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SYNOPSIS
A novel and nearly iglal 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
propayating 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 objedbifdr the parameter is
being sensed make optical fiber based sensors an attractive alternative to their conventional
counterpartg42]. If there are so manpoints to be monitored, distributed sensors certainly
have an upper edge over conventional poinsses 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.
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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 bibef folays 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 detectiolQFDTSs havettracted tk 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 breedeest reactor [711] 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 whereasnd®a scattering permits
measurement of temperature of the hot zones in the fiber. The sensing fiber is coupled to
laser pulses and ratio of backscattered-&tdkes (AS) and Stokes (St) light signals

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

During the design and development of an OFDTS, several issues were encountered and were
successfully addressed using rstationary signal processing techniques. Some of the issues

which have been discussed and addressed indbes tiwre briefly described below.

The first issue is related to the difficulty of dynamic s=lfibration of OFDTSo obtain the
correct distributed temperature profile [10]. In dynamic-salibration, experimental value

of ratio R=Amplitude of AS ghal/Amplitude of St signais 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 controlledby a dedicated setup. Therefore, it is required that calibration zone should be
maintained at a constant temperatwirech needsdditional temperature control arrangement
resulting in increased complexity of the OFDTS. In this work, new methodologresblean
proposed and implemented which provide freedom from keeping the calibration zone at
constant temperatur@he second issue is the nmientical fiber attenuation along the fiber
length for AS and St signals due to difference in their optical wag#is [10, 13, and 14].

The attenuation difference between AS and St signal results in an error in distributed
temperatureT) profile with respect to the fiber length and therefore needs to be corrected.
The third issue is related to the drift in AS artdsignals with time caused by variations in
laser power and/or laséiber 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 dater stage. Due to this reason, the dynamiecadibration has

been devised and incorporatediie present worko take care of this issu€he fourth issue

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

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 spatiatangaghich

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 anskdigtiis 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 disoaity. 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 sensingdiitundergoes 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 eshate the error in distributed temperature profile. A novel technique for
detection of bend induced error and its compensation has been prapdsetplemented in

the present work.

Literature survey reveals that in order to compensate the error causied Oference 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 dendéxl (DE)
configuration [18] where both ends of sensing fiberaaeessed 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
Hwanget al. [16] which requires attachmenf 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 measuremeutaracy but with an increase in complexity.

From the point of view of digital signal processing, electrical versions of AS and St signals
are nonstationary signals. In the present work emphasis has been made on the development
of new techniques usingrée different nosrstationary 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 no-stationary signal processing for OFDTS carried out by other researchers

are also briefly described.

In previous years, Guangng et al. [24] has applied wavelet transform directly on the
output (temperature vs. distance) data of a devel@dTS. Thewavelettransformwas
usedfor denoising of output data rather than using it for preprocessing of input experimental
Raman AS and St signals. The temp@&® range demonstrated in thexperiment was
20-35 °C only. Xiaobing and Jiangtao [25] presehta 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-afilPC. However, the study [25]
does not use the wavelet transform eliminate thetemperature error caused Mbper
attenuation difference between AS and St signals (second issue) and for this reason
distributed temperature profileak an unwanted downward slopgéso, the calibration zone

has to be kept at a constant parature and thus first issue remains unattended. On the other
hand, in the present workabove mentionedissues have been addressed using DWT.
Recently, Wanget al. [26] presented an improved denoising technique based on wavelet
transform modulus maximaMTMM) to decrease the temgure measurement error. An
off-line algorithm supported by wavelet transform was also proposed byeHalu[27] to
eliminate noisy part of Raman signals at a single temperature (euoperature) onlyThe
off-line nature ofthe algorithm used in above stuf7] 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 studépsrg#brts use

of wavelet transform for dynamic self calibration of OFDTS. Hendeetaal. [28] analyzed

the output from an OFDTS using continuous wavelet transform andwes&det transform

to obtain hydrologic insight using an dgffe-shelf OFDTS (ModelLios 2000/40@0) that
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works on theprinciple of optical frequency domain reflectometry (OFDR). It may be noted
that in most of the studiegemphasis is on the wavelet based post processing of the data
available at the output of an OFDTS. However, the presenk focuses on DWT based
preprocessing of input raw AS and St signals and addresses first four issues simultaneously.
Some studies alseport the use of DWT for signal demodulation in OFDTS based on fiber
Bragg gratings [29]. Fourier wavelet regularized deconaiutForwaRD) [30, 31] and total
variation deconvolution [32] have also been proposed to improve the spatial resolution of
OFDTS. Soteet al.[33] have recently reported wavelet based image processing that allows a
significant improvement in signal to rse ratio(SNR) of Brillouin optical timedomain
analyser based fiber distributed sensors. The literature available on the appbt&D in

Raman OFDTS id¢imited. Recently, Zhonget al. [34] studied the application of EMD in
OFDTSs. They used EMD onfgr 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 basedostationary signal processing to address
different issues. First, a technique based on STFT has been proposed. It successfully
addresses first three issues i.e. dynamiccadibration, norndentical fiber attenuation and
variation of AS and St signalwith time. However, fourth and fifth issues could not be
addressed using STFNext, 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 technigucould 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 dynamiccakdfration circuitry and an

algorithm demgned 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 um sized optical fiber. The thesis also describes an OFDTS
developed using low ¢e sized 62.5/125 um 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. Bnultaneous daoising 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 smothening 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 tempéaature a
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 sengirtfiftibissue) is
analyzed in detailln 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 EfMDdetection of bend and its location

using area of analytic form of intrinsic mode functions [35] for St signal. Further, a
technique to compensate the error in distributed temperature measurement is also
demonstrated. The conclusion with a brieadission on the scoperf@ossible future

research work is also presented in the thesis.
Research highlights diie presentsvork are:

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

and development of Raman OFDTS.
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1 Swudy 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 um sized optical fiber fothe temperature range of -380 °C with

temperature accuracy of35 °C, spatial resolution of 1 m over the length of ~ 200 m.

