HJNIVERSITY OF

Southampton

University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other
copyright owners. A copy can be downloaded for personal non-commercial
research or study, without prior permission or charge. This thesis cannot be
reproduced or quoted extensively from without first obtaining permission in writing
from the copyright holder/s. The content must not be changed in any way or sold
commercially in any format or medium without the formal permission of the
copyright holders.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk



http://eprints.soton.ac.uk/

UNIVERSITY OF SOUTHAMPTON

FACULTY OF PHYSICAL AND APPLIED SCIENCES

OPTOELECTRONICS RESEARCH CENTRE

Development of a High Spatial Resolution
Temperature Compensated Distributed Strain

Sensor

By

Mohammad Belal

Thesis submitted for the degree of Doctor of Plojds/

July 2011



UNIVERSITY OF SOUTHAMPTON
FACULTY OF PHYSICAL AND APPLIED SCIENCE
OPTOELECTRONICS RESEARCH CENTRE
Doctor of Philosophy

Development of a High Spatial Resolution Temperatwe
Compensated Distributed Strain Sensor

Mohammad Belal

Abstract

Optical fibre sensors have offered such unrivatiestributed sensing features that
they continue to be successfully exploited in wasiandustries for performing
continuous measurements of the physical parametgrh,as, temperature and strain.
However, there arise certain conditions in engimgeor materials manufacturing
and characterisation environments, when the useksso extract the knowledge
about a single physical parameter only, say stnamlst the environment is also
subject to temperature. This thesis explores teglas to offer solutions under such
conditions by developing a high spatial resolutimperature compensated

distributed strain sensor.

The preliminary exploration involved exploiting thegh spatial resolution Brillouin
frequency based Brillouin optical correlation domaanalysis technique in
combination with the anti Stokes Raman intensityselola optical time domain
reflectometry technique. This work resulted in aging a temperature compensated
strain resolution of 46uwith a spatial resolution of 24cms over a sensemgth of
135m. Tackling the impact of modest pump depleteffects on the Raman
backscattered signal, a beneficial normalisatioatqmol was identified. During
discussions the possible limitation imposed by wWeaker backscattered Raman
signal towards achieving any better results orsthen and spatial resolution values,

seemed to emerge. In order to enhance the perfeamainthe sensor, anti Stokes



Brillouin, which is a stronger back scattered sigwveas exploited for the time
domain reflectometry measurements. This resulted 2 of temperature

compensated strain resolution with a spatial regolicapability of 10cms.

Although the combined performance of the Brillofrequency in combination with
Brillouin intensity proved better than the performa of the Brillouin frequency in
combination with Raman intensity, but since thectetmic detection system was
changed together with pulse widths between thetéebniques that it was unclear as
to which combinatory technique was best suiteddesigning the sensor. It is with
this view that a theoretical analysis on the penfance of the R-OTDR and B-OTDR
was carried under similar sensor parameters. B-OTi®Rlentified as a better
technique compared to the R-OTDR towards providimgh spatial resolution
temperature compensation feature to the Brillotagdency based distributed strain

measurements.

The exploration also gave an opportunity to expentally study for the first time
the impact of simultaneously varying temperaturd atrain on the four Brillouin
coefficients. This study proved useful in identifgithe corrections to the Brillouin
coefficients in order to estimate the true valuestfain and temperature in a

temperature controlled variable strain environment.

The thesis culminates with a summary of work, disawy the thresholds of various
non linear effects together with means to imprdwe performance of the sensor.
With the view of enhancing the sensor applicahilgghemes of loss compensation

are also discussed. In conclusion work for thertuts highlighted.
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1. Introduction

At the very heart of modern day electronic commations lies the vast network of
silica based optical fibres. The key reason forgihecess of these fibres rests in their
capacity to transmit optical signals at 1.55um sitiall transmission losses together
with an integrated signal amplification capability, the form of an erbium doped
fibre amplifier. Both these features are an outcafan extensive research activity
which started in the early sixties. However, tovgarthe late eighties some
researchers unearthed another technological apiphcaf optical fibres, besides
signal transmission. This novel development cameetinown as distributed optical
fibre sensing.

Since then rapid advances in distributed optichtefisensing have contributed
enormously towards providing maturity and religlilto the technology. Despite
increasing interests in achieving more energy iefficwireless sensor networks, it is
this sense of reliable performance which opticéirefi sensing technology has
developed amongst users that continues to had & @referred choice within the
domain of distributed sensing. Even whilst conside quasi distributed sensor
systems, where wireless electronic sensors aréncaily providing improved

capabilities of probing measurands such as temperatound, pressure etc with fair
amount of reliability using rigorously compiled towg algorithms, unique features
such as immunity to electromagnetic fields togetvgh minimal post processing
requirements offered by fibre optics based techmloontinues to rank it as an

increasingly popular choice for quasi distributedsing environments.

Distributed fibre optic sensing over short randggically under a kilometre, poses a
new set of challenges and certain requirements ttebd met in order to enjoy the
same sensor applicability, robustness and religkak has been realised so far with
long range distributed fibre optic sensing. In pizst Raman and Brillouin scattering

effects in optical fibores have been exploited tokendistributed measurements of
1



temperature and strain over long sensing ranges.s@ime scattering processes can
still be exploited, but the real challenge in ortieroffer distributed strain sensing
capabilities over short ranges is to design a semspable of probing measurands
with high spatial resolution features, typically chubelow a meter. With increasing
interests in structural health monitoring of maesirr civil structures such as dams,
bridges, aircraft engines etc, the idea to estabigdiable high spatial resolution

distributed strain measurements continues to b@mmiense importance.

