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Abstract 

In this thesis, the work focuses on developing distributed optical fiber vibration sensors based on 

phase-sensitive optical time domain reflectometry (Φ-OTDR). Three works have been 

accomplished to improve the performances of Φ-OTDR for distributed vibration sensing. 

Firstly, Φ-OTDR based on a polarization diversity scheme is demonstrated to mitigate the 

polarization mismatch effect occurring in traditional systems. A theoretical analysis is performed 

in different polarization cases corresponding to coherent and polarization diversity detection. Φ-

OTDR based polarization diversity shows a great potential in the multi-events sensing application. 

Two vibration events are simultaneously detected and their signal to noise ratios are improved by 

10.9 dB and 8.65 dB, respectively, compared to the results obtained by a conventional coherent 

scheme. 

             Intensity fluctuation in a phase-sensitive optical-time domain reflectometry (Φ-OTDR) 

system caused by stochastic characteristics of Rayleigh backscattering has limited relative 

vibration strength measurement, which is proportional to dynamic strain. A trace-to-trace 

correlation coefficient is thus proposed to quantify the Φ-OTDR system stability and a novel 

approach of measuring the dynamic strain induced by various driving voltages of lead zicronate 

titanate (PZT) is demonstrated. Piezoelectric vibration signals are evaluated through analyzing 

peak values of the fast Fourier transform spectra at fundamental frequency and high-order 

harmonics based on Bessel functions. Experimental results show high correlation coefficients and 

good stability of our Φ-OTDR system, as well as the small measurement uncertainty of measured 

peak values. 

To reduce the intra-band noise caused by the finite extinction ratio of optical pulses, Φ-

OTDR based on high extinction ratio generation is studied. Two methods are developed for 

achieving high extinction ratio of optical pulse generation. One of the approaches is to synchronize 

two cascaded electro-optic modulators to achieve high extinction ratio operation. The other one is 

to use the nonlinear optical fiber loop mirror as an optical switch to suppress the continuous wave 

portion of optical pulse. The sensing range of 1.8 km and 8.4 km with corresponding spatial 

resolution of 0.5 m and 2 m have been demonstrated based on cascaded two electro-optic 

modulators and nonlinear optical fiber loop mirror setup, respectively. 
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Chapter 1 

 Introduction 

This chapter provides a review of the distributed optical fiber sensor technology. Special attention 

is paid to phase-sensitive optical time domain reflectometry (Φ-OTDR) for distributed vibration 

sensing. The motivation of this thesis is to optimize an Φ-OTDR system and improve sensing 

performances for practical applications. The contributions of the author to this thesis are presented 

in the section 1.2 and the thesis outline is described in section 1.3. 

  Background and motivation 

  Structural health monitoring 

With the development of industrialized nations in recent centuries, it is difficult to imagine our 

lives without facilities such as railways, roads, bridges, tunnels, dams, etc. in our current world. 

These structures provide human beings with a better and more convenient life.  However, these 

structures have their lifetimes and could deteriorate. The deterioration is commonly the result of 

aging of materials, overloading and lack of sufficient maintenance. Some examples of sudden 

collapse of structures can be found worldwide [1, 2].  Thus, to ensure structural safety and prevent 

disasters in advance, civil structures have to be equipped with structural health monitoring (SHM). 

SHM provides an effective tool to assess structural health conditions and help to avoid losses for 

users due to structural failure. Among the various sensing technologies, optical fibers with 

advantages such as lightweight and immune to electromagnetic interferences, are the most 

promising technologies for SHM. An effective SHM system should be real time and be able to 

detect various locations at the same time. The distributed optical sensors provide a more practical 
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and cost effective solution for large civil structures than discrete point sensors. The distributed 

sensors can determine the value of an object variable in a continuous way.  

  Distributed optical fiber sensors 

In distributed optical fiber sensors, the whole fiber acts as multiple sensors that are sensitive to the 

environmental variables. The key idea of these sensors is to monitor the backscattered light 

spatially along the optical fiber. Typically, there are three types of backscattering occurring 

simultaneously in the optical fiber :  Rayleigh, Brillouin and Raman [3]. Figure 1.1 shows the 

spontaneous scattering spectrum in the optical fiber. The Rayleigh scattering is an elastic scattering 

and the frequency of the scattered light is the same as the incident light. Brillouin and Raman 

scattering are inelastic scattering process and the frequency of the scattering light would shift a 

certain amount from the incident frequency. In the optical fiber, the frequency shift of the Brillouin 

scattering and Raman scattering is usually around 11 GHz and 13.2 THz, respectively. 

 

                                     Figure 1.1 The spectrum of backscattered light in the optical fibers 

The simplest distributed optical sensor is called optical time domain reflectometry (OTDR) which 

is based on Rayleigh scattering. OTDR is a common technology to measure the Rayleigh 
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backscattered light along the fiber length. It is widely used to estimate the attenuation of the fiber 

and measure the imperfections along the fiber. It also can be used for fiber length measurement, 

loss measurement induced by splice, micro bending, or connector etc. [4]. A distributed 

temperature sensing application based on OTDR has also been demonstrated in a liquid core fiber 

with an accuracy of 1˚C [5].  Polarization-OTDR (P-OTDR) has also been proposed by Rogers [6] 

by monitoring the state of polarization along the fiber. Although P-OTDR has been demonstrated 

for vibration sensing [7, 8],  it is not easy for P-OTDR to detect multiple vibration points along the 

fiber because the state of polarization  of the later optical signal would be disturbed by the previous 

vibration points. Another distributed optical fiber sensor based on Rayleigh scattering is optical 

frequency domain reflectometry (OFDR) which was attracted much interest in recent years 

because of its high spatial resolution and sensing accuracy. An OFDR system has been 

demonstrated for temperature and strain sensing with a 35 uε and 3.5 ◦C spatial resolution [9]. 

Vibration measurement has also been demonstrated based on time-resolved OFDR with the 

measurable frequency range of 0~32 Hz and spatial resolution of 10 cm [10]. 

In Brillouin based distributed sensors, external disturbances would change the Brillouin 

frequency shift, so temperature or strain measurements can be performed by monitoring the 

frequency shift of the Brillouin scattering. To overcome the weak spontaneous Brillouin scattering, 

a schematic based on stimulated Brillouin scattering has been proposed, named Brillouin optical 

time domain analysis [11-14]. It utilized two counter-propagating lasers with a Brillouin frequency 

shift and the Brillouin amplification process. Another schematic also related to Brillouin scattering 

is called Brillouin optical time domain reflectometry [15-17]. This approach is performed with a 

coherent detection to detect the weak Brillouin backscattering. The advantage of this setup is that 

it allows monitoring with one end of the fiber compared to the BOTDA system. Raman OTDR is 
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usually for temperature sensing because the intensity of the Raman scattering is a function of 

temperature [18, 19]. 

  Φ-OTDR historical perspective 

The Φ-OTDR designation is commonly used in the literature to refer to OTDR with use of highly 

coherent light. Φ-OTDR was initially demonstrated by Henry F. Taylor in 1993 for distributed 

optical intrusion sensing [20]. The system utilizes coherent spikes that are sensitive for external 

disturbances and previously regarded as fading noise in OTDR system. The coherent spikes come 

from the interference between Rayleigh backscattered light of different scattering centers within 

the pulse width. Then Φ-OTDR has been investigated and experimentally demonstrated by the 

same authors for intrusion sensing [21].  Although the performance of 1 km spatial resolution and 

12 km sensing range were rather moderate, this field test is very important and presents a clear 

illustration of Φ-OTDR for practical applications. 

After the initial demonstration of Φ-OTDR for intrusion sensing, it has been extensively 

studied for both intrusion and vibration sensing [22-24]. The vibration is usually induced by using 

a piezoelectric element or a mechanical actuator. In this case, the signal is analyzed in the 

frequency domain to obtain the vibration frequency. Many different schemes have been proposed 

in the literature to improve the performance of Φ-OTDR for dynamic measurements. The initial 

scheme of Φ-OTDR for intrusion sensing is based on direct detection with a low signal to noise 

ratio (SNR). The improvement of SNR and sensitivity has been made by using coherent detection 

for vibration sensing [22]. Besides these schemes, there are several signal processing methods used 

in an Φ-OTDR system to reduce the trace fluctuations caused by thermal noise, frequency drift of 

laser and instability of electronic equipment. The moving average and moving differential method 

is one common strategy [25] but the measured vibration bandwidth would be reduced in this 
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situation. To improve the vibration bandwidth, the wavelet denoising method has been introduced 

to Φ-OTDR. The experimental results show that a vibration event of a lead zirconate titanate (PZT) 

cylinder with a frequency as high as 8 kHz and 0.5 m spatial resolution can be detected in the 

single mode fiber [23]. The successful implementation of vibration sensing using Φ-OTDR 

provides a powerful tool to monitor the intrinsic frequency of civil structures which can identify 

and prevent internal damages at an early age.       

Through many years’ efforts made by researchers, Φ-OTDR has become an effective tool 

for distributed vibration and intrusion sensing. However, there are still some challenges in Φ-

OTDR because trade-off of parameters could affect the performance of sensor systems and limit it 

to some applications. One of the biggest challenges is that polarization mismatch occurs in the 

coherent detection. This effect could reduce the probability of detecting vibration points and result 

in wrong pinpoints. Also, long range sensing is desired in some applications such as pipeline 

security monitoring. Sensing range of Φ-OTDR is limited by the input pulse energy, and the SNR 

in the rear end of the fiber is too low to detect the vibration. The sensing range can be extended by 

sacrificing the spatial resolution, but low spatial resolution could decrease sensing accuracy. 

Obtaining ae long sensing range and high spatial resolution at the same time is another challenge 

for Φ-OTDR system. Except for vibration frequency measurements, monitoring dynamic 

properties such as small amplitude movements is also essential to determine the extent internal 

damages to civil structures. It is difficult because of amplitude fluctuations of Φ-OTDR traces, 

which could result in huge measurement uncertainty. Considering these challenges in Φ-OTDR 

system, the aim of this thesis is to optimize the sensor system to improve its performance.   
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 Thesis contributions 

In this thesis, three main works have been performed for improvements of distributed vibration 

sensors based on Φ-OTDR in terms of different applications. The contributions are summarized in 

the following: 

 The polarization diversity (PD) scheme based on Φ-OTDR system is developed to eliminate 

the polarization mismatch effect occurred in coherent detection. Φ-OTDR was firstly 

demonstrated with direct detection in which the Rayleigh backscattered light was directly 

monitored. Due to the weak Rayleigh backscattering, coherent heterodyne detection was then 

introduced to improve the SNR of the sensor system. However, the polarization mismatch 

between the sensing arm and the reference arm could deteriorate the detected signal at some 

positions along the fiber which makes these locations become insensitive to vibration. In the 

traditional setup, the polarization controller is introduced to match the polarization of two arms 

at the vibration position. But as the number of vibration events increases, it becomes difficult 

to align the polarization at all the positions at the same time by only adjusting the polarization 

controller. The use of polarization diversity method could mitigate the position dependent 

polarization fading effects and improve the overall SNR of the interference signal. This 

proposed sensor technique has great potential for multi-events detection and real distributed 

sensing. 

