 

conduct the test in a larger environment, such 

as a water pool. In fact, the data acquisition 

system is to be adapted to the water 

environment. 

Fig. 2. The experimental setup of a distributed optical fiber sensor includes several components: a distributed 

feedback laser diode (DFB-LD), an erbium-doped fiber amplifier (EDFA), a bandpass filter, an acoustic-optic 

modulator (AOM), a circulator, a coupler, a Faraday rotator mirror (FRM), a delay coil, a fiber under test (FUT), a 

function generator (FG), a radio frequency (RF) driver, a piezoelectric transducer (PZT), and a data acquisition system 

(DAQ). 

The Rayleigh backscatter signal was 

transmitted into the Michelson interferometer 

through circulator two and a 3 dB 1×2 coupler. 

When an acoustic pressure interacts with the 

fiber, it causes a phase alteration in the 

Rayleigh backscatter signal. Significant phase 

changes in the fiber are primarily attributed to 

variations in its length rather than changes in 
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the refractive index. In the setup of the 

interferometer, one arm is utilized as a delay 

line through the use of a delay coil. In contrast, 

the other path is subjected to modulation by a 

phase modulator (PM) operating at a frequency 

of 36 kHz. The optical path imbalance, which is 

specified to have a spatial resolution of 20 m, is 

determined by the pulse width of 200 ns. The 

modulated light is interfered with by the 

delayed light at the 3dB coupler. Subsequently, 

this interfering light is received by a 

photoelectric detector (PD). The PD has a dark 

current of 2 nA and a responsivity of 0.9 A/W. 

The output of the PD is then collected using a 

200 MHz oscilloscope with a sampling rate of 

2 GSa/s. The PGC module in the data 

acquisition system (DAQ) is responsible for 

demodulating the phase information in 

Rayleigh backscattering. Figure 3 illustrates the 

RF driver output in both continuous wave (CW) 

and pulsed mode. As depicted, the RF driver 

generates a 100MHz output with a maximum 

amplitude of 17.2 V. 

In the pulsed version, the CW is modulated by 

using a function generator with a repetition rate 

of 100 kHz. Figure 4 illustrates the power 

spectrum of the demodulated signal obtained 

from the sensor output at various frequencies 

for a specific AOM configuration. The results 

indicate a significant power spectrum at 

different frequencies when the 

ATAN+CORDIC algorithm is employed. The 

CORDIC algorithm achieves a maximum 

power of -25 dB at 0.5 kHz, with additional 

peaks at -25.5 dB, -27.5 dB, -30.5 dB, -29.5 dB, 

and -26 dB at 1 kHz, 2 kHz, 3 kHz, 4 kHz, and 

5 kHz, respectively. The acoustic waves are 

obtained within the frequency range of 0.5 kHz 

to 5 kHz, effectively filtering out the harmonic 

frequencies of the phase modulation. 

One of the main factors contributing to noise in 

distributed optical fiber sensors is AOM noise. 

This type of noise is primarily caused by the 

low extinction ratio of the AOM. In our 

experimental setup, we have utilized two 

AOMs. As shown in Fig. 5, the signal-to-noise 

ratio (SNR) for frequencies of 0.5 kHz, 1 kHz, 

2 kHz, 3 kHz, 4 kHz, and 5 kHz is 23 dB, 25 

dB, 20 dB, 18 dB, 20 dB, and 23 dB, 

respectively, when one AOM is used in the 

setup. 

 
(a) 

 
(b) 

Fig. 3. (a) CW output of RF driver at 100 MHz and 

(b) modulated output of RF driver by FG at 100 kHz. 

This pulse repetition rate is equivalent to a 1 km 

sensing length considering the propagation time of 

light through the fiber. 

By utilizing two AOMs, the extinction ratio of 

the AOMs complex is naturally enhanced. 