Strain, which is understood to be a measure of ipalysleformation caused in a
particular direction with respect to original statees not only result from direct
physical deformations as a consequence of forcpkedp but also emerges due to
thermal effects. For instance in cases where atstelis subject to cyclic loading as
part of routine tests for material characterisatiostructural health monitoring, one
witnesses substantial heating of the structure.edsdch circumstances it becomes
critical that the sensor, capable of offering hggatial resolution distributed strain
measurements, is also designed with additiondalfes to account for thermally
induced strain and also that strain measurememidiependent of temperature. To
address these problems witnessed in structuraheegng environments, this thesis
focuses on exploring the design of a temperatungpemsated high spatial resolution

distributed strain sensor using fibre optic tecbggl

The work carried out in this thesis is based onatidor's own research. Use of any

material from other sources is clearly referenced.

The thesis is divided into seven chapters. A ltefcription of each chapter is given

below:

Chapter 2 attempts to critically appreciate presiaontributions to distributed
sensing made utilising both spontaneous and stteull&rillouin scattering. The
techniques developed so far for distributed steaid temperature measurements are
analysed with the view of identifying both meritsdademerits of the techniques used

2



in the past. The subject of this thesis is brieflgntioned before the chapter embarks
onto an extended literature review highlightingvwas attempts with regards to
making high spatial resolution distributed straieasurements with full temperature
compensation. Lessons learnt from the critical ymislin this literature review were

used to select, combine and develop the most pnognischniques to be exploited.

Chapter 3 describes experimental work which dissigbe theory, experimental
layout, results, summary and conclusions of thelioatory technique of Brillouin

frequency measurements and Raman intensity measaotem

Chapter 4 similarly explores the theoretical angegdnental aspects along with
results, summary and conclusions associated wehother proposed combinatory

technique involving Brillouin frequency and Brillwuintensity measurements.

Chapter 5 dwells on the performance outcome ofRaman intensity based OTDR
technique with the Brillouin intensity based OTDEBchnique whilst probing a
sensing length of 100m with a spatial resolutiod@tms. The treatment of the two
techniques in this chapter is theoretical but tiie@me helps identify the superiority
of one technique over the other, which could themged for short range high spatial
resolution temperature compensation measures durdigtributed strain

measurements.

Chapter 6 is a generic study on the validity ofllBuin coefficients experimentally
tested on a temperature controlled strain rig. ¥diton for this emerged due to lack
of any experimental evidence in literature confmgnithe validity of Brillouin
coefficients under conditions where the sensingefiils subject to simultaneously
varying strain and temperature. It was assumedth®atoefficients would remain
valid under such conditions, and all the previowskaexploiting Brillouin scattering

for simultaneous strain and temperature sensingoassd on this assumption.

Chapter 7 concludes the thesis with discussioresidlts and future work aimed at

enhancing the sensor performance.



2. Literature Review on Brillouin based distributed

sensing techniques

The field of distributed optical fibre sensing hastured enormously over the
past two decades, and it is impractical to revidwha techniques developed so
far. This review focuses on the spontaneous ameukdted Brillouin scattering

based techniques that have been used previoustiystoibuted sensing purposes.

2.1 Brillouin Optical Time Domain Reflectometry (B-OTDR)

The optical time domain reflectometry (OTDR) [1]chaique introduced the
distributed measuring capabilities of fibre optictn OTDR, as the pulse travels
down the optical fibre, the most powerful scattgrabserved is Rayleigh scattering.
This Rayleigh scattering is an elastic scatterirmc@ss triggered by the interaction
between the propagating light and the randomly woay inhomogeneities in the
refractive index which are smaller than the wavglerof the propagating light. The
inhomogeneities arise from compositional and dgrikittuations, which are frozen
into the glass under the cooling process, duringidation. The backscattered
Rayleigh signal emerging as a consequence of sogttitom frozen imperfections
within the fibre, was exploited for distributed mai loss measurements, in the fibre
under test. However the distributed strain and txaipre probing potential of fibre
optics was unleashed when Brillouin scattering desonstrated to be sensitive to

temperature and strain [2, 3] influences.

Under modest pump powers, i.e., without the onsang optical non linear effects,
it is fair to assume that the Rayleigh scatterigspectrally resembles the profile of

the launched pump beam. However the spontaneoileusri scattering [5], which



relies on the existence of phase matching betweernntident optical field and the
acoustic phonon field, results in a Lorentzian sdaprofile. The peak of this
Lorentzian shaped resonance spectrum is frequehifyfeds from the pump
wavelength by an amount given by equation 1 [6].

Vg =—— (1)

Where v, is the Brillouin frequency shift, n represents #fgective refractive index
of the propagating modey is the acoustic velocity in the fibre and,is the

wavelength of pump light launched into the fibreheT dependence of the
spontaneous Brillouin shift on the acoustic wavéosity, which is a material

property directly influenced by temperature andaisir allows the applied
temperature [7] or strain to be ascertained by oreas the shift in the resonance
spontaneous Brillouin peak frequency. The FWHMtlos Lorentzian profile

depends on the decay time of the acoustic phomdah, fivhich translates itself into a
30 — 35MHz natural Brillouin line width [4].