 Up to now, Φ-OTDR sensors have been mostly demonstrated for distributed vibration sensing 

to identify the vibration location and frequency. Estimating dynamic strain from vibration 

measurement is also important for many applications. But due to the stochastic feature of the 

intensity fluctuations of Φ-OTDR traces, the amplitude measurement becomes a challenge 
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compared to the frequency measurement. Minimizing the intensity fluctuation and stabilizing 

the sensor system is a prerequisite for amplitude measurement. The use of a narrow linewidth 

laser with stable frequency and small phase noise could dramatically decrease the noise in an 

Φ-OTDR system. The system noise is quantified by calculating the trace-to-trace correlation 

and the average value of correlation coefficients of 0.9 is obtained in the experiment. Based on 

the above considerations, a technique for piezoelectric vibration amplitude measurement in Φ-

OTDR system is demonstrated. By analyzing the peak value of the FFT spectrum at the 

fundamental frequency and high-order harmonics, the particular vibration modulation 

amplitudes have been extracted within a certain range determined by the Bessel functions.  

 In an Φ-OTDR system, the extinction ratio (ER) of an optical pulse generated by the electro-

optic modulator is finite and around 30~40dB. Intra-band noise is generated by the interference 

between the Rayleigh backscattered light induced by the continuous wave and the optical pulse.  

This would decrease the SNR of the detected signal and makes it difficult for long range and 

high spatial resolution sensing applications. Thus, high ER optical pulse is required in Φ-

OTDR system with high performance. To resolve this problem, two different methods for 

achieving high ER of optical pulses have been developed. The ER of an optical pulse can be 

effectively improved by synchronizing two EOMs but at the expense of high insertion loss and 

increased complexity of the scheme.  Another approach has also been demonstrated to achieve 

similar performance based on a nonlinear fiber loop mirror as an optical switch. Vibration 

sensing is achieved with 8.4 km sensing range and 2 m spatial resolution in this experiment. 

 Thesis outline 

This thesis is divided into 6 chapters and organized as follows: 
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      Chapter 1 presents the introduction of the work including the background, motivation and the 

main contributions of this thesis. 

      Chapter 2 focuses on the background introduction of the Φ-OTDR sensor system, where the 

principles, detection methods and the sensing performance are discussed. 

      Chapter 3 proposes the polarization diversity scheme based on Φ-OTDR for multi-events 

detection. The polarization fading effect in the fiber, motivation of this work, a theoretical 

statistical analysis, and experimental results are demonstrated in detail.   

     Chapter 4 presents a technique for measuring the piezoelectric vibration amplitude in Φ-OTDR. 

The system stability, the operation principles, the simulation analysis and experimental results are 

all discussed. 

Chapter 5 proposes two methods for improving the extinction ratio of optical pulses generated 

by an EOM. Both dual EOMs and nonlinear loop mirror configurations are demonstrated in detail 

in Φ-OTDR to improve the sensing performance. 

Chapter 6 concludes all the work in this thesis and gives some suggestions for future work. 
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Chapter 2 

 Phase-sensitive optical time domain 

reflectometry 

Distributed vibration sensors provide a very effective way in structural health monitoring (SHM) 

to detect potential critical damages of civil structures and industrial machines. Among the different 

distributed fiber optical techniques, Φ-OTDR sensors show a good capability for monitoring 

vibrations. This chapter will present the background knowledge of phase-sensitive OTDR systems 

including the principle, detection methods, related noises, and sensor performances. 

 Rayleigh scattering in the optical fiber 

Rayleigh scattering is caused by inhomogeneity of the fiber medium. The random ordering of the 

molecules causes localized variations of density and therefore fluctuations of the refractive index. 

Rayleigh scattering is an elastic scattering and the frequency of scattered light is same as the 

incident light. Rayleigh scattering [26] is the most important factor for determining the 

transmission loss of an optical fiber. Rayleigh scattering in a silica glass is caused by the density 

fluctuations frozen into the fused silica during the manufacturing process. It results in the refractive 

index change along the fiber. The intrinsic loss coefficient of the optical fiber due to Rayleigh 

scattering is expressed as 

                                                 
4/s C                                                                           (2.1) 

where C is in the range of 0.7-0.9 dB/(km-μm4) depending on the constituents of the fiber core 

[27].  Rayleigh scattering and material absorption are two mechanisms for the fiber loss. The total 

attenuation coefficient is denoted as α (with the units of km-1). In the wavelength 1550 nm which 
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is commonly used in the optical communication, the attenuation coefficient is 0.2 dB/km in the 

standard single mode fiber (SMF). Considering the scattering coefficient in the range 0.12-0.16  

dB/km, Rayleigh scattering is the  dominant loss near that wavelength. This provides a way to 

estimate the fiber attenuation by monitoring the Rayleigh backscattering power.  

Due to the attenuation loss, the input optical power will decay exponentially as a function 

of the propagating distance z as shown in the following equation: 

                                                                 0( ) e zP z P                                                             (2.2) 

where P0 is the power of the incident light. P(z) is the transmitted power at distance z. In equation 

2.2, the unit of α is km-1. The attenuation coefficient α can also be expressed in the unit of dB/km 

for convenience in practice. Then the transmitted power can be written as: 

                                                        dB /10

0( ) 10 zP z P                                                              (2.3) 

with αdB ≈ 4.34α.  

  Optical time domain reflectometry (OTDR) 

   Pulse generation in OTDR 

In an OTDR system, an optical pulse is used to obtain distributed spatial information along the 

fiber. The optical pulse is usually generated by using an external electro-optical modulator (EOM). 

The most popular material used in the EOM is LiNbO3 which has a relatively high linear electro-

optic coefficient αEO. The refractive indices of the material are a function of the applied electrical 

field and the index change is linearly proportional to the applied field magnitude. The optical phase 

change introduced by the linear electro-optic effect is [28]: 

                                                         
EO2

( )
L

V V
d





                                                               (2.4) 
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where L is the length of the electrode, the separation between the two electrodes is d and the applied 

voltage is V. An intensity modulator can be made based on the same electro-optic effect by utilizing 

the balanced Mach-Zehnder interferometer configuration. The electrical field is applied across one 

of the two arms to introduce an additional phase delay and control the phase difference of the two 

arms. Then the output optical signal is an interference signal and the transfer function is [28]: 

                                                      
2

0( ) cos
2

V
T V

V



 

  
 

                                                     (2.5) 

where                                                     
EO2

d
V

L





                                                                   (2.6) 

ϕ0 is the initial phase difference between two arms without applying the voltage. The value may   

change with temperature and manufacturing tolerances. A bias voltage is usually introduced to 

adjust ϕ0 for different applications. In the application of pulse generation, the bias voltage works 

at the minimum point of the transfer function and the time dependent electrical pulse is added into 

the RF input of an EOM. The working principle of pulse generation is illustrated in figure 2.1. 

The extinction ratio (ER) is an important parameter of an EOM for pulse generation, which 

is defined as the ratio of output power at on state to the output power at off state. Thus, the peak 

electrical voltage is adjusted to have the same value of Vπ in order to get the maximum ER. 

However the transmission power cannot reach to the minimum point of the EOM transfer function 

because of the refractive index distortions in the electro-optic crystals that impart wave front 

distortion to the optical beam. This could limit the ER of the EOM and the commercial ER of an 

EOM is usually around 30~40dB. 
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                                    Figure 2.1 Operation principle of pulse generation by EOM 

   OTDR principle of operation  

A simplified OTDR setup is shown in figure 2.2. The laser source used in an OTDR system is a 

broadband light source which is modulated by an EOM to generate optical pulses. Then the optical 

pulses are sent into the sensing fiber through a circulator, and the Rayleigh backscattered light is 

detected by a photodetector (PD). The detected optical power decreases exponentially (linearly in 

dB unit) with respect to the distance along the fiber and shows abrupt peaks and dips at the location 

of connectors, bend and breaks due to Fresnel reflections at the end of fiber which are shown in 

figure 2.3. 

 

                                             Figure 2.2The simplified configuration of OTDR system 
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                                                    Figure 2.3 The illustration of OTDR trace 

In order to avoid the superposition of backscattered signals, only one pulse is sent into the fiber at 

a time. Thus, the repetition rate of optical pulse is limited by the fiber length and the time delay 

between the pulses is: 

                                                        
2

g

L

v
                                                                        (2.7) 

where L is the distance from the input end, vg is the group velocity of the light propagating in the 

optical fiber. In the OTDR system, the spatial resolution and dynamic range are two most important 

parameters characterizing the performances of system. The spatial resolution ∆z, which is the 

minimum resolvable distance, determined by the width of the launched pulse such that: 

                                                                  
2

p gT v
z                                                                   (2.8) 

where Tp is the pulse width of incident light. When the attenuation is constant for both directions 

of propagation, the backscattered power, Pbs can be calculated as [29]: 
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                                                         (2.9) 
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where as is the Rayleigh scattering coefficient, a is the fiber attenuation coefficient, F is the capture 

coefficient and P0 is the input power. 

The dynamic range is defined as the difference between the initial backscattered power 

level and the noise level of a measurement time. The way to increase the system’s dynamic range 

is either to enhance the backscattered power or to decrease the noise level. From equation (2.9), 

the backscattered power is proportional to the product of pulse width Tp and input power P0. 

However in the OTDR system, the pulse with very high peak power is not desired because it will 

cause the nonlinear effects in the fiber. So the dynamic range mainly depends on the pulse width. 

Increasing the dynamic range requires the longer pulses which would decrease the spatial 

resolution as defined in equation (2.8). This trade-off between the dynamic range and spatial 

resolution represents the fundamental limit of the OTDR system. Thus, designing the system needs 

to consider both parameters tailored to different applications. 

   Φ-OTDR 

    Principle of Φ-OTDR 

 

                                        Figure 2.4 The schematic of simulation model of Φ-OTDR system 

Φ-OTDR configuration is very similar with OTDR besides that the laser source is a narrow 

linewidth laser whose coherent length is much longer than the fiber length. In order to understand 

the principle of Φ-OTDR, a simplified simulation model has been developed [30] and the 
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schematic is shown in figure 2.4. The Rayleigh backscattered light can be modeled as a sequence 

of scattering centers. These scattering centers can be seen as multiple reflectors with weak 

reflectivity. The fiber can be divided into N small sections and the length for each section is 

∆L=L/N. ∆L can be seen with the same length as the pulse width in the simulation. In each section 

of the fiber, there are M scattering centers which are randomly located with the uniform distribution. 