Consequently, the noise is reduced and the SNR 

is increased, as depicted in Fig. 5. With the 

increase in the SNR ratio, the system's 

mechanics are changed, and polymer materials 

are placed on the optical fiber at certain lengths 

of the sensing fiber. Each data point in Fig. 5 

corresponds to the average of ten 

measurements. The error bar in Fig. 5 signifies 

the standard deviation of the results for each 

data point at different frequencies. 
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Figure 5 (green points) illustrates the fast 

Fourier transform (FFT) findings of the 

demodulated signal for the ATAN+CORDIC 

algorithm experimental results of the two 

AOMs setup. The fluctuation of the frequency 

response of the sensor is also recorded at about 

7 dB, promising a nearly flat frequency 

response. 

The FUT additionally employs various 

polymers for packaging at the site where the 

acoustic signal is applied. The packaging has 

dimensions of 10 cm in length, 3 cm in width, 

and 1 mm in thickness. 

 
 (a) (b)  

 
 (c) (d) 

 
 (e) (f) 

Fig. 4. Experimental demodulated acoustic signal obtained by the ATAN and ATAN+CORDIC algorithms using 

DAQ at (a) 0.5 kHz, (b) 1 kHz, (c) 2 kHz, (d) 3 kHz, (e) 4 kHz, and (f) 5 kHz for setup including one AOM.
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Figure 6 illustrates the impact of these polymers 

on sensor sensitivity. The results clearly 

indicate that the presence of polymers enhances 

the overall sensitivity of the acoustic sensor. 

When an acoustic event takes place, the sensor 

detects the pressure exerted by the acoustic 

wave on the elastic polymer layers, such as 

polyurethane, soft polyvinyl chloride, or 

polyethylene. This has a profound impact on the 

stress within the optical fiber, leading to 

deformation and a substantial alteration in its 

length. Additionally, the changes in modulus 

also influence the length of the fiber, thereby 

inducing variations in the optical phase shift in 

response to the acoustic signal. When the 

acoustic signal is applied, the lower modulus of 

the polymer results in a more pronounced 

change in the length of the optical fiber. The 

table below presents the respective moduli of 

the polymers employed (Table 1). Note that soft 

polyvinyl chloride has the lowest modulus 

compared to other polymers. Each 

experimental data point represents the average 

of ten different measurements. The error bar 

assigned to each data point reflects the standard 

deviation of the results at the corresponding 

frequency. 

 
Fig. 5. SNR of distributed optical fiber acoustic 

sensor for one AOM and two AOMs setup.  

Table 1 The Young modulus of different polymers 

Polymer  Value 

Polyurethane  A few hundred of MPa 

Soft polyvinyl chloride  A few tens of MPa 

Ployethylene  A few GPa 

 

 
Fig. 6. SNR of a distributed optical fiber acoustic 

sensor for a homemade sensor with different 

polymeric packaging.  

Table 2 compares the important advantages and 

features in this work with other structures. 

Table 2. Comparison with different works 

Reference Important advantage and feature 

[29] Significant sensing length 

[30] High spatial resolution 

[19] 
Significant sensing length using 

amplifier 

This Work 

Using polymer materials to 

improve sensitivity, using the 

Cordic algorithm to facilitate 

hardware implementation 

IV. CONCLUSION 

This paper deals with the demodulated signal of 

a distributed acoustic sensing system. Research 

has demonstrated the ability to identify and 

separate an acoustic signal from ambient 

background noise. A distributed optical fiber 

acoustic sensor is implemented with the 

ATAN+CORDIC algorithm for the first time. 

The simple digital implementation of the 

CORDIC algorithm on FPGA is a significant 

advantage of this algorithm. Results from FFT 

plots also reveal that the PGC ATAN method 

using the CORDIC algorithm benefits from a 

good signal-to-noise ratio, characterizing a flat 

frequency response. Furthermore, the 

experiment's findings exemplify the potential 

for detecting the standard sinusoidal wave 

across a frequency range of 0.5-5 kHz when it 

is applied to the PZT location. The results 

emphasize that using soft polyvinyl chloride 

packaging around the FUT significantly 

increases the power spectrum of the sensor. 
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