Exploiting the inherent feature of spontaneousl@iih scattering to be influenced
by temperature and strain, both these physicahpeters have been probed using the
spontaneous Brillouin scattering emerging as a emumsnce of an optical pulse
launched down the optical fibre, recorded as atfanmf time [8]. This method of
Brillouin optical time domain reflectometry (B-OTDPRoffered the possibility of
using either Brillouin frequency or power [9, 1Qjrfstrain and/or temperature
sensing. The elegant technique of coherent detectiche spontaneous Brillouin
scattering [11, 12] was pioneered that offered lethperature and strain sensing
over record lengths [12]. Such a technique, as showfigure 1, extracted the
Brillouin frequency shift by mixing the spontanedssllouin backscattered signal
from the travelling pulse with the continuous wgeew) light from the laser and
shining it onto a high bandwidth detector (>11Glizprder to convert the optical
Brillouin signal into electrical domain. This eldacal signal was then reduced to a

low frequency signal by electrically mixing it withmicrowave local oscillator.
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Figure 1.Experimental layout for measuring the Brillouin dteency shift using
microwave detection system; exploiting the fundamalerB-OTDR technique.
Experimental layout comprises EDFA — erbium dopédmtef amplifier; AOM —
acousto optic modulator; PS - polarization scramdl®© - local oscillator, BG -
Bragg grating; C — circulator; LD - lightwave det®g YIG - YIG synthesizer; BPF
— band pass filter) [11]

Reducing the high frequency electrical signal (1x{té a low frequency of 1GHz
allowed the use of low frequency electronic commbsigamplifier, detectors etc)
resulting in improved signal to noise. The informatabout temperature or strain
was eventually extracted by observing the shifteak Brillouin frequency spectrum
generated by scanning the frequency of the micrevescillator. The technique was
also aimed at achieving reduced intensity noiser dwag sensing range, and
incidentally improvements in intensity measuremeraatomatically yielded
improved frequency resolutions too. Moreover, ire thght of recent claims
highlighting advantages in usage of stimulatedl®uih scattering over spontaneous
Brillouin scattering based sensing techniques foorts sensing range, it seems



imperative to mention that even though the micreavdstection scheme [10-12] was
primarily conceived with the objectives of achiayihigh temperature resolutions
over long sensing range (~100kms), as a matteeadrd it had already proven its
capability to offer under a degree temperature loéism capabilities for 20km

sensing range [13].

B-OTDR brought with itself the advantage of longga sensing with single ended
access, an unarguably valuable feature in longeraegsing applications. Since B-
OTDR was a pulse based technique, Brillouin fregyemeasurements made using
this technique could not probe measurands withrsetre spatial resolutions. The
explanation was simple and in agreement with furetaals of Fourier transforms.

l.e., a short duration optical pulse bears a bneadespectral image in frequency
domain. For sub metre spatial resolution, a pulsesed technique would require <
10ns duration optical pulses. In practise suchcuirement increases the error in
determining the peak of the broadened Brillouirgfrency spectrum, necessary for
determining the frequency shift resulting from tlagplication of strain or

temperature relative to unstrained-unheated sectimin the sensing fibre. The

relationship of the uncertainty in the Brillouinefuency spectrum or the peak

Brillouin frequency itself(év, )with the Brillouin gain bandwidth{4v,) and the

electrical signal to noise ratio is given by eqoiat2 [14]

_ Avg
d/B - (SNFalM\/E (2)

So it was well understood that usage of opticas@alless than 10ns would lead to
broadening of the Brillouin frequency spectrum eyond the natural line width
value of 35MHz. Such a broadened Brillouin frequespectrum would result in
deterioration of the signal to noise figure reqdiia order to reliably extract the
information about strain or temperature hidderhm peak Brillouin frequency shift.
Hence reasons emerging from the basic understandingourier transforms,
highlighting the limitations on the usability okfjuency based spontaneous Brillouin
measurements using pulsed based techniques, te pnebsurands with sub-metre

spatial resolution were well appreciated.



2.2 Brillouin Optical Time Domain Analysis (BOTDA)

Brillouin optical time domain analysis (BOTDA) [136] technique, soon after its
inception in the late eighties, was initially exjpbal for measurement of fibre losses.
With its much increased signal levels comparedh® ®TDR technique and the
sensitivity of the Brillouin gain spectrum to straand temperature, it was soon
exploited for distributed strain measurements [IIfhe experimental scheme is

shown in figure 2.

Spectrum/— P ¢OECL
ot I L IV 10%

so | WP ]
rcHvagHo AQ

' o
lDlgitaI | [APD

OMputer—iprocessor

Figure 2. The Brillouin gain based BOTDA arrangenié]

ISO: isolator, WP: half wave plate, AO: acoustoicgtmodulator, ECL: external
cavity semiconductor laser, TC:temperature cordgropAPD: avalanche photodiode,
PD: photodiode.



2.2.1 BOTDA — Brillouin Gain

The Brillouin gain based BOTDA scheme exploited tsmulated Brillouin
scattering as against spontaneous Brillouin s¢agfersed in B-OTDR. It used the
concept of Brillouin gain witnessed by recording tbrobe amplitude in the time
domain, during a locally interacting intense punyfsp and a weak continuous wave
counter-propagating light probe through stimulatBdllouin scattering. The
frequency difference between pump and probe wasnschstep-by-step and the
local amplification of the probe could be retrievied a given pump-probe frequency
difference along with the location of the interaatiby simply exploiting the
conventional optical time domain reflectometry idedich was already so
effectively embedded by virtue of the existing pasature of one of the interacting
optical signals. This optimal frequency differerastween the interacting pulse and
probe resulting in a Brillouin gain curve was aféat by strain or temperature,
resulting in a shift in the peak frequency corregpog to maximum gain

experienced by the probe for a region in the fearejected to strain or temperature.