1 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 um fiber.

1 Study and analysis of error in distriedttemperature 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 distigldl 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
Uni ted Nati ons 6 a mgtlhewyeac20lh asrthie Interhationa Year ofrLight
and Lightbased Technologies (IYL 2015). Further, the optical fipErare the main guiding
media to carry |ight wave from one place to
day life. Apartfrom their usage in communication, optical fibers are novelreaatlyideal
approachto perform the job of transducers for a wide variety of sensing applicatioich

give rise to a new family of sensdmsown asoptical fiber based senso@ptical fibe based
sensors are essentially a means whereby light guided within an optical fiber can be modified
in response tan external physical, chemical biological influencg2]. Various qualities of
optical fiber based sensors like small size, immunity &mtedbmagnetic 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 conveatisned

[2-5]. If there are so many points b monitored, distributed sens@e found to havan

upper edge over conventional point sensors due to their lower complexity and cost per
monitored point $-7]. Brillouin [3, 8] and Ramarscattering9] principleshave beemwidely
employed in distribigd measurement of various parameters like strain and temperature using

optical fiber.

In this thesis, focus is on developmentabptical fiber based distributed temperature sensor
(OFDTS)using Raman scattering. An OFDTS hias ability of providing teperature values
as a continuous function of distance along the length of optical [filgr In an OFDTS,

every bit of fiber plays the dual role of sensing element and data transmitting medium. The
1



fiber can replace numerous isolated sensors and wiresiradl reduced complexity and cost

in temperaturemeasuremen{ll]. 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 poof fast breeder test reactoFETR),

refineries, induction furnaces and process control industr$7] etc.

Basic principle of temperature measurement using OFDTS involves Raman scafeiing [
conjunction with optical time domain reflectometryTOR) [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 arfiitokes AS) and Stokes (St) light signals, generated due to Raman

scatteringn the fiber is monitored for temperature measurenj#s 21].

1.1 Motivation and objectives

In this thesis, noestationary signal[22] processing models to address various issues
enountered 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 thesisKeeping in view the various applications and advantages of OFDTiStloie
conventional counterparts, development of new methodologieadtlress these issues
motivate researchers to pursue reseanththe field of OFDTS.The nonstationary signal
models studied in this workare based on short term Fourier transform (STEZB-25],
discretewavelet transforr{DWT) [26, 27 and empirical mode decomposition (EM[28].

The various issues are briefly described below.



The first issue is related to the difficulty of dynamic swlfibration of OFDTSo0 obtain the
correct distibuted temperaturerofile [15]. In dynamic seHcalibration, experimental value

of ratio profile (R=Amplitude of AS signal/Amplitude of St signaldynamically modified by

a reference ratio value obtained at some known temperatosdilmiation zone, lrosen 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 @ualitemperature control arrangement
resulting in increasedomplexity of the OFDTS. In presework, new methodologies have
been proposed and implemented which provide freedom from keeping the calibration zone at
constant temperatur@he second issue the nonidentical fiber attenuation along the fiber
length for AS and St signals due to difference in their opti@lelengths 15, 21 and 29.

The attenuation difference between AS and St signal results in an error in distributed
temperatureT) 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 laséiber coupling. Therefore, any previously stored reference valfies

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 dynaraidsalfon has

been devised and incorporated in the present work to take caie @istie.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 lie 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 haft zones[30]. Therefore new
denoising schemes which do not caaséitional 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
the time passes, the fiber attenuation is affected when the sensing fiber undergoes
perturbaions such as bends, tensions or compressions which cause discontinuity in AS and St
signals B1]. In casethe sensing fiber undergoes a bend, significant temperature error will be
introduced in the temperature profile of fiber zone that exists after the. Génerefore,
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 haspbeeosed and implemented in

the present work.

1.2 Contribution of thesis

This thesis presents various techniques based oistationary signal processing to address
different issues. First, a technique based on STFT has preponsed32]. It successfily
addresses first three issues i.e. dynamiccadibration, nondentical fiber attenuation and
variation of AS and St signals with time. However, fourth and fifth issues could not be
addressed using STFNNext, wavelet transform based methodology besn proposefi33]

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 inkerent de
noising capability of wavelet processing allows éeticcuracy with lower acquisition time.

The proposed methodology makes use of a dynamiccakdfration circuitry and an
algorithm designed and developed in the present work. Based on the proposed wavelet

transform based technique, a prototype Raman (FBystem has been designed and



developed using 200/220 um sized optical fiaersensing elemerithe thesis also describes

an OFDTS developed using low core sized 62.5/125 pm Stainless Steel (SS) covered
Multimode sensindfiber with EMD based signal prossing technique for Raman AS and St
signals to address the first four issy8&d]. With the use of SS covering the developed
OFDTS is suitable for field applications. Simultaneousndising of AS and St signals
offered by DWT and EMD processing yields teetsignal to noise ratioSNR) 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 addaladgorithm 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 q38emhich is useful in
control room of a procesdgmt 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 areanafytic form

of intrinsic mode functionf28, 37 for St signal. Further, a technique to compensate the error

in distributed temperature measurement is also demonstratedhdsie concludesiith a

brief discussion on the scope fwossible future resezh work.