So the electric field of Rayleigh backscattered light can be written as: 

                                 bs 0

1

exp( 2 ) exp( )
M

i i

i k k

k

E E L r j 


                                                              (2.10) 

where α is the attenuation coefficient of the optical fiber, Li is the length of the ith section of the 

fiber and Li=i∆L. rk and φk are the scattering coefficient and phase of kth scattering center, 

respectively. In Φ-OTDR, backscattered light within the pulse width will interfere each other and 

form a random interference pattern. Here we can assume the scattering coefficient for every 

scattering center is the same, denoted by r. Then intensity of the detected signal can be expressed 

as: 

                     '

' '
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                               (2.11) 

The first part of the detected signal is the DC component which is not our main interest. The second 

term is the sum of multiple interference signals and its intensity depends on combination of the 

phase difference within the pulse width. 
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                                              Figure 2.5 Typical trace obtained by Φ-OTDR system 

From equation (2.11), the intensity of detected signal is related to the relative phases of 

reflected light coming from different scattering centers within the pulse width. Since the scattering 

centers are randomly distributed along the fiber, the Φ-OTDR traces typically have random 

oscillating features, which is shown in figure 2.5. This random pattern remains same over time if 

the scattering centers do not suffer from any changes. If there is any disturbance at one certain 

location, the relative phases of backscattered light are changed and Φ-OTDR traces will vary at 

that disturbance location. Thus, the disturbance location can be obtained by tracking the difference 

between un-perturbed and perturbed signals or by traces subtraction. In the case of vibrations, the 

Φ-OTDR traces will show local variations synchronized with the vibration frequency. 100 

superposition of Φ-OTDR traces around vibration location is shown in figure 2.6(a). The 

intensities at other locations are almost the same for every trace but only around 650 m varies from 

trace to trace due to the vibration. After subtracting adjacent traces, the vibration location is clearly 

shown in figure 2.6(b). The vibration frequency can be obtained by performing the fast Fourier 

transform at vibration location along the sequence traces. 
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        Figure 2.6 (a) Φ-OTDR traces with the vibration at 650 m; (b) the vibration location after traces subtraction 

  Detection methods and noise in Φ-OTDR 

2.3.2.1 Direct detection 

The operation principle and schematic of Φ-OTDR with a direct detection are as described in 

section 2.3.1. The direct detection scheme presents the low complexity in which the signal is 

directly detected in the time domain. It is usually suitable for the short range sensing measurements 

where the backscattering light is relatively strong. There are several noise sources in the direct 

detection including laser phase noise, laser frequency drift, and intra-band noise caused by the 

finite extinction ratio of the optical pulse. The laser phase noise is determined by the linewidth of 

the laser which could affect the performance of  Φ-OTDR for vibration sensing [31]. In order to 

reduce the fluctuation of phases, the coherence length of laser should be longer than the pulse 

width.  The laser frequency drift  would also cause the fluctuation of Φ-OTDR traces since the 

interference patterns would change in different laser frequencies [32]. Therefore, in order to get 

stable traces in Φ-OTDR, the system not only requires the high coherent laser but also the laser 

with stable frequency over the measurement time. The active compensation method that utilizes 

the laser frequency sweeping and cross-correlation calculation has been proposed to suppress the 

trace distortion [33]. Beside these two factors, the fluctuation of traces can also be introduced by 
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EOM. In the experiment, the EOM bias is easily drifted during the long time operation and it would 

decrease the ER of optical pulse. This will result in a CW component between pulses and generate 

a CW backscattered light that would decrease the SNR.  Because the CW noises are accumulated 

with the fiber length, it could limit Φ-OTDR to long range and high spatial resolution sensing 

applications. The EOM feedback control in Φ-OTDR is introduced for solving the bias drift 

problem [34]. The approaches of improving ER of optical pulse will be discussed in Chapter 5 in 

this thesis. 

2.3.2.2  Coherent detection 

Due to the weak Rayleigh backscattering in optical fiber, the use of coherent detection can greatly 

increase the SNR and sensitivity of a detected signal. The principle of coherent detection consists 

of mixing the optical signal with a local oscillator (LO) before it reaches the photodetector. A 

schematic of Φ-OTDR with coherent detection is shown in figure 2.7.        

      

                                       Figure 2.7 The schematic of Φ-OTDR based on coherent detection 

The light coming from a laser with a frequency f0 is split by an optical coupler into two 

arms. One arm is used as LO and the other is used for generating the backscattered signal. In 

coherent detection, the frequency of optical pulses are usually shifted ∆f (usually few hundreds 

MHz) before sending into the fiber. In this case, the detected signal becomes the interference 



19 

 

between the LO and the Rayleigh backscattered light. Because the optical amplitude of LO signal 

is typically much higher than that of the backscattered signal, the intensity of interference signal  

in this case will be higher than that in the direct detection. If the optical amplitude of LO is high 

enough, the SNR of coherent detection can be reached to shot noise limit even for weak signals, 

while the direct detection cannot achieve this. Therefore, the coherent detection is more suitable 

for weak signal detection compared to direct detection. 

The main disadvantages of using coherent detection are higher noises and instability of Φ-

OTDR traces. Beside the noise occurring in the direct detection, the coherent detection is much 

more sensitive to the phase noise and strongly dependent on the state of polarizations of two arms. 

In the coherent detection, the polarization mismatch between two arms can deteriorate the 

interference signal at some positions. By using the polarization maintaining fiber (PMF), as well 

as polarization maintaining components, the polarization dependent problem has been solved [24]. 

But PMFs are expensive and have relatively high loss which limits the sensing range when 

compared to the use of SMF. The polarization diversity detection could also solve this problem 

and the details will be presented in the chapter 3. 

   Vibration sensing performance 

The good visibility and high SNR in the measured traces in Φ-OTDR are required to achieve 

reliable vibration measurements. The high spatial resolution, long sensing range, and wide 

frequency bandwidth are always desired in the distributed vibration sensing. These parameters are 

tightly related, however. In vibration sensing, the sensing range is restricted by the repetition rate 

of optical pulses because it requires only one pulse traveling in the fiber at a time. Thus low 

repetition rate is needed for the long range measurement. However, the maximum resolvable 

vibration frequency is also determined by the repetition rate in the Φ-OTDR. The maximum 
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frequency response is half of the repetition frequency of optical pulse according to the Nyquist 

sampling theorem. The tradeoff between the long sensing measurement range and high frequency 

response limits Φ-OTDR to high frequency vibration measurement. Several techniques have been 

proposed to break this limit. The repetition rate is enhanced by using the dual frequency pulses 

[35]. In this case, the dual pulses with different frequencies with a time delay are sent into the fiber 

simultaneously. The superposed traces can be demodulated by different beat frequencies. The 

maximum frequency is improved by a factor of 2 by using this method. The high frequency 

measurement can also be achieved by combing the MZI and Φ-OTDR [36] . In this configuration, 

the Φ-OTDR is used to locate the vibration position and the MZI will give the vibration frequency 

information which is not restricted by the repetition rate of optical pulse. The technique allows the 

detection of distributed frequency vibrations of up to 6 MHz of a pencil break event over 1 km of 

fiber with 5 m spatial resolution. But only one vibration event can be measured in this case. In 

addition, the non-uniform sampling has also been demonstrated for vibration frequency response 

improvement [37].  

The peak power in the Φ-OTDR also should be controlled properly because the high peak 

power of optical pulse would result in the nonlinearities which could degrade the performance of 

the system. The influence of modulation instability (MI)  in Φ-OTDR operation has been studied  

[38]. MI in fibers results from the interplay of Kerr-effect and anomalous dispersion, and in time 

domain, results in the breakup of a CW beam into a train of ultra-short pulses. In the spectral 

domain, MI has two sidebands at each side of the center beam wavelength. But in the case that the 

wavelength is operated in the normal dispersion regime, MI effect is not the main limitation of 

peak power in Φ-OTDR system. Other nonlinearities such as Brillouin or Raman effects could also 

affect the system performances. Thus, it is difficult to achieve long sensing range measurement by 
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only increasing the pulse peak power. 

To effectively increase the sensing range in Φ-OTDR, optical amplifications must be used. 

Although use of erbium-doped fiber amplifier (EDFA) for amplifying Rayleigh backscattered light 

would increase the sensing range, the signal still degrades after 10 km because of attenuation loss. 

However use of distributed amplifications would amplify the weak signal from end of the fiber 

which compensates the attenuation loss at rear end. Thus the distributed amplifying schemes 

provide a way in Φ-OTDR for long range measurements. The use of Brillouin amplification has 

been proposed to extend the sensing length of Φ-OTDR.  The optical pulse and CW light with a 

frequency difference of Brillouin frequency is sent into the fiber at opposite ends of the fiber 

respectively. Then the CW light will transfer the energy to the optical pulse at the remote end of 

the fiber because of the SBS process. The sensing range over 100 km has been demonstrated by 

using this method [39]. Beside Brillouin amplification, the first order and second order Raman 

amplification for long range sensing measurement have also been demonstrated [40, 41].  
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Chapter 3 

 Polarization diversity scheme in phase-sensitive 

OTDR for multi-events vibration detection 

 Φ-OTDR systems have been widely used for distributed vibration sensing. However, polarization 

fading affects the reliability of the sensors. This chapter presents an Φ-OTDR based on a 

polarization diversity (PD) scheme to compensate the position dependent polarization fading 

occurring in the coherent detection. A real distributed vibration sensing for multi-events detections 

can thus be achieved along each position along the sensing fiber with more reliable vibration 

measurements results. The experiment shows that the SNR of two vibration signals are 

simultaneously enhanced by 10.9 dB and 8.65 dB compared to the results obtained by a 

conventional coherent detection scheme. Section 3.1 gives the introduction of this work. The 

polarization fading effect is discussed in section 3.2.  Section 3.3 presents the theoretical analysis 

of interference signals in the Φ-OTDR system under the various polarization states. Section 3.4 

demonstrates the experiment details of the PD scheme in the Φ-OTDR including the set-up (3.4.1) 

and the experimental results and discussions (3.4.2). The last section 3.5 is the conclusion. 

 Introduction 

Fully distributed optical fiber sensors (DOFS) have been extensively studied because of their 

advantages over the traditional point sensors. The DOFS developed based on Brillouin scattering 

in optical fiber have been successfully demonstrated for static measurement, such as strain and 

temperature measurement [46, 47]. As for dynamic measurement, the distributed vibration sensors 

have broad applications in health monitoring and damage detection of civil infrastructures [8, 48]. 
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The most promising technique to fulfill distributed vibration measurement is Φ-OTDR due to its 

advantages such as high sensitivity, large dynamic range and simple configuration. 

The Φ-OTDR system operates based on coherent Rayleigh scattering light by utilizing a 

high-coherence laser with narrow line-width. The detected signals are induced by the interference 

between multiple Rayleigh scattering centers within a pulse width. External perturbations 

including acoustic waves or vibration applied on the fiber would modulate the effective refractive 

index of the guided optical mode, causing a phase shift of reflected light as well as the change in 

the intensity of detected signals. The Φ-OTDR was firstly realized using a direct detection scheme 

as an intrusion sensor with a simple setup, however a relatively low SNR was obtained [21, 49]. 

By using the post-signal processing methods such as moving average and wavelet denoising, the 

Φ-OTDR with high sensitivity and SNR has been demonstrated, which allows the acoustic wave 

and vibration spectrum to be measured in a distributed fashion [23]. The performance 

improvement in an Φ-OTDR system was achieved by using a heterodyne coherent detection 

technique [22]. However, the coherent detection is susceptible to the polarization mismatch 

between the measured and reference signals, and hence the measurement accuracy can be greatly 

affected by the polarization induced fading phenomenon [50] . The polarization mismatch would 

decrease the SNR of Φ-OTDR time-domain traces and cause the low visibility of interference 

signals. Unreliable vibration measurement results may occur at polarization mismatched locations 

because of these disturbance-insensitive regions.  

