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SYNOPSIS 

A novel and nearly ideal approach to employ optical fibers to perform the job of transducers 

for a wide variety of sensing applications has given rise to a new family of sensors viz. 

optical fiber based sensors. Optical fiber based sensors are sensing devices where light 

propagating inside an optical fiber is modified in response to an external physical, chemical 

or biological effect [1]. Small size, immunity to electromagnetic interference/radio frequency, 

corrosion resistance and the ability to be embedded with the object for which the parameter is 

being sensed make optical fiber based sensors an attractive alternative to their conventional 

counterparts [2]. If there are so many points to be monitored, distributed sensors certainly 

have an upper edge over conventional point sensors due to their lower complexity and cost 

per monitored point [3]. Scattering principles such as Brillouin [4] and Raman effects [5] 

have been employed in distributed measurement of various parameters like strain and 

temperature using optical fiber. 

 



xvi 

 

In this thesis, focus is on development of an optical fiber based distributed temperature sensor 

(OFDTS) that has the ability of providing temperature values as a continuous function of 

distance along the length of optical fiber. In an OFDTS, every bit of fiber plays the dual role 

of sensing element and data transmitting medium. The fiber can replace numerous isolated 

sensors and wires allowing reduced complexity and cost in temperature measurement [6]. 

 

In addition to fire detection, OFDTSs have attracted the attention as a means of temperature 

monitoring of power cables, long gas pipelines, bore holes, tunnels and critical installations 

like oil wells, refineries, induction furnaces, process control industries and secondary sodium 

coolant loop of fast breeder test reactor [7-11] etc. 

 

Basic principle of temperature measurement using OFDTS involves Raman scattering [5] in 

conjunction with optical time domain reflectometry (OTDR) [12]. The OTDR principle 

allows estimation of the location of hot zones whereas Raman scattering permits 

measurement of temperature of the hot zones in the fiber. The sensing fiber is coupled to 

laser pulses and ratio of backscattered anti-Stokes (AS) and Stokes (St) light signals 

generated due to Raman scattering is monitored for temperature measurement [13]. 

 

During the design and development of an OFDTS, several issues were encountered and were 

successfully addressed using non-stationary signal processing techniques. Some of the issues 

which have been discussed and addressed in the thesis are briefly described below.  

 

The first issue is related to the difficulty of dynamic self-calibration of OFDTS to obtain the 

correct distributed temperature profile [10]. In dynamic self-calibration, experimental value 

of ratio (R=Amplitude of AS signal/Amplitude of St signal) is dynamically modified by a 
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reference ratio value obtained at some known temperature of calibration zone, chosen from 

the sensing fiber itself. However, temperature of calibration zone itself may change unless it 

is controlled by a dedicated setup.  Therefore, it is required that calibration zone should be 

maintained at a constant temperature which needs additional temperature control arrangement 

resulting in increased complexity of the OFDTS. In this work, new methodologies have been 

proposed and implemented which provide freedom from keeping the calibration zone at 

constant temperature. The second issue is the non-identical fiber attenuation along the fiber 

length for AS and St signals due to difference in their optical wavelengths [10, 13, and 14]. 

The attenuation difference between AS and St signal results in an error in distributed 

temperature (T) profile with respect to the fiber length and therefore needs to be corrected. 

The third issue is related to the drift in AS and St signals with time caused by variations in 

laser power and/or laser-fiber coupling. Therefore, any previously stored reference values of 

AS and St signals for calibration zone can no longer be used as reference for distributed 

temperature measurement at a later stage. Due to this reason, the dynamic self-calibration has 

been devised and incorporated in the present work to take care of this issue. The fourth issue 

is related to denoising of AS and St signals and the resulting spatial inaccuracy in the location 

of hot zones [15]. In order to obtain better temperature accuracy without increasing the 

acquisition time, AS and St signals need to be denoised by digital filters. However, 

conventional Fourier denoising of Raman AS and St signals causes spatial inaccuracy which 

in turn yields erroneous information about location of hot zones [15]. Therefore, new 

denoising schemes which do not cause additional spatial inaccuracies in AS and St signals 

need to be developed. Such techniques have been developed and discussed in this thesis. The 

fifth issue is related to distributed temperature measurement in presence of an undesired bend 

in sensing fiber. In an OFDTS, distributed temperature profile is measured correctly 

assuming that sensing fiber is free from any discontinuity. However, in real applications, as 
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the time passes, the fiber attenuation is affected when the sensing fiber undergoes 

perturbations such as bends, tensions or compressions which cause discontinuity in AS and St 

signals [16]. In case the sensing fiber undergoes a bend, significant temperature error will be 

introduced in the temperature profile of fiber zone that exists after the bend. Therefore, 

automatic detection and determination of the location of the bend is crucially important to 

detect and estimate the error in distributed temperature profile. A novel technique for 

detection of bend induced error and its compensation has been proposed and implemented in 

the present work. 

 

Literature survey reveals that in order to compensate the error caused by the difference in 

attenuation between AS and St signals several schemes have been proposed. These schemes 

include the use of Rayleigh in place of St signal [17], loop back [10] and double-ended (DE) 

configuration [18] where both ends of sensing fiber are accessed by the OFDTS. Lee [14] and 

Suh et al. [19] suggested the schemes based on the use of two laser sources. A better 

correction method using one light source and one light detector has also been proposed by 

Hwang et al. [16] which requires attachment of a carefully designed reflective mirror at the 

far fiber-end of sensing fiber. A scheme combining DE configuration and detection of AS 

signal has also been devised recently in the above context [20]. These schemes provide better 

temperature measurement accuracy but with an increase in complexity.  

 

From the point of view of digital signal processing, electrical versions of AS and St signals 

are non-stationary signals. In the present work emphasis has been made on the development 

of new techniques using three different non-stationary signal processing models like short-

term Fourier transform (STFT) [21], discrete wavelet transform (DWT) [22] and empirical 

mode decomposition (EMD) [23] for resolving above mentioned issues. The contemporary 
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work related to non-stationary signal processing for OFDTS carried out by other researchers 

are also briefly described. 

 

In previous years, Guang-yong et al. [24] has applied wavelet transform directly on the 

output (temperature vs. distance) data of a developed OFDTS. The wavelet transform was 

used for denoising of output data rather than using it for preprocessing of input experimental 

Raman AS and St signals. The temperature range demonstrated in this experiment was        

20-35 °C only. Xiaobing and Jiangtao [25] presented a useful wavelet transform based 

denoising technique to extract temperature information from a noisy temperature vs. distance 

data of an OFDTS for an improved temperature range of 29-110 °C.  However, the study [25] 

does not use the wavelet transform to eliminate the temperature error caused by fiber 

attenuation difference between AS and St signals (second issue) and for this reason 

distributed temperature profile has an unwanted downward slope. Also, the calibration zone 

has to be kept at a constant temperature and thus first issue remains unattended. On the other 

hand, in the present work, above mentioned issues have been addressed using DWT. 

Recently, Wang et al. [26] presented an improved denoising technique based on wavelet 

transform modulus maxima (WTMM) to decrease the temperature measurement error. An 

off-line algorithm supported by wavelet transform was also proposed by Hou et al. [27] to 

eliminate noisy part of Raman signals at a single temperature (room temperature) only. The 

off-line nature of the algorithm used in above study [27] makes it unsuitable for automated 

operation of OFDTS. Also, extraction of distributed temperature information from Raman 

signals has not been demonstrated in this study. None of the above studies [24-27] reports use 

of wavelet transform for dynamic self calibration of OFDTS. Henderson et al. [28] analyzed 

the output from an OFDTS using continuous wavelet transform and cross-wavelet transform 

to obtain hydrologic insight using an off-the-shelf OFDTS (Model: Lios 2000/4000) that 
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works on the principle of optical frequency domain reflectometry (OFDR). It may be noted 

that in most of the studies, emphasis is on the wavelet based post processing of the data 

available at the output of an OFDTS. However, the present work focuses on DWT based 

preprocessing of input raw AS and St signals and addresses first four issues simultaneously. 