Important contributions of the present thesis are
1 Study of STFT and its application in addressing the various issues involved in design

and development of Raman OFDTS.

1 Study of DWT based methodology to apply its features for addressing vessoes

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

5



200/220 pm sized optical fiber fothe temperature range of -390 °C with

temperature accuracy of £ 3.5 °C, 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 um fiber.

Study and analysis of error in distributed temperature profile measurement caused by
a bend in sensing fiber. ImaOFDTS, it is required to detect and compensate the
temperature error caused by the bdndractice 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 presena novel automatic and dynamic technique using EMD for
detection of bend and its location useng n e w f e aaredaod analyaid iftriesic 0
mode functions (IMFs) for St signal. Further, it is demonstrated that the proper
selection of the additionahtbration zone after the detected bend makes it possible to

use rest of the fiber for obtaining correct temperature profile.



Chapter 2

Literature survey

OFDTS systemsbased on Raman scatterirage particularly attractive for obtaining a
graphcal or pictorial present@n of temperaturenformation B, 10]. Such sensor systems
permit monitoring the magnitude of temperature and also its variation along the length of
continuous uninterruptedptical fiber and offer a powerful and economical meaon$
covering a large number of locations within a significant a@@npared to point sensor
based network OFDTS makes wsepticalfiber that itself acts as sensing element as well as
data career and thus may reduce the complexity and cost laf@efigal time domain
reflectometry (OTDR) and Raman scatteriage the main concepts to understand the
technologies to be implemented for realizing a practically workkaghanOFDTS system.

The earliest form of distributed sensor was thecapTDR (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 lighdguadhed into a fiber waveguid#g,

19]. OTDR in conjuction with polarized light sourbad been used for the measurement of
spatial distribution of magnetic and electric fields, pressure and temperature by R6ers [
The basic method of OTDR was devised Bgronskiet al. in the year 197618]. OTDR
technique in fiber involves the launalyi of short laser pulses into the fiber under test via a
directional coupler, which alsservedo couple the backscattered light fraction, captured and

returned via the fiber, to the optoelectronic transducer.

When a monochromatic radiation or radiatajrvery 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
7



scattering in which thoptical frequency of incident beam undergoes a definite change was
observed and studied I8ir C. V.Raman in 1928 and is called Raman effé¢BB]. Raman
scatteringis an inelastic scattering of photohe spectrum of scattered ligbhonsists of
optical signalsof the sameoptical frequency (or weelength) as the incident beamalled
Rayleigh line}y as well asadditional weakRamanoptical signalsof changedwavelength

(calledRamanAS or St lines)

OFDTS involvegneasurement of two parametdrse of flightusing OTDR and intensity of
backscatteredRamanscattering.The short interrogating laser pulsese launched into the
sensing fiberand theprofiles of backscattered optical AS and Sgnalsare monitored for
measurement of distributed temateire profile of fiber The Raman signals are inherently
weak (of the order of pW) and need amplification by several orders)(eflagnitude. The
ratio (R) of moretemperaturesensitive AS intensityl{s) to lesstemperaturesensitive St
intensity (sy is then used to determine the unknown absolute temperdiuoé ithe zone for

which these intensities have been measured. ParaReterekpressed adh, 21]:

4

I a/ 0 a B | 2.1
R - AS :& St fjexp& — ( )
I'si ¢/ as + ¢ T
where,
g = NP (22)
k

In Eq. (2., parametek is the Boltzmann constaiit.38064852 x 18 J/K), h the Ranck
constant(6.62607004 x 18 J-s), c the speed of light in vacuui@®x1C® m/s), 7 the wave
numberseparation between one of the Raman components (AS or St) and Rayleigh scattering
light for a given fiberFor Silica fiber ¢ = 440 cm'). Therefore B is a constant for a given

fiber. Parameterastandansare St and AS wavelengths respectiweiyg are also known for a

given combination of pump laser wavelength and sensing fiber Tyjues, all the parameters
8



in Eqg. (2.1) are knowand it should be, iprinciple,possible to measure unknowistributed

temperatureT) profile in Kelvin.

In Eq. (2.2, the measurement of the ratig) (should provide an absolute indication of the
temperature of the medium, irrespective of the light inten$igylaunch 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 wavelebh@ti2d][ In the

first experimatal demonstration of OFCH methodologya pulsed argeion laser was used

in conjunction with Corning telecommunication grade 50/125 pm graded index[1i®kr

The ratio of AS and St intensities is a strong function of temperature but both the signals have
adecay due to fiber tgnuation The direct implication of the above effect is the downward
sloping pattern in paramet& and hence in distributed temperature along the fiber length
which causes error in temperature measurement. [Rdlkah [21] also indicatedhe need of

smdl allowance for differentfiber attenuation at each wavelength for a long fiber to get

correctedatio profile and in turrcorrect distributed temperature profile for longer fiber.