 For single-point sensing applications, a polarization controller is introduced in the reference 

arm to align the polarization at certain locations. For distributed sensing applications, since the 

state of polarization of Rayleigh backscattered light changes randomly along the low-birefringence 

optical fiber, it is impossible for the PC to keep polarization alignment for the backscattered signals 
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at each location along the sensing fiber. Thus the probability of finding the useful polarization 

matched locations could be significantly reduced. This problem becomes even more serious in 

multiple vibration events detection. It could be a major obstacle in real field such as intrusion 

detection, leakage detection of pipeline monitoring, internal crack of bridge and oil-well condition 

monitoring. To mitigate the polarization fading effect, one approach is to utilize the high-

birefringence polarization-maintaining fiber configurations [24]. In spite of its high SNR and 

sensitivity, this configuration is not suitable for long range sensing (typically limited to 1 km) 

because of the high loss of the PMF as well as the corresponding higher cost of polarization-

maintaining optical fiber components required in the systems. The PD method [51] provides an 

alternative solution for Φ-OTDR to reduce the polarization fading by separating the backscattering 

signals into two orthogonal polarization states through a polarization beam splitter (PBS), and then 

combine the two separated signals so that the detected signals are insensitive to the SOP in fibers. 

The polarization discrimination in an Φ-OTDR intrusion-sensor was achieved by utilizing the 

direct detection and PD scheme in the field tests [52]. Although the research on the PD scheme 

has been a focus in Brillouin scattering based DOFS [53, 54], it has not been thoroughly 

synthesized in Φ-OTDR. 

 Polarization effects in single mode fiber  

The fundamental mode (HE11) in the single mode fiber is a combination of two orthogonal 

polarization modes. In ideal fibers with perfect cylindrical symmetry and stress-free, the two 

modes are degenerate with the same propagation constants and any polarization state coupled into 

the fiber would not change during propagation. In practical fibers, mechanical and thermal stresses 

induced during the manufacturing process could break the circular symmetry of the ideal fiber and 
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result in a mixing of polarization states. The propagation constant becomes slightly different for 

the two orthogonal polarization modes because of the property of modal birefringence. The modal 

birefringence Bm in the optical fiber is defined as the difference between the effective refractive 

indexes of two orthogonally polarized states [27]: 

                                                      m x yB n n                                                               (3.1) 

where nx and ny are the modal refractive indices for the two orthogonally polarized states. Thus 

the effects of birefringence would cause a general polarization state to evolve through a periodic 

sequence of states as it propagates. This period is called beat length and defined as: 

                                                              B
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                                                                        (3.2) 

Generally, the single mode fibers are expected to have birefringence of the order of 10-7. The 

birefringence is usually not constant along the fiber but changes randomly because of the 

fluctuations in the fiber core. This could result in a random change of SOP during the propagation 

although a light with fixed linear SOP is launched into the fiber. This is not the issue in some 

applications as the detected signal is not sensitive to its polarization state. However, it is critical in 

fiber-optical interferometric sensors and coherent detection schemes. The polarization fading 

effects in the single mode fiber could reduce the visibility of detected signal, which should be 

considered carefully as developing the sensor system. 

 Theoretical analysis of different polarizations states in phase-

sensitive OTDR  

Figure 3.1 illustrates a simulation model for Rayleigh backscattering in a single-mode fiber that 

consists of a sequential series of spatially discrete low-birefringence reflectors with various 
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specifications. The variation of directions for principal birefringence axes of each reflector is 

presented over the length of the SMF because of inhomogeneous material density and fluctuation 

in the fiber ellipticity induced via fiber manufacturing process. 

                              

                                         Figure 3.1. Illustration of randomly distributed reflectors along a SMF. 

As illustrated in figure 3.1, a coordinate system is defined that x-axis and y-axis represent 

two equivalent principal birefringence axes (i.e., the slow axis and fast axis) of the SMF, 

respectively. When a pulse with a central frequency f0 is injected into the sensing fiber, the electric 

field of the backscattered light at the fiber input end (z = 0) at time t is the sum of the electric field 

of every Rayleigh scattering centers over half of the pulse duration that is from (tvg-w)/2 to tvg/2, 

which can be expressed as 
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where E0 is the initial electric field amplitude, vg are respectively the group velocity, w is the spatial 

length of the pulse width, α and  are respectively the average attenuation coefficient and 

propagation constant. The subscript j represents the j-th reflector. rj is the reflectance, zj is the 

randomly distributed position, j(t) is the time-dependent phase perturbation caused by internal 

instability of the Φ-OTDR and external disturbance on the sensing fiber. In the coherent heterodyne 

detection based Φ-OTDR, the input pulse will be modulated by an acoustic-optic modulator (AOM) 
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to introduce a frequency shift, and then reflected Rayleigh backscattering light is mixed with the 

reference light. The detected intensity will become: 
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where Er is the electric field amplitude of reference arm. 

The probability density function (PDF) of the Φ-OTDR output intensity is analyzed under 

the cases of polarization mismatch and polarization match. The analysis is based on speckle 

patterns as a random walk process [55]. Both the real and imaginary parts of the resultant electric 

fields for all Rayleigh scattering centers can be characterized as Gaussian random variables, 
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where Aj and Φj are the amplitude and phase of the j-th reflector, respectively. In the polarization 

mismatch case, θj varies along the fiber, following the uniform distribution in the [0, 2π] interval. 

The reflected signals from uncorrelated Rayleigh scattering centers become independent from each 

other, leading to the statistical independence of the real and imaginary parts of the resultant electric 

field in equation (3.5). According to the central limit theorem, when N increases towards an infinite 

value, the joint probability density function of the real and imaginary parts of the random phasor 

sum can be expressed as 
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where σ = (NA2/2)1/2, and A is the mean value of the electric field amplitude of each reflector. Then 

the PDF of the output intensity can be represented by a negative exponential function [56], 
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where <I> is the mean intensity. In the case of complete polarization match, the output intensity is 

an interference signal of different scattering centers with the same form of equation (3.4) except θj 

= 0. The PDF of the output intensity can be shown as a normal distribution for the limit N → ∞ 

[57]. In a partial polarization mismatch case, reflected light from different scattering centers does 

not completely interfere with each other due to reduced efficiency of the coherent detection, 

leading to a drop in the effective number of the scattering centers. Thus, the PDF of the output 

intensity in a practical Φ-OTDR comes between the above two limiting cases, and can be estimated 

by using a Gamma distribution [58, 59]: 
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where Г is the gamma function with the shape and scale parameters of k and θ, respectively. 

 Experimental details of polarization diversity in phase-sensitive 

OTDR 

 Experiment setup 

The experimental setup of the Φ-OTDR based on the polarization diversity scheme is shown in 

figure 3.2. The light source is an external cavity laser (ECL) with the central wavelength of 1550 

nm and line-width of 50 kHz. The light was split into two paths by an 80:20 optical coupler. Then 

the 80% light beam in the sensing arm was sent into the acoustic optical modulator (AOM) with a 

frequency shift of 200 MHz and also modulated by an EOM controlled by a function generator. 

The modulated pulse was amplified by an erbium doped fiber amplifier (EDFA). After filtering the 

amplified spontaneous emission noise (ASE) from EDFA, the optical pulse was fed into the 
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sensing fiber through a circulator, and the Rayleigh backscattered light will combine with the 

reference light by a standard 50:50 optical coupler. In the PD scheme, the reference light was 

launched into a polarization beam splitter (PBS) at 45◦ via adjusting the polarization controller. 

And PBS separated the reflected signals from the sensing arm into parallel and perpendicular 

polarization states. Then the two orthogonally polarization signals from the PBS were 

independently detected by two balanced detectors and the recorded intensity can be respectively 

expressed as: 
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where  is the angle between the polarization state of Rayleigh backscattering light and the 

principal axes of the PBS. To mitigate the polarization fading noise, the perpendicular and parallel 

signals were firstly squared and then summed together. Then the signals became polarization 

independent and were recorded by a data acquisition card (DAQ). 

 

                                          Figure 3.2 Φ-OTDR setup with the polarization diversity scheme 

  In the experiment, two lead zirconate titanates (PZTs) are used as vibration sources. A 
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section of fiber is attached to each PZT and distance between two PZTs is around 120 m. The 

working principle of PZT is that the circumferential change of piezoelectric material directly 

couples to the length change of the fiber under an applied electric voltage. Thus the phase delay is 

introduced through that section of fiber by changing its physical length and refractive index [60]. 

The response of these modulators is flat for frequencies between zero and the lowest resonate 

frequency. Resonate frequency is determined by the diameter of tube and material of the device, 

which is usually at tens kHz. Beside the phase change, a small amount of birefringence modulation 

is also introduced since the piezoelectric tube contacts only one side of the optical fiber and causes 

a modulated stress across the fiber. But the dominant modulation is phase modulation, the 

polarization modulation is approximately 0.1% of phase modulation [61] . 

  Experimental results and discussions 

From our theoretical analysis, the output intensity of the Φ-OTDR would exhibit different 

distributions under the conditions of polarization mismatch and polarization match. Both simulated 

and experimental results of the intensity distribution along the fiber are shown in figure 3.3. The 

fitting curves in figure 3.3(a) and 3.3(b) are obtained by using exponential distribution. In figure 

3.3(c) and 3.3(d), the Gamma distribution is used to fit the intensity distribution in the case of 

polarization match. The experiments were carried out with pulse width of 50 ns and input power 

of 10 mW based on the conventional coherent detection scheme and polarization diversity scheme, 

respectively. The average power of detected signal is increased and the intensity distribution tends 

to convert from exponential to gamma distribution by applying the PD method. 
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Figure 3.3 Intensity distribution of  50ns pulse with and input power of 10 mW: (a) simulation with polarization 

mismatch; (b) Experiment with coherent detection; (c) simulation with polarization match; (d) Experiment with 

polarization diversity detection. 

Figure 3.4(a) and 3.4(b) show the normalized 100 consecutive Φ-OTDR traces with 50 ns 

pulse width by using the coherent detection and polarization diversity detection. The effective fiber 

length is from 180 m to 866m which corresponds to a fiber length of 686 m. The average intensity 

along the fiber length is labeled by the blue dash lines as indicated in figure 3.4. Different intensity 

along the fiber is caused by constructive and destructive interference. It is noted that the relative 

low intensity as shown in figure 3.4(a) is due to the polarization mismatch between the sensing 

arm and reference arm. The average intensity can be effectively enhanced along the fiber length 

by applying the PD method, as clearly illustrated in figure 3.4(b). 
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Figure 3.4 Normalized 100 superposition Φ-OTDR traces with 50ns pulse width: (a) coherent detection; (b): 

polarization diversity detection. Blue dash line: average intensity level of detected signal along the fiber length. 