Some studies also report the use of DWT for signal demodulation in OFDTS based on fiber 

Bragg gratings [29]. Fourier wavelet regularized deconvolution (ForWaRD) [30, 31] and total 

variation deconvolution [32] have also been proposed to improve the spatial resolution of 

OFDTS.  Soto et al. [33] have recently reported wavelet based image processing that allows a 

significant improvement in signal to noise ratio (SNR) of Brillouin optical time-domain 

analyser based fiber distributed sensors. The literature available on the application of EMD in 

Raman OFDTS is limited. Recently, Zhong et al. [34] studied the application of EMD in 

OFDTSs. They used EMD only for cancellation of noise in Raman AS and St signals. On the 

other hand, in the present work, the EMD based technique has been proposed and 

implemented to address all the above five issues successfully.  

 

This thesis presents various techniques based on non-stationary signal processing to address 

different issues. First, a technique based on STFT has been proposed. It successfully 

addresses first three issues i.e. dynamic self-calibration, non-identical fiber attenuation and 

variation of AS and St signals with time. However, fourth and fifth issues could not be 

addressed using STFT. Next, wavelet transform based methodology has been proposed to 

apply the features of DWT for addressing various issues. In addition to first three issues, 

wavelet based technique could successfully address the fourth issue also. The inherent de-

noising capability of wavelet processing allows better accuracy with lower acquisition time. 

The proposed methodology makes use of a dynamic self-calibration circuitry and an 

algorithm designed and developed in the present work. Based on the proposed wavelet 
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transform based technique, a prototype Raman OFDTS system has been designed and 

developed using 200/220 µm sized optical fiber. The thesis also describes an OFDTS 

developed using low core sized 62.5/125 µm Stainless Steel (SS) covered Multimode fiber 

with EMD based signal processing technique for Raman AS and St signals to address the first 

four issues. With the use of SS covering the developed OFDTS is suitable for field 

applications. Simultaneous de-noising of AS and St signals offered by DWT and EMD 

processing yields better SNR of these signals and allows reduced error in temperature 

measurement without any increase in acquisition time. The proposed techniques also ensure 

inherent smoothening of AS and St signals and thus do not require an additional algorithm for 

this purpose as required in earlier technique [15]. The thesis also describes the design and 

development of a microcontroller and Raman OFDTS based zone specific temperature alarm 

system which is useful in control room of a process plant and opens the possibility of 

designing a novel fiber based distributed temperature controller. Finally, the error in 

distributed temperature profile measurement caused by a bend in sensing fiber (fifth issue) is 

analyzed in detail. In practice, it is difficult for the user to visually identify the presence of 

the bend and estimate its location from AS and St signals directly. This thesis presents a 

novel automatic and dynamic technique using EMD for detection of bend and its location 

using area of analytic form of intrinsic mode functions [23, 35] for St signal. Further, a 

technique to compensate the error in distributed temperature measurement is also 

demonstrated. The conclusion with a brief discussion on the scope for possible future 

research work is also presented in the thesis. 

Research highlights of the presents work are: 

¶ Study of STFT and its application in addressing the various issues involved in design 

and development of Raman OFDTS.  
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¶ Study of  DWT based methodology to apply its features for addressing various issues 

related to Raman OFDTS and development of a prototype OFDTS system using 

200/220 µm sized optical fiber for the temperature range of 25-300 °C with 

temperature accuracy of ± 3.5 ºC, spatial resolution of 1 m over the length of ~ 200 m.  

¶ Study of EMD based technique for the design and development of a field usable 

rugged prototype OFDTS using SS covered, standard sized 62.5/125 µm fiber. 

¶ Study and analysis of error in distributed temperature measurement caused by a bend 

in sensing fiber. A novel automatic and dynamic technique using EMD has been 

devised for detection of bend and its location using area of analytic IMFs of St signal. 

A technique to compensate the error in distributed temperature measurement is also 

presented. 
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Chapter 1 

Introduction  

 

Light plays a very important role in our daily life. The importance of light is evident by the 

United Nationsô announcement of celebrating the year 2015 as the International Year of Light 

and Light-based Technologies (IYL 2015). Further, the optical fibers [1] are the main guiding 

media to carry light wave from one place to other and play a vital role in everyoneôs day to 

day life. Apart from their usage in communication, optical fibers are novel and nearly ideal 

approach to perform the job of transducers for a wide variety of sensing applications which 

give rise to a new family of sensors known as optical fiber based sensors. Optical fiber based 

sensors are essentially a means whereby light guided within an optical fiber can be modified 

in response to an external physical, chemical or biological influence [2]. Various qualities of 

optical fiber based sensors like small size, immunity to electromagnetic interference/radio 

frequency, corrosion resistance and the ability to be embedded with the object for which the 

parameter is being sensed equip them to be an attractive alternative to conventional sensors 

[2-5]. If there are so many points to be monitored, distributed sensors are found to have an 

upper edge over conventional point sensors due to their lower complexity and cost per 

monitored point [5-7]. Brillouin [3, 8] and Raman scattering [9] principles have been widely 

employed in distributed measurement of various parameters like strain and temperature using 

optical fiber. 

 

In this thesis, focus is on development of an optical fiber based distributed temperature sensor 

(OFDTS) using Raman scattering. An OFDTS has the ability of providing temperature values 

as a continuous function of distance along the length of optical fiber [10]. In an OFDTS, 

every bit of fiber plays the dual role of sensing element and data transmitting medium. The 
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fiber can replace numerous isolated sensors and wires allowing reduced complexity and cost 

in temperature measurement [11]. OFDTSs have attracted the attention as a means of 

temperature monitoring of power cables, long pipelines, bore holes, tunnels and critical 

installations like oil wells, secondary sodium loop of fast breeder test reactor (FBTR), 

refineries, induction furnaces and process control industries [12-17] etc. 

 

Basic principle of temperature measurement using OFDTS involves Raman scattering [9] in 

conjunction with optical time domain reflectometry (OTDR) [18-20]. The OTDR principle 

allows estimation of the location of hot zones in the fiber whereas Raman scattering permits 

measurement of temperature of the hot zones. The sensing fiber is coupled to laser pulses and 

ratio of backscattered anti-Stokes (AS) and Stokes (St) light signals, generated due to Raman 

scattering in the fiber, is monitored for temperature measurement [15, 21]. 

 

1.1 Motivation and objectives 

 

In this thesis, non-stationary signal [22] processing models to address various issues 

encountered in the development of Raman scattering based OFDTS have been extensively 

investigated. Study of these issues and tackling them appropriately define the objectives for 

the thesis. Keeping in view the various applications and advantages of OFDTS over their 

conventional counterparts, development of new methodologies to address these issues 

motivate researchers to pursue research in the field of OFDTS. The non-stationary signal 

models studied in this work are based on short term Fourier transform (STFT) [23-25], 

discrete wavelet transform (DWT) [26, 27] and empirical mode decomposition (EMD) [28]. 