2.2.2 BOTDA — Brillouin Loss

In the conventional experimental scheme of Brillogain based BOTDA [17]
shown in figure 2, the c.w probe power increasethatexpense of a continuously
weakened pump pulse due to power transfer to tivepcobe, hence the term
Brillouin gain. However, with the weakening of themp pulse the technique was
found unsuitable for longer sensing range. Hencerder to avoid depletion of the
pump pulse over longer sensing lengths that thdoBm loss based BOTDA

technique was introduced, experimental layout shiomiigure 3 [18].
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Figure 3. Experimental arrangement for the Brilioloss based BOTDA technique
[18]

In this technique the output of the monitored crabe is adjusted such that it is at a
higher frequency than the pump pulse. Correspontting section of sensing fibre
under interrogation, the Brillouin shift betweere tbounter propagating pump and
probe signals results in power transfer from the probe to the pump pulse,
yielding a stronger pulse as it propagates dowrsémsing length, resulting in better
signal to noise whilst probing measurands overdomlistances [18, 19] in situations

where substantial lengths of fibre are at the smgperature.

However, closely examining the fundamental featergsloited during the BOTDA
layouts, it can be identified that the techniqueeisdered weak due to the induction
of systematic errors, which can limit the performaunf the sensor based upon such
a technique. Especially long range and high-spegsblution measurements can
lead to inaccurate strain and temperature detetiaimsa The reason for this effect is
that the power transfer between pulse and CW Idyie to Brillouin interaction
results in an increase (in the loss method) oredess (in the gain method) of the
pulse power. Such a change in pulse power depemdiBeoBrillouin interaction at

every point in the sensing fibre, from the pointotrance of the pulse into the fibre
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to the actual measurement point [20]. This resaltie distortion of the pulse all the
way resulting in localised measurements gettinduamfced by nonlocal effects,
leading to significant errors [21] in identifyinge peak Brillouin frequency. Besides
this fundamental problem with BOTDA the Brillouinds mechanism in particular,
whilst addressing the issue of long range sensingrbplifying the pulse power,
introduces the danger of various non linear efféeing triggered due to enhanced
pulse powers. Despite the deficiencies identifieth whe conventional design of the
BOTDA techniques (Brillouin gain and Brillouin Igssthere still was agreement
over the fundamental spatial resolution probingthtion, i.e., below 1m, due to the
pulsed nature of the technique, which implied imseehroadening of the frequency
spectrum for less than 10ns pulses, an unders@ngimch was arrived at as a
consequence of the principles of Fourrier transtorBut this understanding was
abandoned when the BOTDA arrangement was set floBn loss measurements
using < 10ns pulses [22]. The outcome of this arpamt was interpreted as a
breakthrough made towards providing sub-metre alpasolution distributed strain
or temperature sensing features using Brillouigdency without compromising the
natural Brillouin line width (~35MHz). The set upviolved the same Brillouin loss
method albeit with less than 10ns pulses. Thepnégation of the result was not in
agreement with the fundamental concepts of Fotrnagsforms, i.e., a short duration
temporal response carries a broad band profileeguency domain. In accordance
with which one would expect a broadened Brillouaingspectrum even in a BOTDA
experiment where short duration (< 10ns) opticdb¢m are used. On the contrary
Bao’s group reported narrowing of Brillouin gainesprum despite usage of 3ns
optical pulses.

Soon the results were experimentally and theodgticaproduced [23] and a more
logical explanation emerged. It was identified thake to a finite extinction ratio
achieved with the EOM that the c.w Stokes leakimgugh, interacts with the c.w
counter-propagating pump and yields a backgrougubsirepresented by the natural
Brillouin line width profile in the frequency donmai The short pulse interaction,
however in line with principles of Fourier transforresults in a broadened Gaussian
like profile, which is evident with high extinctiaiatio EOM output pulses too [23],
but less evident for pulses with poor extinctiotioraTlhis is because the gain of the
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broadened spectrum produced by the pulse is sw@lpared to the background gain
produced by the c.w pedestal leading to the natiidbuin line width. Although
using an EOM with low extinction ratio generatesaarow Brillouin line width, the
inherent drawback associated with such methodsesdistorted Brillouin gain
spectrum. That is the detected Brillouin spectrgnaveraged over the fibre length
and cannot be used to accurately determine stratenoperature levels with high
spatial resolution unless they are hot spots, wiaidh associated with Brillouin
frequency shifts greater than the natural Brilloimewidth. This is a very significant

restriction in their applicability.

2.2.2.1 Brillouin Loss - Dark Pulse

It was in line with pushing the sub-metre spatalution sensing capability that the
Brillouin loss based BOTDA arrangement was testeidgithe dark pulse scheme,

experimental layout shown in figure 4 [24, 25].
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Figure 4. BOTDA sensor configuration for the datkse technique [24, 25]
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This scheme of BOTDA arrangement comprised compepoitation of c.w — c.w
interaction and instead pump was switched off fehart duration. This implied that
instead of using the leakage through the EOM ahigefextinction, a complete c.w —
c.w interaction would enhance the signal to noishich would result in more
accurate identification of the peak Brillouin frepey shift, thereby estimating the
implied strain or temperature more precisely, wiiie sub-metre spatial resolution
probing of measurand was achieved by switchinghadfc.w pump for a short time
duration, which in other words would imply an abseof pulse or even a dark pulse
[19]. This dark pulse was created by gating thecapsignal using an electro optic
modulator (EOM). And it was this time duration betoff state that corresponded to
the required spatial resolution. This technique pr@sented as an improvement over
the bright pulse concept of the BOTDA method. let fawas identified that with the
option of the dark pulse technique which does ndfes the handicap of pulse
depletion that Brillouin gain method could still bsed. Moreover, since the dark
pulse technique in Brillouin loss mode suffers tfaadicap of c.w pump depletion,
over long sensing lengths the Brillouin gain [18pde appeared all the more
beneficial. Interestingly, simulations also suggdsf19] that Brillouin gain mode
with dark pulse offered a stronger interaction dilej a 2-3 dB increase in signal
level. A careful analysis of the experimental fimgk lead to an obvious conclusion
about such techniques, i.e., they were all potiytisseful for hot spot detection,
which involves imposition of high temperatures ange strains capable of rendering
large frequency shifts greater than the naturallddin linewidth. However the
techniqgues were inappropriate for general distebutmeasurements of strain or
temperature, where the measurands may not beafiGagh variations between each

other or the rest of the fibre over the entire sensnge.