In Φ-OTDR system, usually SNR above 3dB is preferred for the sensing application. So 

the SNR of 3 dB is defined as a threshold to determine the ability of the sensor system. The detected 

SNR below 3 dBis considered as the noise signal. The percentage of SNR below threshold along 

the fiber length under the different pulse widths with same peak powers by using coherent 

detection and PD scheme is described in figure.3.5. The PD method effectively increase the 

probability of high SNR along the fiber length.  

 

          Figure 3.5 Percentage of detected SNR below 3dB threshold along the fiber length with different pulse width. 

For vibration measurement based on the coherent detection, the PC is used to match the 
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polarization between two arms; however it needs the prior knowledge of the vibration location. 

Although the polarization mismatch can be eliminated at certain positions by adjusting the PC, this 

mismatch effect still exists at other positions along the sensing fiber. As a result, the external 

vibration is insensitive at those polarization mismatch positions resulting in low SNR signals at 

the vibration frequency. In the PD scheme, the signals at two orthogonal polarization states are 

detected independently so that the complementarity of the two signals can be guaranteed 

throughout the sensing fiber with high SNR of the Φ-OTDR system. The experiment was carried 

out by collecting 2000 consecutive traces using parameters of 50 ns pulse width, 10 mW input 

power, and 10 kHz repetition rate. Two events with vibration frequencies of 500 Hz and 800 Hz 

were detected simultaneously by using the coherent detection and polarization diversity detection, 

separately.    

 

                Figure 3.6 Vibration location information obtained by: (a) Coherent detection; (b) PD detection. 

The vibration location information obtained by the coherent and PD detection after trace 

subtraction are shown in figure 3.6(a) and 3.6(b), respectively. The spikes occur at other non-

vibration positions in the coherent detection are caused by the polarization fading induced trace-

to-trace fluctuations. The vibration signals could submerge into the noise floor and show the 

misleading vibration locations. By eliminating the polarization mismatch induced fading noise, the 
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PD detection shows clear vibration signals with better SNR at both vibration locations compared 

with coherent detection. 

              

Figure 3.7 Power spectrum at two vibration locations obtained by coherent detection: (a) 500 Hz; (b) 800 Hz; PD 

detection: (c) 500 Hz; (d) 800 Hz. 

 

Once both vibration events are located, the vibration frequency can be obtained by 

performing a FFT at each vibration location. Power spectra at two vibration locations based on 

coherent detection and PD detection are shown in figure 3.7. With the vibration frequencies of 500 

Hz and 800 Hz, the SNR is improved by using PD detection for both events with enhancements of 

10.9 dB and 8.65 dB, respectively. The polarization diversity scheme is theoretically effective to 

eliminate overall polarization fading caused by the polarization mismatch between the reference 

and sensing arms occurring in the coherent detection scheme. However, it has only a minor impact 

on the polarization of interfering signals between Rayleigh scattering centers within a pulse width 

because of the uncontrollable and chaotic polarization states of principal birefringence axes of the 
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reflectors [62]. Furthermore, although there is a greater probability that the polarization fading 

effect is completely eliminated at the two vibration positions, the PD method is still difficult to 

achieve good visibility over the whole sensing fiber simultaneously. In coherent detection by 

comparison, it would be more difficult to adjust the PC in the reference arm to different SOPs at 

both locations at the same time. 

 Conclusion 

Distributed vibration sensing based on an Φ-OTDR system with polarization diversity detection 

has been proposed and demonstrated. Both theoretical and experimental results show that the 

proposed sensing system can achieve a more reliable vibration measurement result with high SNR 

signals compared with a traditional Φ-OTDR system. This technique eliminates the polarization 

mismatch between the sensing arm and reference arm at any given location of the sensing fiber 

making it is more suitable for the multi-events sensing applications.  

 

 

 

 

 



36 

 

Chapter 4 

 Piezoelectric Sinusoidal Vibration 

Measurement in Φ-OTDR 

Vibration frequency measurement is easily achieved by using an Φ-OTDR system, but vibration 

amplitude measurement is difficult in an Φ-OTDR system due to the intensity fluctuation caused 

by the stochastic random characteristics of Rayleigh backscattering. In this chapter, an approach 

for measuring the piezoelectric sinusoidal vibration signals is theoretically and experimentally 

evaluated through analysis of the peak value of a FFT spectrum at the fundamental frequency and 

high-order harmonics, showing the validity of particular vibration modulation amplitude 

measurements within a certain range determined by the Bessel functions. A trace-to-trace 

correlation coefficient is introduced to quantify the system noise. High correlation coefficients 

varying from 0.82 to 0.94 are obtained in the 100 experiment measurements. The results show that 

the standard deviation of the amplitude measurement depends on system noise and also on the PZT 

vibration-induced extra phase and amplitude change. Section 4.1 is an introduction of Φ-OTDR 

for the different applications which have been demonstrated. Also, the motivation and challenge 

for measuring the amplitudes are addressed in this section. Section 4.2 presents the operation 

principle for measuring the piezoelectric sinusoidal vibration amplitudes. Section 4.3 shows the 

experimental details and discussion including the setup in 4.3.1 and results of both simulation and 

experiment in 4.3.2. The last section 4.4 is the conclusion. 

 Introduction 

Estimating dynamic strain from vibration measurement is of great importance for many 
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applications. For example, distributed acoustic signal monitoring that is imperative in the field of 

oil and gas industry, structural health monitoring and non-destructive inspection of civil 

infrastructure, aircraft, vehicles and ships, earthquake and volcano surveillance in environmental 

monitoring, and so forth. Distributed optical fiber sensors that are mainly developed based on 

detection and analysis of backscattering light have attracted great attention over the past two 

decades since they provide many advantages over conventional optical sensors. Rayleigh 

scattering based OTDR was demonstrated for distributed measurement of fiber attenuation and 

locations of broken points [63]. Compared with the conventional OTDR, Φ-OTDR uses a highly 

coherent laser source which has a great potential in measuring small dynamic disturbances along 

the fiber with improved spatial resolution and sensitivity. The first Φ-OTDR system was reported 

by Taylor, et al. in 1993, to detect the weak refractive index change by injecting a narrow pulse 

[20]. The principle of e Φ-OTDR is based on interference between Rayleigh backscattered light 

from different scattering centers along the fiber within a pulse width. The relative phase changes 

of the electric fields coming from different scattering centers are sensitive to the vibration at a 

certain position. Due to its high sensitivity, Φ-OTDR was successfully demonstrated as an 

intrusion sensor with a simple direct detection scheme [21, 49]. Long range Φ-OTDR for intrusion 

sensing was also demonstrated with the assistance of Raman amplification [64]. Φ-OTDR was 

also demonstrated for vibration sensing by adopting heterodyne coherent detection [22]. The 

wavelet denoising method was introduced in Φ-OTDR to get a better performance with 50 cm 

spatial resolution [23]. A high frequency measurement was achieved by combining a Mach-

Zehnder interferometer and an Φ-OTDR system [36].  

The aforementioned works demonstrate the vibration frequency measurement ranging from 

Hz to kHz in terms of different applications. Although quantifying vibration is important in some 
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situations such as oil and gas exploration and crack damage detection in structural health 

monitoring, it was rarely discussed in literature. The phase demodulation method has been 

demonstrated in Φ-OTDR for dynamic strain measurement [65].However utilizing phase 

demodulation scheme is rather complex and its demodulation time is much longer than that 

required in the intensity monitoring technique. . In both phase and intensity measuring approaches, 

the challenge for dynamic strain measurements lies in the stochastic feature of the intensity 

fluctuation of Φ-OTDR traces, causing huge measurement uncertainty [66-68].  Thus minimizing 

intensity fluctuation by optimizing the Φ-OTDR system is necessary for precise dynamic strain 

measurements in Φ-OTDR. 

  Operation Principles 

The Φ-OTDR can be used in vibration measurements by distinguishing changes in speckle-like 

traces of Rayleigh backscattered light.   Vibration positions along the sensing fiber can be extracted 

by subtracting the trace sequences, and vibration frequency can be obtained by performing the FFT 

on the time domain waveform at each vibration location. External vibration will cause an extra 

phase change ∆ of the electric field of the detected signal. As cosine voltage is applied to a PZT 

cylinder where a section of the sensing fiber is wrapped around, the fiber length as well as the 

corresponding modal index and birefringence will experience periodic changes because of the 

piezoelectric effect of the piezo ceramics.  

       Rayleigh backscattered light in the single mode fiber can be modeled as a sequential series of 

spatially discrete reflectors. When a pulse of highly coherent light with central frequency of f0 is 

injected into the sensing fiber, the electric field of the Rayleigh backscattered light at the fiber 

incident end at time t is the sum of the electric field of every Rayleigh scattering centers over half 
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of the pulse duration. Quasi-elastic Rayleigh scattering would not induce any time-dependent light 

frequency shift, provided that there is no temporal perturbation effect on fiber characteristics, 

which have the same resonant frequency as the laser frequency f0 under a relative static state. The 

external vibration will cause an acceleration a, which can be written as a = am cos(2fvibt), where 

am is the maximum amplitude of the acceleration that is proportional to vibration modulation 

amplitude Vm.. A frequency shift Δf is consequently induced to its original resonant frequency f0 

so that the instantaneous resonant frequency f(t) becomes [69], 

                              0 0 vib( ) 1 cos(2 ) ,mf t f f f a f t                                                            (4.1) 

where  is the acceleration-sensitivity vector, and it is set to be 1 as a typical case under small 

dynamic disturbances. The vibration induced phase can thus be expressed as 

                                    vib 0 0 vib vib( ) 2 sin(2 ).mt f t f a f f t                                                        (4.2) 

It is indicated that the phase change Δvib  is proportional to Vmsin(2fvibt). So the vibration 

induced phase can be modified as: 

                                       vib vib( ) sin(2 ).mt V f t                                                             (4.3) 

Then the intensity of the Φ-OTDR is an interference signal determined by the AC-term, 
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where E0 is the initial electric field amplitude, rj is reflectance of j-th reflector, a is an attenuation 

coefficient of the fiber, where 0 = Φjk + δjk , Φjk =φj- φk and δjk  are respectively the phase 

difference and phase fluctuation difference between phases of two backscattered signals from j-th 
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and k-th reflectors, being part of a total number of N Rayleigh scattering centers existed over the 

spatial length of a short pulse. Then equation (4.4) can be further expanded by using an infinite 

series of Bessel functions, 
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From equation (4.4), the output intensity contains sinusoidal signal components with 

frequency fv ,2fv, 3fv, … and amplitudes, relative to J1(ГVm), J2(ГVm), J3(ГVm)…. The first order 

Bessel function is used to monitor the vibration amplitude because the response of higher 

harmonics are weak due to the small amplitude induced by PZT. Ppeak is the peak value of FFT 

spectrum of vibration frequency fv. Ppeak is proportional to the vibration modulation amplitude Vm 

in a certain range which is determined by the first order Bessel function, then Vm can be extracted 

from Ppeak measurement. 
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 Experiment details for measuring the sinusoidal vibration 

amplitudes in Φ-OTDR 

 Experimental setup 

 

          Figure 4.1 Experimental setup of the Φ-OTDR system for vibration modulation amplitude measurement. 