The various issues are briefly described below. 
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The first issue is related to the difficulty of dynamic self-calibration of OFDTS to obtain the 

correct distributed temperature profile [15]. In dynamic self-calibration, experimental value 

of ratio profile (R=Amplitude of AS signal/Amplitude of St signal) is dynamically modified by 

a reference ratio value obtained at some known temperature of calibration zone, chosen from 

the sensing fiber itself. However, temperature of calibration zone itself may change unless it 

is controlled by a dedicated setup.  Therefore, it is required that calibration zone should be 

maintained at a constant temperature which needs additional temperature control arrangement 

resulting in increased complexity of the OFDTS. In present work, new methodologies have 

been proposed and implemented which provide freedom from keeping the calibration zone at 

constant temperature. The second issue is the non-identical fiber attenuation along the fiber 

length for AS and St signals due to difference in their optical wavelengths [15, 21 and 29]. 

The attenuation difference between AS and St signal results in an error in distributed 

temperature (T) profile with respect to the fiber length and therefore needs to be corrected. 

The third issue is related to the drift in AS and St signals with time caused by variations in 

laser power and/or laser-fiber coupling. Therefore, any previously stored reference values of 

AS and St signals for calibration zone can no longer be used as reference for distributed 

temperature measurement at a later stage. Due to this reason, the dynamic self-calibration has 

been devised and incorporated in the present work to take care of this issue. The fourth issue 

is related to denoising of AS and St signals and the resulting spatial inaccuracy in the location 

of hot zones [30]. In order to obtain better temperature accuracy without increasing the 

acquisition time, AS and St signals need to be denoised by digital filters. However, 

conventional Fourier denoising of Raman AS and St signals causes spatial inaccuracy which 

in turn yields erroneous information about location of hot zones [30]. Therefore, new 

denoising schemes which do not cause additional spatial inaccuracies in AS and St signals 

need to be developed. Such techniques have been developed and discussed in this thesis. The 
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fifth issue is related to distributed temperature measurement in presence of an undesired bend 

in sensing fiber. In an OFDTS, distributed temperature profile is measured correctly 

assuming that sensing fiber is free from any discontinuity. However, in real applications, as 

the time passes, the fiber attenuation is affected when the sensing fiber undergoes 

perturbations such as bends, tensions or compressions which cause discontinuity in AS and St 

signals [31]. In case the sensing fiber undergoes a bend, significant temperature error will be 

introduced in the temperature profile of fiber zone that exists after the bend. Therefore, 

automatic detection and determination of the location of the bend is crucially important to 

detect and estimate the error in distributed temperature profile. A novel technique for 

detection of bend induced error and its compensation has been proposed and implemented in 

the present work. 

 

1.2 Contribution of thesis 

 

This thesis presents various techniques based on non-stationary signal processing to address 

different issues. First, a technique based on STFT has been proposed [32]. It successfully 

addresses first three issues i.e. dynamic self-calibration, non-identical fiber attenuation and 

variation of AS and St signals with time. However, fourth and fifth issues could not be 

addressed using STFT. Next, wavelet transform based methodology has been proposed [33] 

to apply the features of DWT for addressing various issues. In addition to first three issues, 

wavelet based technique could successfully address the fourth issue also. The inherent de-

noising capability of wavelet processing allows better accuracy with lower acquisition time. 

The proposed methodology makes use of a dynamic self-calibration circuitry and an 

algorithm designed and developed in the present work. Based on the proposed wavelet 

transform based technique, a prototype Raman OFDTS system has been designed and 
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developed using 200/220 µm sized optical fiber as sensing element. The thesis also describes 

an OFDTS developed using low core sized 62.5/125 µm Stainless Steel (SS) covered 

Multimode sensing fiber with EMD based signal processing technique for Raman AS and St 

signals to address the first four issues [34]. With the use of SS covering the developed 

OFDTS is suitable for field applications. Simultaneous de-noising of AS and St signals 

offered by DWT and EMD processing yields better signal to noise ratio (SNR) of these 

signals and allows reduced error in temperature measurement without any increase in 

acquisition time. The proposed techniques also ensure inherent smoothening of AS and St 

signals and thus do not require an additional algorithm for this purpose as required in earlier 

technique [30.]. The thesis also describes the design and development of a microcontroller 

and Raman OFDTS based zone specific temperature alarm system [35] which is useful in 

control room of a process plant and opens the possibility of designing a novel fiber based 

distributed temperature controller. Finally, the error in distributed temperature profile 

measurement caused by a bend in sensing fiber (fifth issue) is analyzed in detail. In practice, 

it is difficult for the user to visually identify the presence of the bend and estimate its location 

from AS and St signals directly. This thesis presents a novel automatic and dynamic 

technique [36] using EMD for detection of bend and its location using area of analytic form 

of intrinsic mode functions [28, 37] for St signal. Further, a technique to compensate the error 

in distributed temperature measurement is also demonstrated. The thesis concludes with a 

brief discussion on the scope for possible future research work. 

Important contributions of the present thesis are: 

¶ Study of STFT and its application in addressing the various issues involved in design 

and development of Raman OFDTS.  

¶ Study of  DWT based methodology to apply its features for addressing various issues 

related to Raman OFDTS and development of a prototype OFDTS system using 
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200/220 µm sized optical fiber for the temperature range of 25-300 °C with 

temperature accuracy of ± 3.5 ºC, spatial resolution of 1 m over the length of ~ 200 m.  

¶ Study of EMD based technique for the design and development of a field usable 

rugged prototype OFDTS using SS covered, standard sized 62.5/125 µm fiber. 

¶ Study and analysis of error in distributed temperature profile measurement caused by 

a bend in sensing fiber. In an OFDTS, it is required to detect and compensate the 

temperature error caused by the bend. In practice, it is difficult for the user to visually 

identify the presence of the bend and estimate its location from AS and St signals 

directly. The thesis presents a novel automatic and dynamic technique using EMD for 

detection of bend and its location using a new feaure called óareaô of analytic intrinsic 

mode functions (IMFs) for St signal. Further, it is demonstrated that the proper 

selection of the additional calibration zone after the detected bend makes it possible to 

use rest of the fiber for obtaining correct temperature profile.  
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Chapter 2  

Literature survey 

 

OFDTS systems based on Raman scattering are particularly attractive for obtaining a 

graphical or pictorial presentation of temperature information [8, 10]. Such sensor systems 

permit monitoring the magnitude of temperature and also its variation along the length of 

continuous uninterrupted optical fiber and offer a powerful and economical means of 

covering a large number of locations within a significant area. Compared to point sensor 

based network OFDTS makes use of optical fiber that itself acts as sensing element as well as 

data career and thus may reduce the complexity and cost largely. Optical time domain 

reflectometry (OTDR) and Raman scattering are the main concepts to understand the 

technologies to be implemented for realizing a practically working Raman OFDTS system. 

The earliest form of distributed sensor was the optical OTDR (or lidar) concept to examine 

the continuity and attenuation of optical fibers from a measurement of the backscattering 

versus time characteristic when a short pulse of light is launched into a fiber waveguide [18, 

19]. OTDR in conjuction with polarized light source had been used for the measurement of 

spatial distribution of magnetic and electric fields, pressure and temperature by Rogers [20]. 

The basic method of OTDR was devised by Baronski et al. in the year 1976 [18]. OTDR 

technique in fiber involves the launching of short laser pulses into the fiber under test via a 

directional coupler, which also serves to couple the backscattered light fraction, captured and 

returned via the fiber, to the optoelectronic transducer.  

 

When a monochromatic radiation or radiation of very narrow frequency band is scattered by a 

solid then the scattered light not only consists of the radiations of incident frequency but also 

the radiations of frequencies above and below that of incident frequency. This form of 
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scattering in which the optical frequency of incident beam undergoes a definite change was 

observed and studied by Sir C. V. Raman in 1928 and is called Raman effect [9, 38]. Raman 

scattering is an in-elastic scattering of photon. The spectrum of scattered light consists of 

optical signals of the same optical frequency (or wavelength) as the incident beam (called 

Rayleigh lines) as well as additional weak Raman optical signals of changed wavelength 

(called Raman AS or St lines).  