During the design and development of an OFDTS, several issues are eredwitich need
proper addressinglhe objective for the thesis i address thesaajor issues usg non
stationarysignal processing methodSome of the major issues which have been discussed

and addressed in this thesis may be desciibddtailas kelow.

2.1 Issue No. 1

The first issue isrelated to difficulty of dynamic selfalibration to obtain the correct

distributedtemperature profile. Dynamic sadflibration isrequired because of tllfference



in theoretical and experimental values of théo (R) at various temperature valuebhe

reason for this difference is explained below.

At 25 °C (for example), obtaing theoretical value of 0.174fbr R requires that the
optoelectronic conversion using photomultiplier tuffesIT) (e.g. PMTR5108,Hamamatsu)
detectors, the beam splitting and the subsequent light coupling into AS and St detectors
(described in Section 2.3) are incbua way that relation St = 5%8&S is maintained for
backscattered AS and St signals while traveling the path froen fib the final stage of
detection. However, due to nateal 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, ¢athode 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 currentiddahperformance of

beam splitters and optical filterssal does not support the above ideal relation. As a result,
the cumulative effect of various components makes experimental valte® dfe different

from theoretical one.

Direct use of experimental values & in Eq. (2.3 will yield highly erroneous and
unacceptable temperature profil®.(HenceEq. (2. needs to be modified to obtain correct
values. Modification is done bgynamic seHcalibration in whichexperimentallyobtained
ratio valuesare referencewith respect ta ratio valueobtainedat sane known temperature

of thecalibration zoneThe calibration zones chosen from sensing fiber itsglfd].
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2.2 Issue No. 2

The second issue is the nmienticalfiber attenuation along the fiber length for Raman AS
and St signals due to difference timeir wavelengths10, 21. In the present system, the
difference between two wavelengths-l00nm if excitation laser of wavelength 1064 nm is
utilized in OFDTS. The lower optical wavelength signal (AS) experiences higher attenuation
in comparison to igher optical wavelength signal (St) while travelling in sensing optical
fiber. This attenuation difference results in an unwanted downward slope inRapoofile

and finally in unknown temperatur@)(profile with respect to fiber length. It may beted

that downward slope in rati&) profile causes additional errors in unknown temperatlye (

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 laerfiber 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 r@mceeféor

temperature measurement at a later stagje

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 beddandigéal

filters to improve SNR Conventional finite impulse response/infinite impulse response

11



(FIR/NR) based Fourier filtering of Raman signals causes spatial inaccuracy in locating the

hotzones which in turn yields erroneous information about the locatibataones 8Q].

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 anlyend, break etovhen 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]. lthe 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 tlaaidbend
compensation of the error is of utmost importandefortunately, users find it difficult to
identify the bend bynerelylooking at AS and St signals. It means just visual inspection of
AS and St signals is not enough to identify the presendéocation of bend.Therefore,on

line automaticdetection 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 compensatdémnd induced error.

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

above context

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

mentioned issues over the tintoddartet 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 coutdt eliminate the error caused by the differential attenuation
completely. The duaénded (DE) configuration (i.e. both ends of sensing fiber are connected
to OFDTS unit) B0 and dual laser source schemg8, 1] havealso been proposed to take

care of he 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 @ahone light detector but requiregaechment of a carefully designed
reflective mirror at the far fibeend of the sensing fib¢B81]. A more sphisticated 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. OFDTSsdzhon 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 measient 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 haugeen 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 versotdm&S and St signals

are nonstationary signalsin the present work emphasis has been made on the use of
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advanced nosstationary signal processing methods like STEF25], DWT [26, 27] and
empirical mode decomposition (EMORS8]. These methods have Ilmeaised forpre-
processing of Raman AS and St signals to addresalibee mentionedssues of Raman

OFDTSsuccessfully.

In previous years, Guangong et al. [43] has applied wavelet transform directly on the
output (temperature vs. distance) data of ewefltpped OFDTS. The wavelet transform was
used for denoising of output data rather than using it feppreessing of input experimental
Raman AS and St signals. The temperature range demonstrated in this experimer8svas 20
°C only. Xiaobing and Jiangta@g4] 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 ofl29 °C. However, the study [Hdoes not

use the waveletransform 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 aconstant temperature and thus first issue remains unattended. On the other hand, in
the present work, above mentioned issues have been addressed using DWT. Réaaqgtly,

et al [45 Photonic Sensofpresented an improved denoising technique based osletav
transform modulus maxima (WTMM) to decrease the temperature measurement error. An
off-line algorithm supported by wavelet transform vedso proposed by Hoet al. [46] to
eliminate noisy part of Raman signals at a single temperature (room tempevatyré he

off-line nature of the algorithm used in above st{#h] 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 stooles43-46] reports use

of wavelet transform for dynamic self calibration of OFDTS. Hendeesai. [47] analyzed
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the output from an OFDTS using continuous wavelet transform andwes&det transform

to obtain hydrologic insight using an dgffe-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 OFDTI3owever, 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 extrapol®rhgs also

been suggested to addsesome of the above mentioned issues. Unfortunately, it is not a truly
automatic measurement technique because of thelvement of human operator and
requirenent ofa large calibration zon&ome studies also report the use of DWT for signal
demodulationin OFDTS lased on fiber Bragg gratings [4%ourier 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
recerily proposed by Bazzet al.[52] for enhancement of spatial resoluti@uotoet al.[53]