         The experimental setup of the Φ-OTDR for modulation amplitude measurement is shown in 

figure 4.1.  An external cavity laser source operated at 1550 nm with narrow linewidth of 50 kHz 

was launched into an EOM controlled by a function generator with a repetition rate of 10 kHz and 

50 ns pulse width. The high extinction ratio (>40dB) optical pulse is generated by the EOM. Also, 

the EOM bias is locked at the minimum point of transfer function by utilizing the bias controller 

with a feedback circuit. The modulated light was amplified by an EDFA and then the amplified 

pulse was sent into 690 m sensing fiber via a circulator. The Rayleigh backscattered signal is 

further amplified and the ASE is filtered out by a filter. Then the signal is detected by a photo-

detector and processed by a DAQ. In the vibration measurement experiment, a section of the 

sensing fiber was wrapped around a cylindrical PZT. The piezoelectric transducer was driven by a 

function generator with output voltage ranging from 0 to 20 V and frequency ranging from Hz up 

to several kHz.   
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  Results and discussion 

A. Trace fluctuation characterization 

 
It should be noted that irregular vibrations often occur in nature where they can be decomposed 

into a multitude of frequency components with unequal cycles. For instance, a piezoelectric 

transducer tube is usually used to generate a single-frequency vibration, while the dominant 

vibration can be practically disturbed by some undesirable effects such as an imperfect fiber 

wrapping process causing non-uniform vibration responses of the sensing fiber. As a matter of fact, 

these additional random vibration components besides the dominant one existing in a real test 

environment may cause an extra phase change of the electric field of the detected signal beyond 

the system noise, contributing to a certain degree of uncertainty in Ppeak. To quantify the intensity 

fluctuation, thus an OTDR trace-to-trace correlation coefficient R(M) is introduced to evaluate the 

level of the Φ-OTDR system instability as well as the standard deviation of measured Ppeak, which 

is defined as:                                      
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where r is a correlation function between two adjacent traces, M is the total number of 

measurement traces, ki (z) is the normalized intensity of i-th trace at position z.  

Figure 4.2 shows flow chart of the vibration measurement procedure by using Φ-OTDR. In 

simulation, phase φ of the individual reflector is a random quantity with a uniform probability 

distribution over the range of [0, 2π]. The phase fluctuation δФjk has the uniform distribution on 

F∙[0, 2π], where the coefficient F has a specific value in the range [0, 1] depending on the 

magnitude of the Φ-OTDR system noise. The phase fluctuation varies from trace to trace and 

contributes to the intensity fluctuation. The intensity of M Φ-OTDR traces at non-vibration 



43 

 

locations and vibration locations can be simulated based on equation (4.5). In experiment, M Φ-

OTDR traces are acquired and stored in the computer. In order to analyze the system stability, 

trace-to-trace correlation function is performed at non-vibration locations. The wavelet denoising 

technique was adopted in the signal post-processing to reduce the random noise and then the 

vibration location can be identified by doing traces subtraction. After obtaining the vibration 

location, the FFT can be performed along traces at vibration location and Ppeak will be recorded. 

The experiment will be carried out n times and the standard deviation of measured Ppeak is also 

calculated to quantify the measurement uncertainty. 

 

Figure 4.2 Flow chart of vibration measurement by using Φ-OTDR 

Figure 4.3(a) shows the simulation result of trace-to-trace correlation coefficient under the 

different value of F. The trace-to-trace correlation coefficient can reach to 0.9928 when the F is 
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set as 0.001 and it decreases with increasing of F.  100 measurements are performed in the 

experiment and their average correlation coefficients at non vibration locations are calculated to 

test the system stability. The total number of traces M is 1000 in each measurement. The 

distribution of calculated correlation coefficients at non-vibration locations with the bin size of 

0.01 is shown in figure 4.3(b). The experimental result shows that the correlation coefficient of 

measurements vary from 0.82 to 0.94. The high correlation coefficient shows that the system noise 

and fluctuation of measured Φ-OTDR traces is small. Figure 4.3(c) shows the experimental result 

of three traces in one measurement. The correlation coefficient of 0.9 is obtained in this 

measurement by using 1000 traces. 

 

Figure 4.3 (a) The distributed correlation coefficient at non-vibration locations obtained with 100 measurements in 

the experiment.  (b): The simulation result of correlation coefficient with varied fluctuation range F; (c): The 

experiment result of three Φ-OTDR traces 

B. Vibration measurements 

 Figure 4.4(a) exhibits the first order and second order Bessel function, J1 and J2, respectively. The 

data points of A, B, and C on the curve of the first order Bessel function correspond to figures 

4.4(b), 4.4(c), and 4.4(d) which are simulated power spectra with Vm = 0.25, 1, and 2. Since the 

output of any order Bessel functions would change with different Vm, the vibration modulation 

amplitude can thus be acquired by observing Ppeak of corresponding frequency in the power spectra. 
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In figure 4.4(b), there is one peak at the vibration frequency fvib = 500 Hz under the modulation 

amplitude of 0.25. According to equation (4.5), harmonics of higher orders in terms of Bessel 

functions remain and become more and more noticeable for larger Vm values. Another peak at 2fvib 

in figure 4.4(c) and even three other peaks at harmonic frequencies in figure 4.4(d) appear in the 

power spectra when Vm was further increased. The amplitudes of these peaks are determined by 

the magnitude of the second order and third order Bessel functions. 

 

Figure 4.4 (a) The first order and second order Bessel functions. A, B, C corresponds to figures. 4.4(b), 4.4(c), 

4.4(d), respectively. Simulation results of power spectra under different modulation amplitudes: (b) Vm = 0.25; (c) 

Vm = 1; (d) Vm = 2. 

The above theoretical and simulation analysis indicates that the detection of Vm becomes 

available by monitoring relative peak amplitudes at the fundamental frequency and high-order 

harmonics, however, this work only demonstrates the case that the first order Bessel function plays 

a dominant role. The wavelet denoising technique was adopted in the signal post-processing to 
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reduce the system noise and enhance spatial resolution, and thus the vibrating location detection 

accuracy was greatly improved. The 500 Hz vibration event was identified at 490 m as shown in 

Figure 4.5(a). Figures 4.5(b), 4.5(c), and 4.5(d) show the measured power spectra with different 

vibration modulation amplitudes of Vm = 1.8V, 3V, and 4V. 

 

Figure 4.5 (a) vibration location information. Experiment results of power spectra under different modulation 

amplitudes :(b) Vm = 1.8V; (c) Vm = 3V; (d) Vm = 4V. 

In simulation, the vibration signal is modeled as the perfect sinusoidal signal and thus the 

standard deviation of measured peak value depends only on the system noises which can be 

characterized by the correlation coefficient R. Figure 4.6(a) shows the simulation result of standard 

deviation of Ppeak with varying of correlation coefficients under Vm = 0.25. Figures 4.6(b) and 4.6(c) 

show the simulation and experimental results of standard deviation of Ppeak measurements with 

different number of traces under the amplitude Vm = 0.25 and Vm = 2.2V. The blue dots and red 

dots in figure 4.6(a) are obtained by using F= 0.004 and F= 0.055 which corresponding to 
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correlation coefficient R = 0.9 and 0.03, respectively. All results are calculated with 100 

measurement samples. Although the average correlation coefficient in the experiment results is 

around 0.9, the standard deviation of measured peak value in experiment result is much larger than 

that of simulation result. The standard deviation is comparable with the simulation result under the 

correlation coefficient of 0.03. The larger standard deviation in the experiment is caused by the 

PZT vibration induced extra phase and amplitude change, resulting in a reduction of correlation 

coefficient. Also from both figures 4.6(b) and 4.6(c), the standard deviation becomes smaller when 

more traces is used for the spectrum analysis. It is because that the average random noise is 

approaching the same in each measurement when more traces are used. Thus, 1000 traces are 

selected in the experiment to get small measurement uncertainty and save the measurement time. 

 

Figure 4.6 (a) Simulation result of standard deviation of Ppeak with varying of correlation coefficient. The standard 

deviation of Ppeak with number of traces: (b) simulation: Vm= 0.25; and (c) experiment: Vm= 2.2V. 

Figures 4.7 (a) and 4.7 (b) show the simulation results and the experiment result of 

measurement Ppeak with different applied modulation amplitudes. F is set as 0.055 and the 

correlation coefficient is 0.05 in the simulation to match the experiment result. Both simulation 

and experiment were obtained by performing FFT with 1000 traces and replicated 100 times to 

guarantee reliable and repeatable results. The modulation amplitude can be statistically extracted 

from the average value of Ppeak. The experimental results show that the Φ-OTDR system has a 
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high stability and low phase fluctuation since high correlation coefficients and relative small 

vibration amplitude measurement uncertainty. 

 

            Figure 4.7 The change of Ppeak with different modulation amplitudes Vm: (a) simulation (b) experiment. 

 Conclusion 

 In conclusion, an approach to measure the vibration amplitude is theoretically proposed and 

experimentally demonstrated. The PZT vibration modulation amplitude has been characterized by 

monitoring the peak value in the power spectra obtained by using the FFT. The measurement range 

is determined by the increased range of first order Bessel function. The trace-to-trace correlation 

coefficient is also introduced to analyze the system stability and the measurement uncertainty. The 

experimental results demonstrate a good agreement with the simulation results.   
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Chapter 5 

 Performance enhancement in Φ-OTDR based 

on high extinction ratio optical pulse generation 

In an Φ-OTDR system, the extinction ratio (ER) of an optical pulse generated by an EOM is finite 

and the CW leakage light could deteriorate the detected signal. The SNR of an Φ-OTDR sensor 

system could be increased by utilizing a high extinction ratio optical pulse. In this chapter, the 

effect of finite ER in an Φ-OTDR is theoretically analyzed and experimentally proved. To improve 

the ER of an optical pulse, two approaches for generating the high ER optical pulse are introduced. 

Synchronizing the dual EOMs and applying the nonlinear loop mirror are demonstrated in detail 

for high ER pulse generation. Vibration measurement with a sensing range of 1.8 km and 0.5 m 

spatial resolution has been achieved based on a dual EOMs setup. The sensing range of 8.4 km 

and spatial resolution of 2 m has been demonstrated based on nonlinear loop mirror. Section 5.1 

gives an introduction of the background which illustrates the motivation of this work. The two 

approaches of dual EOMs and nonlinear loop mirror are demonstrated in section 5.2 and 5.3 

respectively including the details of the theoretical analysis and experiment work. Section 5.3 is 

the conclusion. 