 

OFDTS involves measurement of two parameters: time of flight using OTDR and intensity of 

backscattered Raman scattering. The short interrogating laser pulses are launched into the 

sensing fiber and the profiles of backscattered optical AS and St signals are monitored for 

measurement of distributed temperature profile of fiber. The Raman signals are inherently 

weak (of the order of pW) and need amplification by several orders (~107) of magnitude. The 

ratio (R) of more-temperature-sensitive AS intensity (IAS) to less-temperature-sensitive St 

intensity (ISt) is then used to determine the unknown absolute temperature (T) of the zone for 

which these intensities have been measured. Parameter (R) is expressed as [15, 21]:                       
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In Eq. (2.1), parameter k is the Boltzmann constant (1.38064852 × 10-23 J/K), h the Planck 

constant (6.62607004 × 10-34 J-s), c the speed of light in vacuum (3×108 m/s),  ɳ the wave 

number separation between one of the Raman components (AS or St) and Rayleigh scattering 

light for a given fiber. For Silica fiber (ɳ  = 440 cm-1). Therefore, B is a constant for a given 

fiber. Parameters ɚSt and ɚAS are St and AS wavelengths respectively and are also known for a 

given combination of pump laser wavelength and sensing fiber type. Thus, all the parameters 
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in Eq. (2.1) are known and it should be, in principle, possible to measure unknown distributed 

temperature (T) profile in Kelvin. 

             

In Eq. (2.1), the measurement of the ratio (R) should provide an absolute indication of the 

temperature of the medium, irrespective of the light intensity, the launch conditions, the fiber 

geometry and composition of the fiber. In practice, however, a correction has to be made for 

the difference between attenuation profiles between AS and St wavelengths [10, 21]. In the 

first experimental demonstration of OFDTS methodology, a pulsed argon-ion laser was used 

in conjunction with Corning telecommunication grade 50/125 µm graded index fiber [10]. 

The ratio of AS and St intensities is a strong function of temperature but both the signals have 

a decay due to fiber attenuation. The direct implication of the above effect is the downward 

sloping pattern in parameter R and hence in distributed temperature along the fiber length 

which causes error in temperature measurement. Dakin et al. [21] also indicated the need of 

small allowance for different fiber attenuation at each wavelength for a long fiber to get 

corrected ratio profile and in turn correct distributed temperature profile for longer fiber. 

 

During the design and development of an OFDTS, several issues are encountered which need 

proper addressing. The objective for the thesis is to address these major issues using non-

stationary signal processing methods. Some of the major issues which have been discussed 

and addressed in this thesis may be described in detail as below. 

 

2.1 Issue No. 1 

 

The first issue is related to difficulty of dynamic self-calibration to obtain the correct 

distributed temperature profile. Dynamic self-calibration is required because of the difference 
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in theoretical and experimental values of the ratio (R) at various temperature values. The 

reason for this difference is explained below. 

 

At 25 °C (for example), obtaining theoretical value of 0.1747 for R requires that the 

optoelectronic conversion using photomultiplier tubes (PMT) (e.g. PMT-R5108, Hamamatsu) 

detectors, the beam splitting and the subsequent light coupling into AS and St detectors 

(described in Section 2.3) are in such a way that relation St = 5.72×AS is maintained for 

backscattered AS and St signals while traveling the path from fiber to the final stage of 

detection. However, due to non-ideal behavior of various optical components in the path and 

band nature of AS and St signals, above relation does not hold. The relation gets deteriorated 

at every stage in the path. For example, the cathode radiant sensitivity of a PMT for AS 

wavelength and St wavelength is 0.95 mA/W and 0.2 mA/W respectively which causes St 

current to be approximately 5 times less compared to AS current. Non-ideal performance of 

beam splitters and optical filters also does not support the above ideal relation. As a result, 

the cumulative effect of various components makes experimental values of R to be different 

from theoretical one. 

 

Direct use of experimental values of R in Eq. (2.1) will yield highly erroneous and 

unacceptable temperature profile (T). Hence Eq. (2.1) needs to be modified to obtain correct 

values. Modification is done by dynamic self-calibration in which experimentally obtained 

ratio values are referenced with respect to a ratio value obtained at some known temperature 

of the calibration zone. The calibration zone is chosen from sensing fiber itself [15]. 
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2.2 Issue No. 2 

 

The second issue is the non-identical fiber attenuation along the fiber length for Raman AS 

and St signals due to difference in their wavelengths [10, 21]. In the present system, the 

difference between two wavelengths is ~100 nm if excitation laser of wavelength 1064 nm is 

utilized in OFDTS. The lower optical wavelength signal (AS) experiences higher attenuation 

in comparison to higher optical wavelength signal (St) while travelling in sensing optical 

fiber. This attenuation difference results in an unwanted downward slope in ratio (R) profile 

and finally in unknown temperature (T) profile with respect to fiber length. It may be noted 

that downward slope in ratio (R) profile causes additional errors in unknown temperature (T) 

profile of fiber and should be corrected. 

 

2.3 Issue No. 3 

 

Amplitude of AS and St signals varies with time due to slow variations/drifts in laser power 

and laser-fiber coupling. Also, the temperature of calibration zone itself may change unless it 

is controlled by a dedicated setup. Therefore, any previously stored reference values of AS, 

St signals and calibration zone temperature can no longer be used as reference for 

temperature measurement at a later stage [15]. 

 

2.4 Issue No. 4 

 

In order to obtain a better temperature resolution without increasing the acquisition time and 

hence the response time of OFDTS, Raman AS and St signals need to be denoised by digital 

filters to improve SNR. Conventional finite impulse response/infinite impulse response 
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(FIR/IIR) based Fourier filtering of Raman signals causes spatial inaccuracy in locating the 

hot-zones which in turn yields erroneous information about the location of hot zones [30]. 

 

2.5 Issue No. 5 

 

The calibration of Raman OFDTS is performed using temperature of the reference 

(calibration) zone located at the start of the sensing fiber. It is assumed that sensing fiber in 

an OFDTS is free from any bend, break etc. when measurement of distributed temperature 

profile is carried out. This allows uniform decay in AS and St signals. However, in real 

applications, the fiber loss may get affected by the bend in fiber which causes discontinuity in 

AS and St signals [31]. If the distributed temperature profile is still calibrated by using the 

same calibration zone, temperature profile of the fiber zone that exists after the bend will be 

highly erroneous. Therefore, detection of the bend, temperature error caused by that bend and 

compensation of the error is of utmost importance. Unfortunately, users find it difficult to 

identify the bend by merely looking at AS and St signals. It means just visual inspection of 

AS and St signals is not enough to identify the presence and location of bend. Therefore, on-

line automatic detection of localized bend, even if it occurs during the measurement cycle, is 

crucially important to obtain the correct distributed temperature profile. A suitable method 

also needs to be devised to compensate the bend induced error.   