have recently reported wavelet based image processing that allows a significant improvement
in SNR of Brillouin optical timedomain analyser based fiber distributeehsors. The
literature available on the application of EMD in Raman OFDTiBnised. Zhonget 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 presenttwerEMD based technique

has been proposed and implemented thess 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 Rayleight igtOFDTS system since it
is filtered out Rayleigh light has a little role to play in temperature determination and for this

reason it is filtered oulA loop back arrangementiggested by Fernandet al.[40] may also
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be used to detect the bends anacks 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 mainsensing fiber. The looped back fiber mode has also been used for reduction of false
alarm in leak detection using distributed opticakfilsensor [5]. However, in such cases,

only half of the total fiber length is utilized for distributed temgpere sesing. Hwanget 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 backragement of sensing fiber can be avoided.
Ravetet al.[56] made use of Brillouin spectrum in order to detect the cracks ireadittics

sensor But the incorporation of such a sophisticated technique requires inclusion of Brillouin
optical time domain aalysis (BOTDA) [¥] 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 mentionsdhisese of

the chaptersChapter3 of the thesigresents a overviav of various types of fiber sensors

and theory of Raman Effect followed by study of STFT and its applicatiaddressing
various issues for Raman OFDT®]. Chapter4 first introduces the wavelet transform and

then describes how its features can beiegdb address veus issues for Raman OFDTS

[33]. The inherent d@oising capability of wavelet processing allows better accuracy with
lower acquisition time. Based on the proposed wavelet based technique, a prototype Raman
scattering based OFDTS systdéras been designed and developébapter5 describes an
OFDTS using low corstandardsized 62.5/125 un$Scovered Multimode fiber with EMD

based signal processingf Raman AS and St signals34. The EMD preprocessor

dynamically minimizes the error inrgerature measurement caused by the difference in
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attenuation to AS and St signals offered by the optical fiber. Simultaneeussiieg of AS

and St signals offered by the EMD basedmecessor yields bett&N\R of these signals and

thus reduced erromitemperature 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 advarCkapter5 also presents automated and
dynamic sH-calibration of distributed temperature sensor with the proposed EMD based
preprocessor. The use of proposed EMD baseepqaeessor has been demonstrated to
develop an OFDTS with a sensing fiber which is suitable for field applications. Proposed
techniques, described in abo@haptes, are more automatcompared tdaechnique proposed

earlier B2). ProposedDWT and EMDtechniques also ensure inherent smoothening of AS

and St signals and thus do not need an addit@igorithm for this purpose [30

Chapter 5 alsodescrbes the design and development of a microcontroller (89V51RD2) and
Raman OFDTS based zone specific temperatarenasystem for 100 m length [BSuch an

alarm system is very useful in the control room of a process plant and openssitdityoof
designing a novel fiber based distributed temperature controller. The alarm system has been
successfully tested for 10 zones in a 100 m lonwgisg fiber fordifferent temperature

values

In Chapter6 the error in distributed temperature fileo measurement caused by a bend in
sensing fiber (issue No. 5) is analyzed in defdiis Chaptempresents aovel automatic and
dynamic techniqug36] using EMD for detection of bend and its location usignew

f eat ur areawhahdlywciMFsd37, 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 eg#ibration zone after the detectbeénd[36)].
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Chapter7 presets the onclusion of the thesis and scope for future w@&tails of STFT,
Continuous wavelet transforrmé EMD are presented in Appendi B and C repectively.
Appendix D presents the schematic diagram of PMT based detector circuit for AS and St

signalsand circuit diagram of dynamic self calibration system.
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Chapter 3
Optical fiber based sensorand STFT basedpre-processing of

Raman signals

3.1 Optical fiber based sensorgeasons for usingsuchsensors

In general, ptical 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 whch 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 belagnehed into the same fiber.
Such an arrangemert called extrinsic sensor. On the other hand, lighy roantinue to
propagate inside fiber andnsodulated in response to the measutaumistill remairs guided

by fiber. This type of arrangement is known as intrinsic serfSgr.31 depicts the examples

of extrinsic and intrinsic optical fiber sensors [3]. In mipgrinsic sensorsthe fiberacts as
sensing elemdnand the communication channel. Such an arrangement faciivatesis

convenient solutions.

3.2 Optical fiber sensor configuration and types

A general classification of optical fiber sensors candbee based on their configuration
schemes. There are three possible configuration schemes in which fiber sensors can be

utilized [6]:
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Fig. 3.1. Extrinsic and intrinsic sensors. (axinsic. light emerges from thigber into a
modulation zone (here applied to the interferometric meament of distance changes) (b)
intrinsic where the light remains in tfiéer from source to detector [3].

The most common and familiar requirement of a sensor system is the emeasuiof a
particular measurand at a particular location which is usually achieved wimtasensor.

Fig. 32 illustrates the above three major sensor schemes3.E{@) depicts a point sensor
based on optical fiber temperature sensor etiex luminescent active matergt the distant

end of the fiber responds to a temperature change applied to the optical fiber. The other
arrangement isvhere sensor devicese designed in such a wthat they can discriminate in
terms of spac&hich inturn allows themeasurando be determined along the sensing fiber

length itself. This type of scheme igopularly known as distributedsensorand can be
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schematically illustrated in Fig. .3(b). The third configurationof sensort h a t Il i es
b et weé¢he point and distributed sensors termed as quasistributed sensoland is
depicted in Fig3.2(c). In quasdistributed scheme measurand informatioméde available

at particular pointenly and not at every point along the length of the fiber.
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Fig. 3.2. Various sensor configurations: (a) point (b) distributed and (c) gdiasiibuted
sensing [6].
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In the present worlfocus is kept on the development of distributed sensor scheme which is
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intended for temperature sensing andnhsa 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 drev the need for OFDTSIemperature ensors 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 sersorwhich in turnadd 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 potentia¢fmraccuracy 7).