Despite this very significant restriction to hotospletection there still has been
interest in exploiting the idea of acoustic prei@aton in the sensing fibre, with a

rather misleading notion of applicability to dibuted sensing. The reason for this
has been the conscious exploitation of the explamategarding the c.w leakage due
to a finite extinction of the EOM, which insteadsagiven by Lecoeuche et al [23] in

order to re-affirm the concepts of Fourier transfey and to disprove the conclusions
drawn by Bao et al [18].
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2.3 Brillouin Echo Based Distributed Sensing (BEDS)

Much in line with the acoustic pre excitation copicehe Brillouin echo [26, 27, 28]
technique emerged, which essentially exploitedasufe similar to the Brillouin loss
set up in the dark pulse format, but instead ota@wng off the pump, the technique
capitalised on the ability to destructively intedfethe pump with the counter-
propagating probe by switchingntout of phase for a short duration, using an ebectr

optic phase modulator, as shown in figure 5 [27].
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Figure 5. Experimental layout of the Brillouin edbased distributed sensing scheme
[27]

The scheme resulted in 3dB improvement of signaldise figure in comparison to
the dark pulse format, however whilst offering ityped signal to noise features over
the dark pulse format, the scheme introduced a pr@blem of secondary echoes,
i.e., the constructive interferences emerging betwhe pump and slightly decayed
acoustic wave, seen as a consequence of resungtijump and probe interaction
after the operation of the phase pulse. The post phase pulse’ state was sufficient
to trigger a false signal from a different parttloé fibre, which could easily confuse
with the first signal observed during the duratanhe ‘t phase pulse’. So even if

one assumes merit in the usability of the schemibeaoclass of hot spot detection
14



systems, based upon the first experimental denaiimsis of the technique [26, 27],
the issue of secondary echoes detracts from thanitpee true distributed

measurements.

2.4 Differential Pulse Pair Brillouin Optical Time Domain

Analysis (DPP-BOTDA)

No sooner did the difficulties in the applicabilipf the BOTDA schemes, i.e.,
Brillouin loss based bright and dark pulse or #hghase pulse based Brillouin echo
technigues were identified within the distributexhsing domain than Bao’s group
emerged with another concept of differential Bdilo gain. This technique was
based upon the premise that since with 10ns or ehemter pulses there are
difficulties achieving a good signal to noise figuwhich is effectively due to the
broadening of the spectrum in frequency domainttiaproblem could be solved by
using much longer pulses. The race for being tis¢ fo pioneer the technique of
offering fundamentally non-conflicting capabilitie$ probing measurands with sub-
metre spatial resolutions reached another arguagkewith the claims made by this
differential pulse width pair Brillouin optical tiendomain analysis (DPP-BOTDA)
technique [29 - 31], shown in figure 6 [29].
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Figure 6. Experimental layout of the DPP-BOTDA teicjue [29]
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The technique addressed the signal to noise isgusibg longer pulses in the basic
BOTDA set up instead of the conventional use ofrten@ulses. The technique also
argued that it resulted in a more reliable measafrestrain or temperature by

subsequently achieving reduced noise on the Brillgain curve. It went a step

further by claiming that the sub-metre spatial hatson capability was also tackled

alongside by simply subtracting the two independesgponses to strain or

temperature experienced by the 50ns and 40ns oaragtical pulses. Although

mathematically (i.e. theoretically) one could vabtel such a treatment under a
common or no noise floor situation, under typicgberimental environments where
the electronic noise contributions are random sad¢hfeatment is misleading as the
noise contributions are independent hence the gubsé subtraction increases the
noise and reduces the signal leading to a muctceedsignal to noise ratio.

Furthermore, the treatment proposed in the teclenigiled to acknowledge the fact
that such an experimental procedure simply canistihduish any distributed profile
of strain or temperature. Interestingly, the denvati®n of the spatial resolution
[30], i.e., 1m corresponding to the differentialggiof 10ns emerging as a result of a
direct subtraction procedure from responses cooretipg to 50ns and 40ns long
pulses, was not surprising given the fact that likated region was an extended
section much larger than the pulse width itselfnt¢ethe real test for the claims of
sub metre spatial probing capability made by thehneue based upon the
differential concept should be made by using thmesgulse widths on a much
shorter heated section or perhaps allowing theepulsiths to interrogate a step
change in temperature in the existing extendededesdction itself, which is smaller

than the two pulse widths.

2.5 Brillouin Dynamic Grating Distributed Sensing BDG-DS)

Whilst it was appearing all the more difficult tppeciate the distributed sensing
claims made by the various schemes centred ardumdBOTDA technique, i.e.,
Brillouin loss/gain [18, 19, 22, 24, 25], Brillouiacho [26-28] and DPP-BOTDA
[29-31], Song et al contributed a rather differpatspective to the existing problem
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by introducing the concept of Brillouin dynamic gngs (BDG) [32]. It was possibly
an attempt to set right the fundamental conflictksoaiated with the Brillouin
loss/gain and Brillouin echo techniques by viewihgir manifestation in a different

type of fibre, i.e. polarization maintaining (P.fre.
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Figure 7. Experimental layout of the Brillouin dyni@ grating based sensing scheme
using the polarising maintaining fibre [32]

Experimental set up comprises LD - laser diode; I SBsingle sideband modulator;
EDFA - Er-doped fiber amplifier; PBC - polarizatilam combiner; OSA - optical
spectrum analyzer. The inset is the Brillouin gspectra of the fiber under testxn

andy polarizations.