 

2.6 Overview of existing methods for addressing the various issues and present work in 

above context 

 

Literature survey reveals that many methods have been suggested to address the above 

mentioned issues over the time. Stoddart et al. [39] proposed to use Rayleigh instead of St 
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from the backscattered spectrum to avoid the temperature measurement error due to 

differential attenuation caused by the optical fiber for AS and St signal wavelengths. This 

provided better results but could not eliminate the error caused by the differential attenuation 

completely. The dual-ended (DE) configuration (i.e. both ends of sensing fiber are connected 

to OFDTS unit) [40] and dual laser source schemes [29, 41] have also been proposed to take 

care of the difference in attenuation between AS and St. These schemes have resulted in 

improvements but add complexity and need double length of fiber, extra distributed 

temperature sensor (DTS) with an optical switch and two costly lasers. A correction method 

to take care of the difference in attenuation for AS and St signals has been proposed with 

only one light source and one light detector but requires attachment of a carefully designed 

reflective mirror at the far fiber-end of the sensing fiber [31]. A more sophisticated correction 

technique [42] based on detection of AS signal alone in combination with DE configuration 

has been investigated. This has provided better results for temperature monitoring of very 

long fibers but with increased complexity. OFDTSs based on above schemes are important 

and to certain extent become mandatory in situations where sensing fiber is exposed to the 

severe radiation environment or hydrogen darkening in oil wells. Requirements for less 

demanding situations like temperature measurement in steam pipelines of turbines, electrical 

cables; temperature profiling of big buildings, gas pipelines and mines etc. can be met by the 

technique based on digital signal processing. Modern and new techniques based on digital 

signal processing have been studied and proposed in the present work which will enable the 

extraction of useful distributed temperature information from experimental Raman signals in 

a rather simple way.  

 

From the point of view of digital signal processing, electrical versions of AS and St signals 

are non-stationary signals. In the present work emphasis has been made on the use of 
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advanced non-stationary signal processing methods like STFT [23-25], DWT [26, 27] and 

empirical mode decomposition (EMD) [28]. These methods have been used for pre-

processing of Raman AS and St signals to address the above mentioned issues of Raman 

OFDTS successfully.  

 

In previous years, Guang-yong et al. [43] has applied wavelet transform directly on the 

output (temperature vs. distance) data of a developed OFDTS. The wavelet transform was 

used for denoising of output data rather than using it for pre-processing of input experimental 

Raman AS and St signals. The temperature range demonstrated in this experiment was 20-35 

°C only. Xiaobing and Jiangtao [44] presented a useful wavelet transform based denoising 

technique to extract temperature information from a noisy temperature vs. distance data of an 

OFDTS for an improved temperature range of 29-110 °C.  However, the study [44] does not 

use the wavelet transform to eliminate the temperature error caused by fiber attenuation 

difference between AS and St signals (second issue) and for this reason distributed 

temperature profile has an unwanted downward slope. Also, the calibration zone has to be 

kept at a constant temperature and thus first issue remains unattended. On the other hand, in 

the present work, above mentioned issues have been addressed using DWT. Recently, Wang 

et al. [45- Photonic Sensors] presented an improved denoising technique based on wavelet 

transform modulus maxima (WTMM) to decrease the temperature measurement error. An 

off-line algorithm supported by wavelet transform was also proposed by Hou et al. [46] to 

eliminate noisy part of Raman signals at a single temperature (room temperature) only. The 

off-line nature of the algorithm used in above study [46] makes it unsuitable for automated 

operation of OFDTS. Also, extraction of distributed temperature information from Raman 

signals has not been demonstrated in this study. None of the above studies [43-46] reports use 

of wavelet transform for dynamic self calibration of OFDTS. Henderson et al. [47] analyzed 
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the output from an OFDTS using continuous wavelet transform and cross-wavelet transform 

to obtain hydrologic insight using an off-the-shelf OFDTS (Model: Lios 2000/4000) that 

works on the principle of optical frequency domain reflectometry (OFDR). It may be noted 

that in most of the studies, emphasis is on the wavelet based post processing of the data 

available at the output of an OFDTS. However, the present work focuses on DWT based pre-

processing of input raw AS and St signals and addresses first four issues simultaneously. 

Earlier, an experimental technique based on curve fitting with extrapolation [48] has also 

been suggested to address some of the above mentioned issues. Unfortunately, it is not a truly 

automatic measurement technique because of the involvement of human operator and 

requirement of a large calibration zone. Some studies also report the use of DWT for signal 

demodulation in OFDTS based on fiber Bragg gratings [49]. Fourier wavelet regularized 

deconvolution (ForWaRD) [50, 51] has also been proposed to improve the spatial resolution 

of OFDTS. A new mathematical technique based on total variation deconvolution has been 

recently proposed by Bazzo et al. [52] for enhancement of spatial resolution. Soto et al. [53] 

have recently reported wavelet based image processing that allows a significant improvement 

in SNR of Brillouin optical time-domain analyser based fiber distributed sensors. The 

literature available on the application of EMD in Raman OFDTS is limited. Zhong et al. [54] 

studied the application of EMD in OFDTSs. They used EMD only for cancellation of noise in 

Raman AS and St signals. On the other hand, in the present work, the EMD based technique 

has been proposed and implemented to address all the above five issues. 

 

Conventional method of detecting bend in fiber is to observe Rayleigh backscattered light in 

OTDR mode. However, it is not possible to rely on Rayleigh light in OFDTS system since it 

is filtered out. Rayleigh light has a little role to play in temperature determination and for this 

reason it is filtered out. A loop back arrangement suggested by Fernandez et al. [40] may also 
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be used to detect the bends and cracks in fiber. In their proposed system, laser pulses were 

injected into both the ends of the fiber. The traces obtained by injecting the pulses into the 

second end of the fiber are used as a reference to discriminate any abnormality like bend in 

the main sensing fiber. The looped back fiber mode has also been used for reduction of false 

alarm in leak detection using distributed optical fiber sensor [55]. However, in such cases, 

only half of the total fiber length is utilized for distributed temperature sensing. Hwang et al. 

[31] demonstrated a technique to eliminate the effect of local losses caused by the bending in 

sensing fiber by using reflected AS signal from the mirror located at the far fiber end. The 

advantage of this technique is that loop back arrangement of sensing fiber can be avoided. 

Ravet et al. [56] made use of Brillouin spectrum in order to detect the cracks in a fiber optics 

sensor. But the incorporation of such a sophisticated technique requires inclusion of Brillouin 

optical time domain analysis (BOTDA) [57] based interrogator unit which will increase the 

complexity and cost of the OFDTS. 

 

The present thesis attempts to find out the solutions to the above mentioned issues in rest of 

the chapters. Chapter 3 of the thesis presents an overview of various types of fiber sensors 

and theory of Raman Effect followed by study of STFT and its application in addressing 

various issues for Raman OFDTS [32]. Chapter 4 first introduces the wavelet transform and 

then describes how its features can be applied to address various issues for Raman OFDTS 

[33]. The inherent de-noising capability of wavelet processing allows better accuracy with 

lower acquisition time. Based on the proposed wavelet based technique, a prototype Raman 

scattering based OFDTS system has been designed and developed. Chapter 5 describes an 

OFDTS using low core standard sized 62.5/125 µm SS covered Multimode fiber with EMD 

based signal processing of Raman AS and St signals [34]. The EMD pre-processor 

dynamically minimizes the error in temperature measurement caused by the difference in 
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attenuation to AS and St signals offered by the optical fiber. Simultaneous de-noising of AS 

and St signals offered by the EMD based pre-processor yields better SNR of these signals and 

thus reduced error in temperature measurement without any increase in acquisition time. 

Unlike wavelet based technique, EMD based technique is a data driven technique and does 

not require selection of basis function in advance. Chapter 5 also presents automated and 

dynamic self -calibration of distributed temperature sensor with the proposed EMD based 

preprocessor. The use of proposed EMD based pre-processor has been demonstrated to 

develop an OFDTS with a sensing fiber which is suitable for field applications. Proposed 

techniques, described in above Chapters, are more automatic compared to technique proposed 

earlier [32]. Proposed DWT and EMD techniques also ensure inherent smoothening of AS 

and St signals and thus do not need an additional algorithm for this purpose [30]. 