3.3 Optical fiber based distributed temperature sensor§OFDTS)

OFDTS systems provide a continuous profile of the temperature distribution along the fiber
cable p2l. OFDTS systems mainly make use of Raman and Brillouin scattering. OFDTS
systemdased on Ramastatteringhave gained popularity for practical applications owing to
their low cost and great stability in comparison to distributed temperature sensorssystem
based on Brillouin scattering [p2Following are the main concepts to understand the

technologies to be implemented for realizing a practically worRiagnanOFDTS system.

3.3.1 Optical time domain reflectometry (OTDR)

As outlined earlier, OTDR rads on measurement of routrgp time of the launched laser
pulse for the event of interest to measure the spatial location of the é&sentith a

conventional radar system, the distarmeq directly related to theoundtrip time ¢) taken
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by laser pudewhich isgiven by:

¢ = 2z
\V/ (3.1)

g

(a)

———""
Laser
e ' Fiber 1 Splilc , Fiber 2
To transient ; T Fiber end
analyser Directional
«—— | Detector coupler

(b)

A Rayleigh scattering
from fiber 1
Loi(:::::: = Rayleigh scattering
. from fiber 2
>
Launch-end Splice End
reflection reflection reflection

Fig. 3.3 Basic concept of OTDR (a) optical amgement (b) OTDR return sigrfdl0] .

where,Vj is the guided wave velocity in the fiber. Thiere, 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 Raylaaiscattered

light [10]. As shown in Fig. 3.3(blRaylagh back scattered ligidarries the signature of the
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event in the fiber. Here, the event is change of refractivexirad start, splice and end of
fiber. Hence, Rayleigh backscattered light carubed for estimating the location stfart of
fiber, spliceand end of fibeby identifying the Rayleigh reflectiafrom launch end, splice
and fiberend respectivelyThe 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 Hfect and its salient features

RamanEffect [9, 38 is a phenonmenon in which a monochromatic radiation undergoes a
change in frequency after scattering by a sddiecause of change in frequency of incident
photon,RamanEffectis considered san inelastic scattering of photoff. 3; is the frequency

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

the Raman shift () is defined as ¥V = v; —v,. The Raman shift, also known as the wave
number shift (expressed in chis the characteristic of the substance producing the scattering
and does not depend on the frequency of the light employed. When:

(i) s positive3s < 3, Raman speatim is said to consist &t lines.

(i) is negativess> 3;, Raman spectrum &aid to consist oAS lines.

St lines are frequently much more intetisan the AS lines. Raman shignerally lies within

the range of 108000 cm® which falls in far and near infreed regions of the spectrum. This
leads taconclude that the changes in ener§iyhe scattered light in Raman Effect correspond

to the energy changes accompanying rotational and vibratranaitions in a molecule.

The spectrum of scattered light consists of following components:
() Lines of he samepticalfrequency (or wavelength) as the incident beam. These are called

Rayleigh lines.
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(i) Additional weak lines of changedptical frequency (or wavelength). Lines on low
wavelength side are called AS lines while those on the high wavelenigttaig called St
lines.

(iii) Raman scattered line intensity is <10mes of the Rayleigh line intensity.

(iv) St line intensity is approximately3 times higher than AS line intensity.

Following are the salient features of Raman spectra which maldiffé@rent 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.

(i) Raman gectra 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 omot. For fluorescengéhe molecule must possess permanent dipole moment.

3.3.3 Quantum theory of Ramariffect

In scattering, due to the absorption of the incident radiation by scattering molecule, they are
raised to a higher energy state. Now if thefurn 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 mcident 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) Eatd is

exposed to incident radiation of frequergyem. The absorption of this incident radiation
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would raise this molecule to a level in which its energ¥i® (+ i h I€ the molecule returns
to a level of energ)E plying above the leveE ¢ by losing energyh ¢ &nd emitting

(scattered) radiationaving observed frequenay. It follows then
E”"+ hev; — hevy, = E°
E’—E”"=he(v; — vs)

=hcV (3.2
Eq. (32) shows that Raman shift Y is equal to the difference in energy of the two levels
represented bz GndEG at is obvious that sign of depends upof EE6 &f E 6 > & n
other words, if the molecule initially is in lower state when it absorbs energy of incident light,
St lines of Raman spectrum (for whictshould be positive) are produced. On the ok@nd,
if the molecule is initially in upper staté éand then returns to the lower std&ied ater
emission of scattered Raman radiation, theis negative and hence Raman spectrum will

consist of AS lines.

It may be noted that frequency shifts ofnRan lines, their intensity and polarization are
characteristics of the staring substance. Classicallgt and AS lines should have equal
intensity. However, experiments confirm that St lines are more intense. It can be explained on
the basis of quanturtheory 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

respondile for AS lines.