The technique exploited the Brillouin shifted adousvave grating being generated
by an optical wave interaction in one axis of ti\ ftbre, layout shown in figure 7
[32]. Since the acoustic wave was not confinedrtipagation in one axis, another
optical wave sent down the other axis of the PNefibould still be diffracted from
this acoustic wave grating. The diffracted signalild then be used to extract the
information about strain or temperature carriedha acoustic wave grating [32].
Following the introduction of the Brillouin dynamgrating idea, it would be fair to

attribute the usage of the two axis approach iMéafiBre, with providing means for
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a more reliable extraction of information of measds, i.e., strain or temperature,
with an independent axis optical interaction, whveais not possible with previous
[18, 19, 23-31] methods.

The Brillouin dynamic grating scheme shifted theu® from a conventional single
mode standard telecom fibre towards a special fibee, a PM fibre. In this
technique the basic concept of BOTDA was initidilgited to one axis of the PM
fibre where the pulsed (generated by the electtm opodulator driven by the pulse
generator) and c.w (generated by the single sided baodulator driven by a
microwave generator) counter propagating waves wede to interact in order to
generate an acoustic wave grating [32]. The micvengenerator driving the single
side band modulator was scanned in order to genénatright Brillouin frequency
shift influenced by the effective refractive indiexthat axis. The dynamic Brillouin
acoustic grating generated by optical wave intewsadh one axis extended over both
axes. Moreover any changes in the local birefricgetiue to strain or temperature
application to the fibre would have an influencetl@ acoustic grating too. Hence it
was found that whilst the acoustic grating spreigsidf, i.e., begins to share the
information it contains about the state of strairtemperature pertaining to the axis
in which it was generated, a short optical pulsempgarable to the one used for
generation of the acoustic grating could be semtndthis other axis where the
acoustic grating has begun to penetrate in ordarremge for an interaction between
the Brillouin acoustic grating and this short ogtipulse [33]. In order to identify the
location of interaction between the pulse and ttwustic grating, standard principle
of optical time domain reflectometry was applied,shown in figure 8 [33]. This
short pulse was regarded as the read out pulsee giessentially was used to read
the information carried by the acoustic grating.aivlit comes to usage of specialty
fibres, the concept of exploiting the Brillouin dymic grating (BDG) in PM fibres
with spatially resolved measurements achieved leyitihegration BDG with the
principles of B-OTDR and BOCDA, as discussed lati, make the technique

reliable, but also complicated.
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Figure 8. Experimental layout of the optical timenthin based measurement of

Brillouin dynamic grating spectrum [33]

Experimental setup comprises LD - laser diode; 8SBingle-sideband modulator;
EDFA - Er-doped fiber amplifier; PBS -polarizatitleam splitter; Pol. - polarizer;

EOM - electro-optic modulator. The inset showsdtracture of the fiber under test.

The technique was further developed by introducthg amalgamation of Brillouin
optical correlation domain analysis (BOCDA, dis&gssn detail later) where the
concept of Brillouin acoustic grating generationsviacalised to a specific region of
the sensing fibre due to the underlying featur®OICDA technique accessing one
axis of the PM fibre and the read out optical sigreat down the other axis was also
modulated in sync with those responsible for gei@raof the grating in a certain

region of the fibre, shown in figure 9 [34].
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technique of the Brillouin dynamic grating spectr[84]

This enabled the generation and reading of thestiwograting in a specific region of
the sensing fibre, depending upon the frequencyatvan produced in the laser
frequency due to the injection current modulatidérihe laser diode. The design of
the introductory BDG technique [32] was very similaits exploitation of c.w - c.w

interaction in one axis yielding an acoustic wavatigg which was later subjected to
a subsequent interrogation by a shorter pulse iothen axis, to the previous
techniques of Brillouin loss/gain and Brillouin ectvhere the natural line width was
preserved due to the c.w — c.w interaction whightspatial resolution was achieved
by looking at the diffracted light emerging fromoster pulse and acoustic wave
grating interaction, but the BDG technique soon uret and came up with

techniques agreeing fully with the basic understamaf Fourier transforms, i.e.,

interestingly none of the BDG related technique2-33] ever claimed sub-metre

spatial resolutions, whilst exploiting optical s&d®in pulsed regimes.

Overlooking the details in the experimental layofitthe BOTDA techniques of
Brillouin loss (dark and bright pulse) and Brillougcho [18, 19, 23-31] one can spot
a common ground. Since the measurand interrogadidremes relied on the
interaction between the short pulse and the coatigly floating dynamic Brillouin
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shifted acoustic signal, which is a representatidrthe combined sensing fibre
condition, i.e., a collection of regions under strar temperature, unstrained and
unheated, that such sensing techniques indisputalaly have a place for point
sensing or qasi distributed measurements, whereetien of sensing fibre under
interrogation is subject to distinctively differestrain or temperature in comparison
to the rest of the strain and temperature statlkeofibre. Such an imposition of strain
or temperature would be capable of sufficientlyluahcing the Brillouin shifted

acoustic wave grating. A short pulse then probmg &coustic wave would be able
to extract the information contained in it agaitie¢ background contribution from

the rest of the fibre. In other words the technggjae demonstrated [18, 19, 23-31],
worked only under conditions where the measurangosead a frequency change
much larger than the natural Brillouin line widEor any other manner of imposition
of temperature or strain the techniques wouldtfarecognise a distributed pattern of

either strain or temperature, instead would reeordverage value.