 

Chapter 5 also describes the design and development of a microcontroller (89V51RD2) and 

Raman OFDTS based zone specific temperature alarm system for 100 m length [35]. Such an 

alarm system is very useful in the control room of a process plant and opens the possibility of 

designing a novel fiber based distributed temperature controller. The alarm system has been 

successfully tested for 10 zones in a 100 m long sensing fiber for different temperature 

values. 

 

In Chapter 6 the error in distributed temperature profile measurement caused by a bend in 

sensing fiber (issue No. 5) is analyzed in detail. This Chapter presents a novel automatic and 

dynamic technique [36] using EMD for detection of bend and its location using  a new 

feature called óareaô of analytic IMFs [37, 28] for St signal.  Also, it is demonstrated that the 

error in temperature measurement for rest of the fiber that exists after the bend can be 

compensated by properly considering an extra calibration zone after the detected bend [36]. 
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Chapter 7 presents the conclusion of the thesis and scope for future work. Details of STFT, 

Continuous wavelet transform and EMD are presented in Appendix A, B and C repectively. 

Appendix D presents the schematic diagram of PMT based detector circuit for AS and St 

signals and circuit diagram of dynamic self calibration system. 
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Chapter 3  

Optical f iber based sensors and STFT based pre-processing of 

Raman signals 

 

3.1 Optical fiber based sensors: reasons for using such sensors 

 

In general, optical fiber based sensors can measure a physical, chemical or biological 

parameter by monitoring the modulation of light propagating inside the fiber. Light from an 

optical source is launched into a fiber via a stable coupling mechanism and guided to the 

point at which the measurement is to be carried out. At this point, light may be allowed to 

exit the fiber and modulated in a separate zone before being re-launched into the same fiber. 

Such an arrangement is called extrinsic sensor. On the other hand, light may continue to 

propagate inside fiber and is modulated in response to the measurand but still remains guided 

by fiber. This type of arrangement is known as intrinsic sensor. Fig. 3.1 depicts the examples 

of extrinsic and intrinsic optical fiber sensors [3]. In most intrinsic sensors, the fiber acts as 

sensing element and the communication channel. Such an arrangement facilitates various 

convenient solutions. 

 

3.2 Optical fiber sensor configuration and types 

 

A general classification of optical fiber sensors can be done based on their configuration 

schemes. There are three possible configuration schemes in which fiber sensors can be 

utilized [6]: 
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¶ Point  

¶ Distributed  

¶ Quasi-distributed 

 

 
 

Fig. 3.1. Extrinsic and intrinsic sensors. (a) extrinsic: light emerges from the fiber into a 

modulation zone (here applied to the interferometric measurement of distance changes) (b) 

intrinsic where the light remains in the fiber from source to detector [3]. 

 

 

 

The most common and familiar requirement of a sensor system is the measurement of a 

particular measurand at a particular location which is usually achieved with a point sensor.             

Fig. 3.2 illustrates the above three major sensor schemes. Fig. 3.2(a) depicts a point sensor 

based on optical fiber temperature sensor where the luminescent active material at the distant 

end of the fiber responds to a temperature change applied to the optical fiber. The other 

arrangement is where sensor devices are designed in such a way that they can discriminate in 

terms of space which in turn allows the measurand to be determined along the sensing fiber 

length itself. This type of scheme is popularly known as distributed sensor and can be 
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schematically illustrated in Fig. 3.2(b). The third configuration of sensor that lies óin 

betweenô the point and distributed sensors is termed as quasi-distributed sensor and is 

depicted in Fig. 3.2(c). In quasi-distributed scheme measurand information is made available 

at particular points only and not at every point along the length of the fiber.  

 

                

 

 
 

Fig. 3.2. Various sensor configurations: (a) point (b) distributed and (c) quasi-distributed 

sensing [6]. 

 

 

In the present work, focus is kept on the development of distributed sensor scheme which is 
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intended for temperature sensing and such a system is termed as OFDTS. The temperature is 

the measure of the average kinetic energy of particles in a substance and is the result of the 

motion of particles. Temperature increases as the energy of this motion increases. Several 

considerations drive the need for OFDTS. Temperature sensors are sometimes needed to 

operate in strong electromagnetic fields. Sensors with metallic leads will experience eddy 

currents in such environments which will create both noise and the potential for heating of 

the sensor which in turn add further inaccuracy in the temperature measurement. Fiber optics 

temperature sensors do not use metallic transducers and thus allow minimized heat 

dissipation by conduction and provide quick response. Since fiber based sensors are less 

perturbing to the environment and therefore have the potential for better accuracy [7].  

 

3.3 Optical fiber based distributed temperature sensors (OFDTS) 

 

OFDTS systems provide a continuous profile of the temperature distribution along the fiber 

cable [52]. OFDTS systems mainly make use of Raman and Brillouin scattering. OFDTS 

systems based on Raman scattering have gained popularity for practical applications owing to 

their low cost and great stability in comparison to distributed temperature sensor systems 

based on Brillouin scattering [52]. Following are the main concepts to understand the 

technologies to be implemented for realizing a practically working Raman OFDTS system. 

 

 

3.3.1 Optical time domain reflectometry (OTDR)  

 

As outlined earlier, OTDR relies on measurement of round-trip time of the launched laser 

pulse for the event of interest to measure the spatial location of the event. As with a 

conventional radar system, the distance (z) is directly related to the round-trip time (t) taken 
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by laser pulse which is given by: 
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Fig. 3.3. Basic concept of OTDR (a) optical arrangement (b) OTDR return signal [10] . 

 

 

where, Vg is the guided wave velocity in the fiber. Therefore, the temporal variation of the 

detected signal may be used to determine the variation of attenuation of fiber employed in 

OTDR. Fig. 3.3 (a) shows the basic concept of OTDR method using Rayleigh back scattered 

light [10]. As shown in Fig. 3.3(b) Rayleigh back scattered light carries the signature of the 
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event in the fiber. Here, the event is change of refractive index at start, splice and end of 

fiber. Hence, Rayleigh backscattered light can be used for estimating the location of start of 

fiber, splice and end of fiber by identifying the Rayleigh reflections from launch end, splice 

and fiber-end respectively. The Rayleigh backscattered light is separated from input laser 

with the help of a directional coupler and is analyzed by a transient analyser. 

 

3.3.2 Raman Effect and its salient features 

 

Raman Effect [9, 38] is a phenonmenon in which a monochromatic radiation undergoes a 

change in frequency after scattering by a solid. Because of change in frequency of incident 

photon, Raman Effect is considered as an in-elastic scattering of photon. If ɜi is the frequency 

of the incident radiation and ɜs is that of the light scattered by a given molecular species, then 

the Raman shift (​) is defined as:   . The Raman shift, also known as the wave 

number shift (expressed in cm-1) is the characteristic of the substance producing the scattering 

and does not depend on the frequency of the light employed. When: 

(i) ​ is positive, ɜs < ɜi, Raman spectrum is said to consist of St lines. 

(ii) ​ is negative, ɜs > ɜi, Raman spectrum is said to consist of AS lines. 

St lines are frequently much more intense than the AS lines. Raman shift generally lies within 

the range of 100-3000 cm-1 which falls in far and near infra-red regions of the spectrum. This 

leads to conclude that the changes in energy of the scattered light in Raman Effect correspond 

to the energy changes accompanying rotational and vibrational transitions in a molecule. 

 

The spectrum of scattered light consists of following components: 

(i) Lines of the same optical frequency (or wavelength) as the incident beam. These are called 

Rayleigh lines. 
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(ii) Additional weak lines of changed optical frequency (or wavelength). Lines on low 

wavelength side are called AS lines while those on the high wavelength side are called St 

lines. 

(iii) Raman scattered line intensity is ~10-3 times of the Rayleigh line intensity.  

(iv) St line intensity is approximately 4-5 times higher than AS line intensity. 