For Silica fiber is 440 cmt. The value of AS wavelengtixg and St wavelengtreg) when
the laser of wavelengtlay is employed as pump source, can be calculated using E8s. (
and (34) respectively.

26



1 1

Tas m Y @3
1 1

o n Y (3.4)

3.34 Basic Raman OBTS scheman

Fig. 3.4 depics the basic block diagram of Raman OFDI®. A pulsediaser isused as an

excitation source. The backscattering of laser ligkes$ place from each and every point of
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Fig. 34. Basic block diagram of Raman OFDTS. Temperature of a hot zone is derived by the
ratio of the antiStokegAS)to StokegSt)intensities and location using time taken by laser
pulse in round tripup to hot zone (OTDR principle)(Concept taken frorRef.[10]).
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the sensing fibefThe backscattered light consists of Rayleigh and Rai&nafid Sk light
signabk. Raman AS and St signal profiles along fiber length are obtained by OTDR principle
after optcal filtering using wavelength filtering module and are processed for plotting final

distributed temperature profile alotige fiber length.

3.4 Non-stationary signal processing methods

Mathematical transformations are applied to signals to obtainefumifiormation from the
signals that is not redy available in their raw formIn 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 maif22]. 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 whitbquencycontents do not change in time.

In this casethere is naneed taknow at what timesvhat frequency components exist since all
frequency componesiare presenat all the times. On the other hand, the signals in which

frequency does not remain constant and varies with time are calledatmmary signals.

To deal wih nonstationary signals, there are many transforms [22]. Sbaort Fourier
transform (STFT), wavelet transform and empirical mode decomposition are the main non
stationary signal models which are employed to analyzestaiionary signals. The study of
above nonstationary signal methods for resolving various issues involved in the development
of Raman OFDTS is the subject matter of the present thass. it is demonstrated that how

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

St signals

The optical Raman AS and Sights are converted into electrical signals by egitectronic
transducers. Thebtainedelectrical AS and St signals are in time domain arel non
stationary in natureConventional Fourier transform has limitation that it is not suitable for
analyzing norstationary signals and signals having time varymtigect current dc)
component.To deal with such signals, short term (or time) Foutransform(STFT) is
utilized [2325]. 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 stationarycacmimponent 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 bengitker signafor

which Fourier transform is computed. Nestep 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 digl conversion by data acquisitidibAQ) card are aperiodic and
discrete, Fourier transform can be replaced by a transform which is especially designed for
use with discrete data. Such a transfas known aglisaete Fourier transform (DFTH§].

Detailed information on STFT is available in Appendix A.

3.5.1Removingvariable slope of a signal using fast Fourier transform

DFT is used in many applications because of its ability to transform asénes into its

equivalent frequency representations. Tast Fourier transform (FFT) is one of the most
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optimized algoritms that are used to compURET.

TheN point DFT,X(k) of a time sampled signa(n)

x(n) = X0, X1, X2, <o) Xgy ooy Xy—1 (3.9

is given by the following expressi¢58]

_ j2mkn
], 0<k<N-1 3.6

X(k)=xN"1 [x(n)e N

And the inverse DFT (IDFT) is given by

jemkn
|

x(n) = “XNZH X (k)e ~ 0<n= N-1 (3.7)

where,N is number of samples in the signal.

The first value of the transformed &=y that isX(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 t® instead of O toN-1, the DFT and IDFT

computed in the MATLAB program make useXffl) for computation of the trend().
3.5.2Experimental setup and data acquisition

The detailedblock diagram of the experimental sptdevebped in the laboratory which has
been used to obtain actual Raman AS and St signals fronmgédiigr is depicted in Fig. 3.
[10, 61and 62. A pulsed diodepumped soliestate laser (DPSSL) (Model: DT224QT,
Make: Laser Export, Russia) with laser wawgjén of 1064 nm and pulse width of 10 ns is
usal as an excitation source to generR&man scattering in the optical fiber. The laser

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

numerical aperture of 0.22 and core refractive index of 1.5.

Calibration zone at temp. B

( Legend:
PD - ode ™ \ Serial m
B1, B2 - Beam COM 2 g
Splitter
L-Llens
F1 - Notch filter
F2 - anti-Stokes
filter

F3 - Stokes filter i COM 1 RS 232 Link
EA1, EA2- Electrical prOCESS'ng n

kanpliﬁers J f 1

/1_ Acquire Raman anti-Stokes (AS) \ Temperature (°C)
Stokes (St) signals

2. STFT based processing of AS and "T*Ak
>

St signal

3. Estimation of distributed
\ temperature profile j

Fig.3.5. Block diagram of experimental sgb developed in laboratorgConcept taken from

Ref. L0, 61 and 6p.