2.6 Brillouin Optical Correlation Domain Analysis (BOCDA)

Although various groups, within the distributed sieg family, were making efforts
to come forth with a convincing solution towardshigging sub-metre spatial
resolution temperature or strain probing capabgitithe maturity and elegance in
Hotate’s Brillouin optical correlation domain ansily technique, secured a unique
place on the race map for high spatial resolutiostriduted strain sensing,
experimental layout shown in figure 10 [35]. Thésbecause the BOCDA technique
since its inception in 2000 [35] till date, contasuto be the only technique capable
of providing distributed strain or temperature pngb capabilities with spatial
resolutions much below a metre, whilst preservihg hatural linewidth of the

Brillouin frequency spectrum.

21



[pump]

low-pass lock-i

filter amp.
' DC ' AC
L |

Figure 10. Experimental layout of the distributgchin measuring technique based
upon the BOCDA format [35]

The method involves separating a frequency swept mto two beams of light, one
of which is frequency shifted by an amount closthoexpected Brillouin frequency
shift. Each of the two separated optical beamsgbt lis launched into the opposite
ends of the sensing fibre. A strong Brillouin iratetion is localized to a region of the
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fibre corresponding to zero delay between the aymtopagating beams of light.
Scanning the frequency of the frequency shifteovedl the peak Brillouin frequency
to be determined in this region. This region caentlbe swept along the fibre by
delaying the phase of one beam relative to therofftas is normally achieved by
incorporating a delay fibre outside the sensingefisuch that any change in the
frequency at which the frequency of the laser ig@wranslates into a change in
phase and hence the sensing position along thengdiize. Since its inception, the
BOCDA technique has undergone meticulous improvésndsy the inventors
themselves and all efforts have paid off towards &ttainment of rigor and
robustness over the contemporary BOTDA techniquesety Brillouin loss/gain,
Brillouin Echo, the earlier version of the Brilloudynamic grating technique and the
DPP-BOTDA technique [18, 19, 23-31], despite tlaeithors continuing to sell their
achievements as fully distributed strain or tempeeameasuring sensors, though as

discussed previously these techniques are onlgdstor hot spot detection.

In BOCDA the linear separation distance betweerretation points along the
sensing fibre is directly proportional to the ratibvelocity of light in fibre and the
modulation frequency of the laser. For the easeexifaction of information
regarding strain or temperature based upon shiftgpeak Brillouin frequency
spectrum, it is best to choose the sensing rangetbat there is only one correlation
peak within that sensing fibre. In meeting the rexuent of maintaining the
presence of a single correlation peak within thessgy fibre, the sensor limits itself
with a sensing range governed by the separatiomeleet any two correlation peaks.
Multiple correlation peaks result in either broaidgnof the Brillouin spectrum if the
imposed temperature or strain values at the vamouglation points are close or a
Brillouin spectrum with multiple peaks if there & large variation between the
temperature or strain values at those correlat@mntp. The requirement of ensuring
a single correlation peak in the sensing fibrejtinthe applicability of BOCDA to
relatively short range sensing applications (~ asta kilometre and below) [36].
Moreover the nature of the technique is such thanposes a subtle relationship
between the spatial resolution and the sensingerargy, a higher spatial resolution
would inherently be attained over a small sensarge [37, 38]. Unlike the other
high spatial resolution claiming techniques [18,, ®-31], BOCDA probes
23



distributed strain by demonstrating a clear 10/%éfp change [39] in the value of
correlation gain whilst moving from region of naash to region of strain less than

the natural Brillouin line width.

2.7 Brillouin Optical Correlation Domain Reflectomery (BOCDR)

The development of BOCDA technique certainly digtiishes itself as an elegant
means to probe strain or temperature with high igpaésolutions. Moreover

constant improvements in its methodology have #&sal to the adoption of the
single ended sensing fibre access [40] just aBt@ETDR technique. This feature
cunningly uses the reflection from the far end lné sensing fibre that is silver
polished, in order to arrange for the counter pgapiag pump and probe interaction

to take place.

Pragmatically viewing the cons associated withrtteehod of reflecting from the far
end identifies a need for essentially ensuring higitectivity is maintained. This
problem was solved by the introduction of a matarel improved format of
BOCDA, i.e., Brillouin optical correlation domaineftectometry (BOCDR)
technique, as shown in figure 11 [41]. BOCDR brdugith itself the freedom of
avoiding silver polishing treatment on the far efidhe sensing fibre.

The technique relies on the Brillouin frequencyftsii counter propagating light
generated by the sensing fibre in the form of thekbcattered Brillouin Stokes.
Interaction between the co propagating pump andctheter propagating Stokes
results in the formation of the correlation peakhe sensing fibre. The correlation
peak is amplified by EDFA2 and later filtered. Titeered signal is self heterodyned
using the amplified pump. Usage of the two balanpbdtodiodes reduces the
intensity noise, and the signal is amplified usamgelectronic amplifier before being
fed in to the electrical spectrum analyzer (ESA)iftS in the peak correlation peak

due to strain are monitored on the ESA.
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Figure 11. Experimental layout of the distributdéchi;m measuring technique based
upon the BOCDR format [41]

The BOCDR technique provided high spatial resofuti@lynamic strain
measurements [42] along with the sensing rangegerzent right up to a kilometre
[43]. Although the technique provided single endedess to the sensing fibre which
was quite an advance from the classical BOTDA buabntinues to yearn for much
improvement in order to outclass the achievemehtB@CDA, especially in the

department of high spatial resolution probing oaswand.