 

Following are the salient features of Raman spectra which make it different from 

Fluorescence spectra: 

(i) Spectral lines have frequencies greater and lesser than the incident frequency. This feature 

is different from Fluorescence spectra in which line frequency is always less than the incident 

frequency. 

(ii) Raman spectra arise due to scattering of light by the vibrating molecules. Whereas, 

fluorescence spectra arise due to absorption of light by vibrating molecules. 

(iii) It is the polarizability of the molecule which determines whether the material is Raman 

active or not. For fluorescence, the molecule must possess permanent dipole moment. 

 

3.3.3 Quantum theory of Raman Effect 

 

In scattering, due to the absorption of the incident radiation by scattering molecule, they are 

raised to a higher energy state. Now if they return to their original state then frequency of 

radiation emitted is same as that of incident light: but if they return to a higher state or lower 

vibrational or rotational level, the frequency of scattered radiation is lesser or greater than 

that of the incident radiation. The amount of this difference is equivalent to the difference in 

vibrational or rotational energy states. If a molecule is in its initial (lower) state E  ̈ and is 

exposed to incident radiation of frequency ɜi cm-1. The absorption of this incident radiation 
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would raise this molecule to a level in which its energy is (Eò+ hcɜi ). If the molecule returns 

to a level of energy Eô, lying above the level Eò, by losing energy hcɜs and emitting 

(scattered) radiation having observed frequency ɜs. It follows then 

  

      

                                         (3.2) 

Eq. (3.2) shows that Raman shift (​) is equal to the difference in energy of the two levels 

represented by Eô and Eôô. It is obvious that sign of ​ depends upon (Eô-Eôô). If  Eô>Eòor in 

other words, if the molecule initially is in lower state when it absorbs energy of incident light, 

St lines of Raman spectrum (for which ​ should be positive) are produced. On the other hand, 

if the molecule is initially in upper state Eô and then returns to the lower state Eôô after 

emission of scattered Raman radiation, then ​ is negative and hence Raman spectrum will 

consist of AS lines.  

 

It may be noted that frequency shifts of Raman lines, their intensity and polarization are 

characteristics of the scattering substance. Classically, St and AS lines should have equal 

intensity. However, experiments confirm that St lines are more intense. It can be explained on 

the basis of quantum theory of Raman Effect: St lines have transition which are more 

probable as there are plenty of molecules in the ground state at room temperature. On the 

other hand, the number of molecules at room temperature is quite less in upper state which is 

responsible for AS lines. 

 

For Silica fiber ​ is 440 cm-1. The value of AS wavelength (ɚAS) and St wavelength (ɚSt) when 

the laser of wavelength (ɚi) is employed as pump source, can be calculated using Eqs. (3.3)  

and (3.4) respectively. 
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                                (3.3) 

                               (3.4) 

 

3.3.4 Basic Raman OFDTS schemean 

 

Fig.  3.4 depics the basic block diagram of Raman OFDTS [10]. A pulsed laser is used as an 

excitation source. The backscattering of laser light takes place from each and every   point  of 

 

 

 

Fig. 3.4. Basic block diagram of Raman OFDTS. Temperature of a hot zone is derived by the 

ratio of the anti-Stokes (AS) to Stokes (St) intensities and location using time taken by laser 

pulse in round trip up to hot zones (OTDR principle) (Concept taken from Ref. [10]). 
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the sensing fiber. The backscattered light consists of Rayleigh and Raman (AS and St) light 

signals. Raman AS and St signal profiles along fiber length are obtained by OTDR principle 

after optical filtering using wavelength filtering module and are processed for plotting final 

distributed temperature profile along the fiber length. 

 

3.4 Non-stationary signal processing methods  

 

Mathematical transformations are applied to signals to obtain further information from the 

signals that is not readily available in their raw form. In many cases, the most useful 

information remains hidden in the frequency contents of the signal. Generally, Fourier 

transform is used to find the frequency contents of a signal [22]. Need for other transforms 

comes from the very important property of a time domain signal which is called stationarity 

of the signal. Stationary signals are ones for which frequency contents do not change in time. 

In this case, there is no need to know at what times what frequency components exist since all 

frequency components are present at all the times. On the other hand, the signals in which 

frequency does not remain constant and varies with time are called non-stationary signals. 

 

To deal with non-stationary signals, there are many transforms [22]. Short-term Fourier 

transform (STFT), wavelet transform and empirical mode decomposition are the main non-

stationary signal models which are employed to analyze non-stationary signals. The study of 

above non-stationary signal methods for resolving various issues involved in the development 

of Raman OFDTS is the subject matter of the present thesis. First, it is demonstrated that how 

STFT can be applied to address various issues. 
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3.5 Short term Fourier transform (STFT) based signal pre-processing of Raman AS and 

St signals 

 

The optical Raman AS and St lights are converted into electrical signals by opto-electronic 

transducers. The obtained electrical AS and St signals are in time domain and are non-

stationary in nature. Conventional Fourier transform has limitation that it is not suitable for 

analyzing non-stationary signals and signals having time varying direct current (dc) 

component. To deal with such signals, short term (or time) Fourier transform (STFT) is 

utilized [23-25]. In STFT, the signal is divided into small segments by windowing, where 

these segments of signals can be assumed to be stationary. The width of the window must be 

equal to the segment of the signal where signal is stationary and dc component is assumed to 

be constant. This window function is first located at the very beginning of the signal and its 

product with signal is computed. Then this product is assumed to be just another signal for 

which Fourier transform is computed. Next step would be shifting this window to a new 

location, multiplying with the signal and taking Fourier transform of the product. This 

procedure is followed until the end of the signal is reached. In real world, since analog signals 

(e.g. AS and St) after digital conversion by data acquisition (DAQ) card are aperiodic and 

discrete, Fourier transform can be replaced by a transform which is especially designed for 

use with discrete data. Such a transform is known as discrete Fourier transform (DFT) [58]. 

Detailed information on STFT is available in Appendix A. 

 

3.5.1 Removing variable slope of a signal using fast Fourier transform 

 

DFT is used in many applications because of its ability to transform a time-series into its 

equivalent frequency representations. The fast Fourier transform (FFT) is one of the most 
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optimized algorithms that are used to compute DFT. 

The N point DFT, X(k) of a time sampled signal x(n) 

                            (3.5)  

is given by the following expression [58] 

                                                       (3.6) 

And the inverse DFT (IDFT) is given by 

                                                       (3.7) 

where, N is number of samples in the signal. 

The first value of the transformed series that is X(0) is the lowest frequency component of the 

time-series and is called the trend of the signal. Leaving a trend in the signal adds a dc 

component which is mainly responsible for the slope of the signal. It may be noted that 

vectors in MATLAB [ 59] are indexed from 1 to N instead of 0 to  N-1, the DFT and IDFT 

computed in the MATLAB program make use of X(1) for computation of the trend [60]. 

 

3.5.2 Experimental setup and data acquisition 

 

The detailed block diagram of the experimental setup developed in the laboratory which has 

been used to obtain actual Raman AS and St signals from sensing fiber is depicted in Fig. 3.5 

[10, 61 and 62]. A pulsed diode-pumped solid-state laser (DPSSL) (Model: DTL-324QT, 

Make: Laser Export, Russia) with laser wavelength of 1064 nm and pulse width of 10 ns is 

used as an excitation source to generate Raman scattering in the optical fiber. The laser 

operates at pulse energy of 100 µJ with a pulse repetition rate of 1 kHz. The laser is coupled 
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to a sensing fiber which is a 200/220 µm sized Multimode Polyimide coated silica fiber with 

numerical aperture of 0.22 and core refractive index of 1.5. 