 Introduction 

Since Φ-OTDR system was proposed by Taylor for distributed intrusion sensing in 1993 [20],  it 

has attracted many attentions and found its great potential in distributed sensing applications due 

to its high sensitivity, long sensing range and good spatial resolution. The Φ-OTDR system utilizes 

the highly coherent laser whose coherent length is much longer than the fiber length. The laser is 
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modulated to generate optical pulses which are sent into the fiber, and then the Rayleigh 

backscattered light from different backscattering centers within the pulse width could interfere 

each other and form speckle patterns in Φ-OTDR traces. Generally, the optical pulses are 

modulated by an EOM. The bias voltage of EOM does not stay constant which will affect the 

performance of sensor system. Although the EOM bias [34] could be locked at the working point, 

the stable ER of commercial EOMs are generally 30~40dB.  In Φ-OTDR system, the optical pulses 

need to be amplified to detect the Rayleigh backscattering before entering into the fiber but the 

CW component of optical pulse are also amplified. Thus the Rayleigh backscattered light induced 

by the strong CW component would interfere with the pulse portion, result in reduction of the SNR 

of sensor system. This problem becomes more serious for the long range and high spatial resolution 

sensing application because SNR is much lower in these cases. The trace fluctuation caused by the 

leakage light is more obvious which makes it difficult to detect the external vibration. Therefore, 

it is desired to enhance the extinction ratio of optical pulse in Φ-OTDR system, especially for long 

range and high spatial resolution sensing. 

 High extinction ratio optical pulse generation with dual cascaded 

electro-optical modulators  

  Effect of finite extinction ratio in Φ-OTDR 

 

                    

                                                     Figure 5.1 Optical pulse with finite extinction ratio 
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 In Φ-OTDR system, EOM is used to convert CW light into the short optical pulse. However, the 

ER of generated pulse is finite and the CW leakage is induced in addition to the pulse. Figure 5.1 

shows the optical pulse with the finite ER. Pp and Pcw are the peak power and CW leakage power 

of incident light. The power of Rayleigh backscattered light generated by pulse and CW leakage, 

denoted by Pbp and Pbcw are expressed as: 
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where Tp is the pulse duration, α is  the attenuation coefficient of single mode fiber, αR is the 

Rayleigh backscattering coefficient, n  is the refractive index of optical fiber and L is the fiber 

length. From equation (5.1), the pulse peak power of backscattered light behaves in an exponential 

decay form along the fiber length and the CW portion is constant along the fiber. Because the 

highly coherent laser used in the Φ-OTDR system, the backscattered light from CW part could 

interfere with the pulse part and the power of interference light, Pint (z) is:  
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        In an ideal case of infinite ER, both terms of Pbcw and Pint would vanish in the system. But in 

the real case, these terms are considered as the noise sources of the sensor system. Compared with 

Pint, Pbcw is small and could be ignored here. The SNR by only considering the intra-band noise 

would be: 
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where ER=Pp/Pcw. From equation (5.3), the SNR is proportional to the square root of ER and also 

decreases with the longer fiber length and narrower pulse duration used in the system. Thus, the 

high ER optical pulse is essential for the long range and high spatial resolution measurement of Φ-

OTDR.                         

  Experiment setup 

The setup configuration of Φ-OTDR based on the high ER pulse generation is shown in figure 5.2. 

The high ER pulse generation is realized by synchronizing two cascaded EOMs. The laser source 

is a highly coherent fiber laser with 3 kHz linewidth and the EOM1 and EOM2 with ER of 30 dB 

and 40 dB are used in the experiment. The bias voltages of both EOMs are locked at the minimum 

point of transfer function by the feedback circuit. The amplified optical pulse is sent into the fiber 

under test through a circulator and the Rayleigh backscattered light is further amplified by an 

EDFA 2. The ASE noise is filtered out by a filter and the backscattered light is directly detected 

by a photodetector. In the experiment, EOM1 generates an optical pulse with a 50 ns pulse width 

and the pulse width of EOM2 is varied for the different experimental tests. To synchronize two 

EOMs, the pulse delay is adjusted properly through the pulse generator to make them overlap each 

other. In vibration sensing experiments, the PZT is acted as a vibration source which is driven by 

a function generator. The sampling rate is set at 250 M/s to obtain the Φ-OTDR traces. The wavelet 

denoising method is applied in the post signal processing to eliminate the random noise of trace 

fluctuation and to improve the SNR. 
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                                  Figure 5.2 The schematic of Φ-OTDR with two cascaded EOMs 

  Experimental results and discussion  

Figures 5.3(a), 5.3 (b) and 5.3 (c) illustrate the three optical pulses generated by using EOM1 with 

ER of 30 dB, EOM2 with ER of 40 dB and cascaded EOMs. The CW light of optical pulse is 

effectively suppressed in cascaded EOMs case. To verify the influence of leakage light on the SNR 

of Φ-OTDR system, the Φ-OTDR experiments are performed in above three cases. Figures 5.4 (a), 

5.4(b) and 5.4(c) show two consecutive Φ-OTDR traces obtained by EOM1, EOM2 and cascaded 

two EOMs, respectively. The results are obtained by using a pulse width of 10ns and fiber length 

of 8.4km. The ripples occurred between two Φ-OTDR traces in the figures 5.4(a) and 5.4(b) are 

the interference signal caused by the leakage light. The interference signal induced by the leakage 

light becomes more visible in the case of 30 dB ER and it almost disappears in the case of dual 

cascaded EOMs. Due to the strong trace fluctuation induced by the CW interference, the Φ-OTDR 

system with lower ER is more difficult to measure the vibration. But in the dual EOMs setup, the 

optical traces become much more stable even for a very narrow pulse width and long fiber length. 

Thus, the performance of Phase-OTDR is improved effectively by the use of dual EOMs. 
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                            Figure 5.3 Optical pulses generated by: (a) EOM1; (b) EOM2; (c) cascaded EOMs 

 

Figure 5.4 The two consecutive Φ-OTDR traces obtained by (a) EOM1 with 30dB; (b) EOM1 with 40dB; (c) Dual 

cascaded EOMs. 

500 consecutive traces are collected in the experiment by using dual EOMs setup. The two 

vibration experiments are performed with the fiber lengths of 1.8 km and 8.4 km, respectively. The 

first experiment is conducted by using 1.8 km fiber and a pulse width of 5 ns. The repetition rate 

in this case is 10 kHz. The 40 cm length fiber was wrapped around the PZT tube for the high spatial 

resolution measurement. Figures 5.5(a) and 5.5(b) show the obtained vibration location 

information after traces subtraction. The spatial resolution of 0.5 m is achieved which is clearly 

shown in figure 5.5 (b). Figure 5.5(c) show the vibration frequency spectrum obtained by 

performing the FFT at vibration location. From figure 5.5 (a), the vibration location is obtained 

with a very high SNR of about 40 dB. 
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Figure 5.5 (a) vibration location obtained with 1.8km fiber (b) The zoom of (a) around the vibration location (c) 

power spectrum of vibration signal 

 

Figure 5.6 (a): Vibration position obtained with 8.4 km fiber (b) the zoom in graph of (a) around the vibration 

location 

To test the system’s performance for long sensing range measurement, we extend the fiber 

length to 8.4km. In this case, the pulse width is increased to 10ns because the SNR at rear end of 

fiber is too low to obtain the vibration information. Then the vibration location is shown in Fig.5.6 

(a) with 8.4 km sensing range. Fig.5.6 (a) is zoomed in around the vibration position to clearly 

observe the vibration spatial information, which is shown in Fig.5.6 (b). The half width of the peak 

illustrates the spatial resolution is 1m corresponding to the 10 ns pulse width used in the experiment. 

The SNR of vibration signal is 23 dB in this case. Compared to the result obtained in 1.8 km, the 
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SNR is decreased because the trace to trace fluctuation is relatively larger for longer sensing fiber. 

The laser frequency drift could contribute to the intensity fluctuation since longer time 

measurement is required for longer fiber.  

 

                    Figure 5.7 Power spectrum of detected vibration by doing the FFT (a): 1 kHz; (b) 2 kHz 

The vibration frequency can be obtained by performing the FFT along the measured traces 

at vibration location. Two different frequencies of 1 kHz and 2 kHz are measured in the experiment 

and their power spectrum are shown in figures 5.7 (a) and 5.7 (b), respectively. The maximum 

frequency response here is limited to 2.5 kHz due to the 5 kHz repetition rate used in the 

experiment. The dual EOMs setup successfully enhances the ER of the optical pulses to above 60 

dB and reduces the intra-band noise in the Φ-OTDR significantly. Using the high ER pulse 

generation, the system performance is enhanced and the vibration measurements are achieved with 

0.5 m spatial resolution for 1.8 km sensing range. In addition, vibration sensing performance of 

8.4 km fiber and 1m spatial resolution is achieved without any distributed amplification scheme.  



57 

 

 High extinction ratio optical pulse generation with nonlinear 

optical fiber loop mirror 

  Introduction of nonlinear optical fiber loop mirror 

In section 5.2, the dual EOMs setup is demonstrated for high extinction ratio optical pulse 

generation. One drawback of this dual EOMs scheme is that resulting ER is strongly dependent on 

ER of individual EOM used in the experiment. The EOM with high ER is usually expensive and 

it is difficult for practical use. Also, the insertion loss is large in this setup and two pulse generators 

are required. Besides the dual EOMs scheme, the nonlinear optical fiber loop mirror (NOLM) can 

also achieve the generation of high ER optical pulse. NOLMs have been extensively studied for 

various applications such as optical switching [70], demultiplexing [71], and passive mode locking 

[72] etc. NLOMs can be used as the saturable absorber, which allows very low transmission at low 

input power, whereas it becomes completely transparent for some higher value of the input power. 

NLOM has been reported in the Brillouin optical time domain analysis to enhance the ER of an 

optical pulse [73], however it has not been applied in the Φ-OTDR for vibration sensing yet. 

  Principle of nonlinear optical fiber loop mirror 

 

 

                                             Figure 5.8 Schematic of nonlinear optical fiber loop mirror 
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The configuration of nonlinear amplifying optical fiber loop mirror is shown in figure 5.8. The 

NOLM consists of an optical coupler, the polarization controller, an erbium doped fiber (EDF) as 

a gain and a section of fiber. Before discussing the operational principle of nonlinear fiber loop 

mirror, the mathematical analysis of fiber loop mirror is presented. The schematic of fiber loop 

mirror is similar with the configuration in figure 5.8 except without the EDF gain.  The reflection 

R and transmission T function of a linear loop at two ports of optical coupler can be expressed as: 
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where ε is the coupling ratio of optical coupler. Thus the use of 50:50 optical coupler (ε=0.5) can 

obtain the 100% reflection and 0% transmission. However with a gain medium in the fiber loop, 

the nonlinear phase shift can be induced by asymmetrical amplification process of clockwise light 

and counter-clockwise light. The transmission and reflection of optical power is then determined 

by this nonlinear phase shift which is related to the input power, the gain of EDF and the fiber 

length. In the mathematic formulation, the electrical field of input light is: 

                                                      0 0exp ( )inE E j wt                                                                      (5.5) 

where E0 is the amplitude of electrical field of input light and ϕ0 is the initial phase of light. The 

optical signal goes through the coupler and splits into the clockwise and counter-clockwise 

directions and then combined at both the reflection and transmission ends. The electrical filed of 

clockwise and counter-clockwise signal at transmission end are: 
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where g is the gain factor, ϕ1 is the linear phase after traveling through the fiber loop. ϕLcw and 
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ϕLccw are the nonlinear phase of the clockwise light and counter-clockwise light traveling before 

the EDF fiber, ϕhcw and ϕhccw are the nonlinear phase of the clockwise light and counter-clockwise 

light traveling after the EDF fiber, which can be written as: 
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Thus the transmission function can be expressed as: 

2 2 2 2
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If ε=0.5 where the 50:50 coupler is used, the transmission function reduces to: 
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Thus, the transmission function depends on the input power P0, gain factor g, and the fiber length 

L used in the loop. Given a fixed L and g, the nonlinear fiber loop mirror can act as a switch which 

only allows the high power to transmit. If the input signal is a pulse, the NOLM can be optimized 

so that the CW leakage light is reflected and only the pulse peak portion can transmit. This 

operation can significantly improve the extinction ratio of the optical pulse. Figure 5.9 shows the 

simulation result of transmission function with different input power P0 under the gain of 10, 32 

and 100. The fiber nonlinearities coefficient γ is 2/Wkm and the fiber length is 500m in the 

simulation. The maximum transmission occurred in the lower input power under higher gain. Also, 

for a given input power, the transmission is increased when the gain becomes larger and the output 

power is amplified at the transmission end of NOLM. 
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                             Figure 5.9 The transmission function of NOLM with different power under the g=10, 32 and 100. 