An initial 1 m long section of the sensing fiber is kept reserved as calibration zaser. L
light is coupled to optical fiber using lens (L) with focal length of 8 mm and numerical

aperture of 0.5. Backscattered spectrirom sensing fiber whiclconsiss of Rayleigh
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Raman AS and Raman St optical signslsplit 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 paas 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 obtaBt signal. Tles optical AS and St signatre converted

into electrical signals with the help gfhotomultiplier tubesPMT-AS and PMTSt
respectivelyBoth PMTs (Model: R5108, bke: Hamamatsu, Japan) haspectral response

of 4001200 nm.Photomultiplier tubes are tnaducer which convert optical signals into
electrical signalsThe amplitudes of electrical AS and St signals, at the stdifter are-560

eV afeld eV respectively. These amplitudes
electrical signals are amplified by electrical amplifiers EA1 and EMBdel: SR445A,
Make: Stanford Research Systems, USW))h gain setting of 25 for each signalhe
amplified electrical output signals of PMTs ard te a high bandwidtperipheral component
interconnect (PClpus [63] basedDAQ card system (Model: CS85G, Make: Gage, USA)
which digitizes both the Raman signals at a sampling rate of 1GSamples/sligitized
signals are accessed pgrsonal computePC) 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 measuremetdamsyisased oprecision
integratedcircuit sensor LM33\, analoge to digital converter (ADCADCO0848 and a
microcontroller(89V51RD2) has also been developed in the present work. It is named as
dynamic seHcalibration unit DSCU). The Schematic diagrams &fMT based detectors and
circuit diagram of DSClare pesented in Appendik. TheDSCU is connected to serial port
(COM1) of the main PC through RS232 link. A software using MATLAB has been

developed to read the latest valued@nd update it in the majrogram for determining the
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unknown temperatur€rl’) profile for the whole fiber length. Another serial port (COM2) of
PC is used to control tHaser operation (ON/OFF), lasenlpe energy and repetition rate of

DPSSL.

To testthe performance of the developed [@IFS, 1 m long section from sensing fibegas
selected as hot zofier temperature measurement. This hot zorledated at 190 m from the
laser end of the fiber. Hot zonesheated with the help @&n electric heater hang 930 W
electrical powercontrolled by aproportionalderivativeintegral @-1-D) controller (Model:
PID528, Make: Selec Controls, India) and solid state relay (Model: G3NE, Make: Omron,
Japan)Fig. 36s hows the schemati c dsediahwheneasdig. Bt he

shows the photograph of the heater.

Slit to insert fiber

Electrical connection

Metal covering

Heating element
(52Q)

Electrical insulator
(Ceramic)

@90 mm
@45 mm

Thermal insulation
(Glass wool)

Sensing fiber

Fig. 36. Schematic diagram of the cross section of the electrical heater.
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Metal covering

Fig. 3.7. Photograph of the electrical heater.

For the present study, hot zom@askept at105°C and allowed tastabilize for ~ 30 minutes

while the remaining fiber was kept at room temperature (~ 2@)5 The reference
temperatures of various zones in the fibwere measured by thermocouplased
thermometersNodel: Digirad71,Make: Radix, India) placed in theoske 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 RamanAS and Stsignals

The amplifed 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 signdihe total number of samples in AS and St signal are 20480#8

m length of fiber. In a fiber having refractive inda® following OTDR relation between
relation between length (z) and numbésamplesi) obtained from sampling rat&)(holds

true.
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Fig. 38. Experimental AQupper curvejpnd St(lower curve)signals(On horizontalaxis,10
samples )10 ns [ 1m
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Z =
onS (3.8

I n the present system, AS and St signals are
Since AS and St signals are sampled at a sampling rat&so6amples/s, each of them will
be represented by 2048 samples. Therefore, for the present expetilents a mpl es [ 10

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

shown in AS (upper curve) of Fig.83.

If Eq. (2.1) is directly used for distributed temperature profile measurement using AS and St
signals presented in Fig.8a highly erroneous and unacceptable temperature profile, as
shown in Fig. 3, will be obtained. It measures the room temperaturel & °Z at the start

of fiber as456 °C and room temperature of 2& at theend of fiber as 380C. Moreover,
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temperature of hot zone (kept at 1) is measured as 108€. Therefore, it is required to
modify Eq. (2.1) in order to achieve correct tempaeaprofile.As discussed ibectionl.1,

the incorrect distributed temperature profile using Eq. (2.1) is due to issue No. 1.
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Fig. 39. Erroneous distributed temperature profile measured with Eq. (2.1) using AS and St
signals presented in Fig.8(0On horizontataxis, 10 samplels 10 nsl 1 m).

As discussedn Chapter 2,issueNo. 2 and 3 also need to be addresSdue issue of
differential attenuation (issue No. 2) is taken up first. Then issue No. 1 and 3 are addressed

togetherby modifying Eq. (2.1) The issue No. 2 can besmved by using theroposed

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 amoubaakground
from AS andSt signals. The basic steps of the proposed algorithm are as described below.

1. Divide AS and Stsignals into smaltectangulaiwindowed sections in time sample

domain.Each windowed ginal may be represented Xn).
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2. Using FFT algorithm for Fourier transfar calculateX(n) of the windowed section.

3. Make backgroundof the windowedsignal zero by setting((0) to zero. This gives
modified FFT of signalg] X 6 (©frthg Windowed section.

4. Take inverse Fourier transform usiffgFT algorithm corresponding tX 6 (ohthe
windowed section to obtain its modified time domain version.

5. Repeat step-2 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 litcedova

the average of first 18ample of the signal obtained in step 1.

The AS and St signals after having qpre@cessed using above algorithm are depicted in
Fig. 3.10. A rectangular window of size 200 samples was chosaprocessed AS and St
signds are also shown for comparisoih.may be observed that varying amount of DC

component from AS and St sige&las been minimized.

Fig. 3.10. Pre-processed AGipper curveppnd St{lower curve)signals. Origiral AS and St
signals of Fig. 3.&re alsoshown(On horizontalaxis,1 0 s ampl es ). 10
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