 

 

Fig.3.5. Block diagram of experimental set-up developed in laboratory (Concept taken from 

Ref. [10, 61 and 62]). 

 

 

An initial 1 m long section of the sensing fiber is kept reserved as calibration zone. Laser 

light is coupled to optical fiber using lens (L) with focal length of 8 mm and numerical 

aperture of 0.5. Backscattered spectrum from sensing fiber which consists of Rayleigh, 
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Raman AS and Raman St optical signals is split by a 50:50 beam splitter (B1). A holographic 

super notch filter (F1) with center wavelength of 1064 nm attenuates the undesired Rayleigh 

signal in the backscattered light. This light is further split into two parts by another beam 

splitter (B2). The split parts of backscattered light are filtered by an optical filter (F2) with 

center wavelength of 1020 nm to get AS signal and by an optical filter (F3) with centre 

wavelength of 1110 nm to obtain St signal. These optical AS and St signals are converted   

into electrical signals with the help of photomultiplier tubes PMT-AS and PMT-St 

respectively. Both PMTs (Model: R5108, Make: Hamamatsu, Japan) have spectral response 

of 400-1200 nm. Photomultiplier tubes are transducer which convert optical signals into 

electrical signals. The amplitudes of electrical AS and St signals, at the start of fiber are -560 

ɛV and -960 ɛV respectively. These amplitudes correspond to the room temperature. The 

electrical signals are amplified by electrical amplifiers EA1 and EA2 (Model: SR445A, 

Make: Stanford Research Systems, USA)) with gain setting of 25 for each signal. The 

amplified electrical output signals of PMTs are fed to a high bandwidth peripheral component 

interconnect (PCI) bus [63] based DAQ card system (Model: CS85G, Make: Gage, USA) 

which digitizes both the Raman signals at a sampling rate of 1GSamples/s. The digitized 

signals are accessed by personal computer (PC) in MATLAB environment. The DAQ card is 

triggered externally by output of a photodiode (PD) on which a part of pump laser through 

beam splitter (B1) is allowed to fall. A temperature measurement system based on precision 

integrated-circuit sensor LM35A, analoge to digital converter (ADC) ADC0848 and a 

microcontroller (89V51RD2) has also been developed in the present work. It is named as 

dynamic self-calibration unit (DSCU). The Schematic diagrams of PMT based detectors and 

circuit diagram of DSCU are presented in Appendix D. The DSCU is connected to serial port 

(COM1) of the main PC through RS232 link. A software using MATLAB has been 

developed to read the latest value of ɗ and update it in the main program for determining the 
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unknown temperature (T) profile for the whole fiber length. Another serial port (COM2) of 

PC is used to control the laser operation (ON/OFF), laser pulse energy and repetition rate of 

DPSSL. 

 

To test the performance of the developed OFDTS, 1 m long section from sensing fiber was 

selected as hot zone for temperature measurement. This hot zone is located at 190 m from the 

laser end of the fiber. Hot zone was heated with the help of an electric heater having 930 W 

electrical power, controlled by a proportional-derivative-integral (P-I-D) controller (Model: 

PID528, Make: Selec Controls, India) and solid state relay (Model: G3NE, Make: Omron, 

Japan). Fig. 3.6 shows the schematic diagram of the heaterôs cross section whereas Fig. 3.7 

shows the photograph of the heater. 

 

Fig. 3.6. Schematic diagram of the cross section of the electrical heater. 



34 

 

 

 

Fig. 3.7. Photograph of the electrical heater. 

 

For the present study, hot zone was kept at 105 °C and allowed to stabilize for ~ 30 minutes 

while the remaining fiber was kept at room temperature (~ 24.5 °C). The reference 

temperatures of various zones in the fiber were measured by thermocouple based 

thermometers (Model: Digirad71, Make: Radix, India) placed in the close vicinity of fiber. 

This setup is utilized to check whether OFDTS, developed using proposed STFT technique, 

is able to measure temperature, width and location of hot zones with sufficient accuracy. 

  

3.6 Experimental Raman AS and St signals  

 

The amplified and averaged AS and St signals obtained from the experimental set up are 

shown in Fig. 3.8. Th upper (black) curve represents AS signal whereas lower (red) curve 

corresponds to St signal. The total number of samples in AS and St signal are 2048 for 204.8 

m length of fiber. In a fiber having refractive index (n) following OTDR relation between 

relation between length (z) and number of samples (N) obtained from sampling rate (S) holds 

true. 
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Fig. 3.8. Experimental AS (upper curve) and St (lower curve) signals (On horizontal-axis, 10 

samples ſ 10 ns ſ 1m). 

 

 

                                 

                                (3.8) 

 

In the present system, AS and St signals are of 2.048 ɛs duration for 204.8 m long silica fiber. 

Since AS and St signals are sampled at a sampling rate of 1 G Samples/s, each of them will 

be represented by 2048 samples. Therefore, for the present experiment, 10 samples ſ 10 ns ſ 

1m relation works well.  The hot zone located at 190 m appears at sample number 1900 as 

shown in AS (upper curve) of Fig. 3.8. 

 

If Eq. (2.1) is directly used for distributed temperature profile measurement using AS and St 

signals presented in Fig. 3.8 a highly erroneous and unacceptable temperature profile, as 

shown in Fig. 3.9, will be obtained.  It measures the room temperature of 24.5 °C at the start 

of fiber as 456 °C and room temperature of 25 °C at the end of fiber as 380 °C. Moreover, 

2

cN
z

n S
=
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temperature of hot zone (kept at 105 °C) is measured as 1064 °C. Therefore, it is required to 

modify Eq. (2.1) in order to achieve correct temperature profile. As discussed in Section 1.1, 

the incorrect distributed temperature profile using Eq. (2.1) is due to issue No. 1. 

 

 

Fig. 3.9. Erroneous distributed temperature profile measured with Eq. (2.1) using AS and St 

signals presented in Fig. 3.8 (On horizontal-axis, 10 samples ſ 10 ns ſ 1 m). 

 

 

As discussed in Chapter 2, issue No. 2 and 3 also need to be addressed. The issue of 

differential attenuation (issue No. 2) is taken up first. Then issue No. 1 and 3 are addressed 

together by modifying Eq. (2.1). The issue No. 2 can be resolved by using the proposed 

algorithm, proposed in this work. 

 

It is proposed to address issue No. 2 by first minimizing the slopes of both the signals to 

significantly low values. This is achieved by removing the varying amount of background 

from AS and St signals. The basic steps of the proposed algorithm are as described below. 

1. Divide AS and St signals into small rectangular windowed sections in time sample 

domain. Each windowed signal may be represented by x(n). 
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2. Using FFT algorithm for Fourier transform, calculate X(n) of the windowed section.  

3. Make background of the windowed signal zero by setting X(0) to zero. This gives 

modified FFT of signals [Xô(n)] of the windowed section. 

4. Take inverse Fourier transform using IFFT algorithm corresponding to Xô(n) of the 

windowed section to obtain its modified time domain version. 

5. Repeat step 2-4 for each windowed section. 

6. Concatenate all modified time domain versions of windowed sections. 

7. Obtain slope free time domain signals by adding a constant equivalent to a value to 

the average of first 10 samples of the signal obtained in step 1. 

 

The AS and St signals after having pre-processed using above algorithm are depicted in     

Fig. 3.10. A rectangular window of size 200 samples was chosen. Unprocessed AS and St 

signals are also shown for comparison. It may be observed that varying amount of DC 

component from AS and St signals has been minimized.   

 

Fig. 3.10. Pre-processed AS (upper curve) and St (lower curve) signals. Original AS and St 

signals of Fig. 3.8 are also shown (On horizontal-axis, 10 samples ſ 10 ns ſ 1m). 