        The CW light of optical pulse generated by EOM is usually in the order of micro watts which 

would be easily reflected. The pulse peak power is 10 mW in our case and it could be transmitted 

totally by properly choosing the gain. The simulation result of transmission function with different 

gain under the input power of 10mW is shown in figure 5.10. The optical pulse is transmitted (T=1) 

without amplification when g is about 56. In the Φ-OTDR system, the optical pulse generated by 

EOM need to be amplified and the required peak power is usually between tens mW and hundreds 

mW in terms of different applications. Thus the EDF fiber should provide a gain of 100 which is 

10 dB at least. As long as the optical pulse peak portion starts to switch and the desired peak power 

is obtained, the high ER of optical pulse is generated without further amplification required. 

Although the CW could be suppressed by adjusting the PC, ER is limited by the Rayleigh 

scattering generated in the loop. The use of short fiber could mitigate effects caused by Rayleigh 

scattering. 
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               Figure 5.10 The transmission function of NOLM with different gain under the input power of 10 mW. 

  Experimental setup 

 

 

                           Figure 5.11 The Φ-OTDR sensor system: (a): conventional setup; (b): NOLM. 

The configuration of Φ-OTDR sensor systems based on the conventional setup and NOLM are 

shown in figures 5.11(a) and 5.11(b), respectively. The laser used is a highly coherent fiber laser 

with a linewidth of 3 kHz. In the conventional Φ-OTDR setup, the commercial EDFA is used to 

amplify the very weak pulse generated by EOM. By replacing the EDFA with an amplifying 
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NOLM, the optical pulse is not only amplified but the CW leakage light is also effectively 

suppressed. An EDF fiber with 1.2 m length is positioned at the end of the loop and the optical 

coupler has a splitting ratio of 50:50. The 980 pump laser is coupled to the EDF fiber through a 

WDM to provide a sufficient gain. After the high ER optical pulse is obtained, it is sent into the 

fiber via a circulator. The Rayleigh backscattered light then is further amplified and the ASE noise 

is filtered out by the filter and detected by the photo-detector (PD).  

  Experimental results and discussion  

 

Figure 5.12 (a) 20ns optical pulse generated by using the conventional setup and NOLM; (b) The CW components 

obtained by using the conventional setup and NOLM. 

To verify that the NOLM could improve the ER of optical pulse, the peak power of optical 

pulse and CW leakage power should be known in conventional and NOLM Φ-OTDR setup. 

Figures 5.12(a) and 5.12(b) show 20 ns optical pulse and the CW leakage light obtained by the 

conventional setup and the NOLM. The PD background noise is also shown in figure 5.12(b). The 

optical pulses shown in figure 5.12(a) are measured by using the 3.5 GHz bandwidth PD and 20dB 

attenuation is added before the PD to prevent the saturation. To compare the CW leakage light in 
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both cases, the pulse peak power should be adjusted to the same voltage and then the CW leakage 

light is measured by a low noise and high gain PD with 125 MHz bandwidth. The 3 GHz filter 

with an insertion loss 3 dB is also added before both PDs to filter out the ASE noise. 

To correctly calculate the ER of the optical pulses, the pulse peak power and CW leakage 

power are required for both cases. PDs should be calibrated to get the relation between electric 

voltage and optical power since the optical pulse and CW components are measured by PDs in 

electric voltages. Figures 5.13(a) and 5.13(b) show calibration curves of 3.5 GHz and 125 MHz 

PDs with a linear conversion between optical power and electric voltage. The red curves in figure 

5.13 are the linear fitting curve. The calculated pulse peak power in both cases are 56.04 mW. The 

CW leakage powers in the conventional setup and the NOLM are 2.1 μW and 0.17 μW respectively. 

The CW leakage light is effectively suppressed by utilizing the NOLM and the ER is improved 

from 44 dB to 55 dB.  

 

      Figure 5.13 The relation between electric voltage and optical power of PD (a):3.5GHz PD; (b) 125MHz PD 
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                            Figure 5.14 The Φ-OTDR traces obtained by (a) conventional setup; (b) NOLM. 

The Φ-OTDR optical time domain traces are obtained by using the conventional setup and 

NOLM, which are shown in figures 5.14(a) and 5.14(b). The two adjacent traces are obtained by 

using the 20 ns pulse width and 8.4 km single mode fiber. The repetition rate and sampling rate in 

the experiment is set as 5 kHz and 250 M/s. In the figure 5.14(a), the ripples between two Φ-OTDR 

traces are caused by the Rayleigh interference induced by CW leakage light which could decrease 

the SNR of detected signal. For the vibration measurement, the stable and repeatable optical traces 

are required to identify the vibration location. The instability of Φ-OTDR traces caused by the CW 

light makes it difficult for vibration sensing. By improving the ER of the optical pulse, the 

influence of CW light could be almost neglected. After realizing the high ER optical pulse 

generation, the vibration measurement is performed with NOLM setup. The PZT is inserted in the 

7.2 km position and 2 m fiber is wrapped around the PZT. To get the vibration information, 500 

trace sequences are collected in the experiment. The vibration location then is obtained by the 

traces subtraction shown in figure 5.15(a). The zoom in on figure 5.15(a) around the vibration 

location is shown in figure 5.15(b). The 2 m half width of vibration signal corresponds to the pulse 

width of 20 ns used in the experiment. Then the power spectrum of vibration signal of 1 kHz is 
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obtained by performing the FFT at the vibration location shown in figure 5.15(c).  

 

 Figure 5.15 (a) Vibration location information; (b) zoom in graph of (a) around the vibration position (c) Power 

spectrum of vibration 1 kHz 

The NOLM based on the Φ-OTDR has been demonstrated for high ER pulse generation. 

ER is improved from 44 dB to 55 dB by utilizing the NOLM. The 8.4 km and 2 m spatial resolution 

is also achieved for vibration sensing based on NOLM setup. Compared to the dual EOMs setup, 

NOLM setup is more cost effective and suitable for practical application. However, the stability of 

optical pulse generated by NOLM is not as good as the dual EOMs setup because NOLM is very 

sensitive to the polarization state. In addition, the ER of NOLM is limited by the Rayleigh 

backscattering in the loop [74]. Thus choosing the proper length of fiber in the loop and gain factor 

is crucial in the experiment.  

 Conclusion 

In conclusion, two approaches have been developed for high ER pulse generation. In the dual 

EOMs configuration, the obtained ER is dependent on the individual ER of the EOM. The 

generated ER could be very high and the optical pulse is stable but at the expense of setup 

complexity and higher cost of EOMs. Sensing ranges of 8.4 km and 1.8 km with spatial resolutions 

of 1 m and 0.5 m are achieved in the dual EOMs setup, respectively. High ER pulse generation 
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has also been demonstrated with a NOLM which could also effectively suppress the CW light. The 

ER in this case is improved from 44 dB to 55 dB. By using this setup, vibration sensing along 8.4 

km with 2 m spatial resolution is achieved and demonstrated. 
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Chapter 6  

 Summary and Future work 

  Summary 

 This thesis mainly focuses on developing a distributed optical fiber vibration sensor based on 

phase-sensitive optical time domain reflectometry (Φ-OTDR). The use of Φ-OTDR for dynamic 

measurements and the effects involved in its operations, were theoretically and experimentally 

studied. Three works have been addressed in this thesis for enhancing the performance of a Φ-

OTDR sensor system. 

    Φ-OTDR distributed optical fiber vibration sensor based on the polarization diversity scheme 

has been proposed. The demonstrated configuration could compensate for position related 

polarization fading occurring in the conventional coherent detection. A real distributed sensing 

application for simultaneous multi-events vibration detection can thus be achieved along each 

position of the sensing fiber with more reliable vibration detection results. The experimental results 

show that the SNR of two vibration signals are enhanced by 10.9 dB and 8.65 dB compared to the 

results obtained by a conventional coherent detection scheme.  

       The piezoelectric sinusoidal vibration signals are theoretically and experimentally 

evaluated in the Φ-OTDR sensor system. Vibration modulation amplitude measurements then are 

performed by analyzing the peak value of FFT spectrum at the fundamental frequency and high-

order harmonics. The random amplitude fluctuation is suppressed by stabilizing sensor system and 

the trace to trace correlations varying from 0.83 to 0.94 is obtained in 100 experiment 

measurements. The standard deviation of amplitude measurements depends on the system noises 
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and also the PZT vibration induced extra phase and amplitude change.  

     Two approaches of dual EOMs setup and nonlinear optical fiber loop mirror have been 

developed to enhance the extinction ratio of optical pulse. The high extinction ratio optical pulse 

could reduce the intra-band noise and enhance the SNR of Φ-OTDR traces which is desired for 

the long range and high spatial resolution distributed vibration sensing application. The distributed 

vibration sensing measurement of 1.8 km fiber length and 0.5 m spatial resolution has been 

achieved in the dual EOMs setup. Also, the sensing range of 8.4 km and 1m spatial resolution has 

been demonstrated in the NOLM setup. 

 Future work   

The following topics are presented for the future improvement of the work developed in this thesis. 

     The Φ-OTDR based polarization diversity scheme has been demonstrated to eliminate the 

position dependent polarization fading effect which is more suitable for the multi-events detection. 

Two vibration signals are simultaneously measured in chapter 3. However, measuring two 

vibration events is not good enough in the applications. Future work may be done by testing several 

vibration events at the same time to verify whether the polarization diversity scheme enhances the 

performance of Φ-OTDR sensor system. 

      The piezoelectric sinusoidal vibration amplitude measurements have been presented by 

monitoring the peak value of FFT spectrum. The intensity demodulation makes it easier to recover 

the signal but it requires the calibration at different positions along the fiber. Coherent balanced 

detection may be applied in the system to demodulate the phase. Then the amplitude measurement 

can be obtained by monitoring the phase change at the vibration location.  
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