Interestingly so, although the handicap of inadbd#y to long range sensing
associated with BOCDA was labelled as the obviamsrgside to the technique, as a
consequence of its fundamental working, yet it waen identified as providing
fierce competition to contemporary techniques witkhe domain of short range
Brillouin scattering based sensing providing unitecé high spatial resolution
capabilities.Indisputably its attractiveness fostdbuted short range high spatial
resolution sensing is its elegance of preserviegntitural Brillouin line width whilst
continuing to exploit the Brillouin frequency foistlibuted strain measurements.
This technique of using the Brillouin frequency @ manner capable of
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circumventing the problem of broadening of Brillouiine width for sub metre
spatial resolution probing of strain could alsoamage utilisation of special fibres
with multiple Brillouin peaks, with possibly diffent strain and temperature
coefficients. In this thesis however the approachsénsor design adopts only
standard single mode telecom fibres for exploritg tcapability of offering
temperature corrected high spatial resolution ibisted strain measurements. Usage
of standard fibre also ensures easy integratioh wiher fiberized optoelectronic
components under tolerable splice losses.

The following section reviews the attempts madeipresly towards unambiguously
measuring distributed strain i.e. compensated i&triduted temperature influences.
This review not only highlights the very startingimt for the motivation of the
central idea of this thesis but also elucidatesvilious advances made so far. In
doing so it identifies the aims of this thesis whitave been achieved in chapters 3

and 4 respectively.

2.8 Aims

It would be fair to breakdown the subject of thisgis as a three part problem. That
is to say, the design of the sensor essentiallyt meset three requirements i.e.,
distributed measurements of strain made simultasigoand independently of
distributed temperature measurements with very btial resolution capability. It
IS understood that a simultaneous occurrence detlteree features in a sensor,
ensures robustness and in turn novelty to the seiisis with this view that the
following sub-section of the thesis undertakestésk of identifying attempts in the

past to combine the three features.
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2.8.1 Discussions

Following the success in characterising the tempera[44] and strain [45]
dependence of the Brillouin power, combined witk firevious knowledge of the
Brillouin frequency shift dependence on strain @echperature, the possibility of
making simultaneous Brillouin strain and tempermatareasurement was apparent
[46]. The four Brillouin coefficients were subsemily confirmed by Parker et al,
using a scanning Fabry-Perot set up [47]. Soon,sKE8 work on the cascaded
Mach-Zehnder configuration, shown in figure 1, imdtaneously measure both
Brillouin intensity and frequency using the doulpass Mach Zehnder approach
demonstrated a practical means to achieving ailistd sensor capable of

unambiguously resolving strain and temperature.
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Figure 1. Experimental layout of the sensing fiarel the cascaded Mach Zehnder
configuration [9]
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The first stage in this cascaded arrangement cgegbia double pass Mach Zehnder
to filter the Brillouin from the Rayleigh. It regel in 28dB rejection of Rayleigh.
The second stage of the Mach Zehnder involved hacBrillouin frequency at the
quadrature point for detection of Brillouin freqegnshifts emerging due to
temperature changes in a section of sensing fildne. single ended sensor design
proposed by Kee et al [9] was very novel and imraBngseful for independent long
range distributed measurements of strain and teatyrer. It achieved 4°C and 290
of temperature and strain resolutions respectiva@lgy a sensing range of 15km with

a spatial resolution of 10m.

Despite the achievements of the double pass Mabhd& approach, the idea for a
more robust commercial solution with improved sigtta noise ratio lead to the
exploration of the coherent detection scheme [@gplained in section 2.1, figure 1.
The scheme proved extremely advantageous and daateds an improved
simultaneous strain resolution of 1@0pver a sensing range of 30km with a spatial
resolution of 20m, whilst reproducing the tempemtesolution previously achieved
in Kee’s [9] sensing scheme. Additionally this wodkso contributed towards
distributed temperature measurements over 57knf) RMS error in frequency
measurement of less than 3MHz for over the engingth and under 0.6MHz for the
first 40km. Although the results were an outcomethd very early works in the
microwave detection scheme series, yet they stamticue place in comparison to

other long range works to date [48, 49].

Whilst the results from the coherent detection suhe46, 11, 12, 13] were
continually improving, an alternative technique $aparating temperature and strain
effect was proposed using nonzero dispersion shfibeer (LEAF) which exhibited
two different Briilouin peaks by Lee et al [50]. iShapproach of measuring the two
Brillouin frequencies in a multi compositional fibeore (LEAF) for unambiguously
resolving temperature and strain in a distributeaser [50] was investigated further
by Alahbabi et al. [51] who compared its performamath the measurements of

intensity and frequency for the single Brillouingein a standard single mode
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telecommunication fibre. Alahbabi et al. reportédttthe two Brillouin frequency
components of the LEAF exploited to determine #magerature and strain produced
almost sevenfold deterioration in the temperate@solution, i.e., from 4.10 °C to
27°C and more than fourfold deterioration in théugeof strain resolution compared
with that of SMF It was also inferred, despite the ability of thatad collection
system to detect peak frequency to a resolutiotebéhan a few MHz at the
demonstrated range of 22km, the exploitation ofl drdlouin peaks using LEAF
imposed more stringent requirements on the accusddyequency measurements.
That is to say, a differential frequency changel@igd to acquire temperature
information in the case of LEAF lowered the regdifieequency change as a function
of temperature from 1MHz/°C to 190kHz/°C. Moreover, a temperature resolution
better than 1°C, the requirement for individuabfrency resolution was found to be
approximately 135kHz, which would in practise bdficlilt to achieve in the

presence of noise for a 35MHz spontaneous Brilltingwidth.

A few months later, much in line with exploitingfférent fibres for simultaneous
measurements of distributed strain and temperaBa®s group introduced the
possibility of using polarization maintaining (PN5H2] fibres, namely Panda, bow-
tie, and tiger, for similar purpose. The reasonuging PM fibres was largely centred
on exploiting the fact that the otherwise randoatestf polarization which is due to
polarization mode dispersion in standard single enfiloie, would be eliminated by
using a PM fibre. Hence any further power fluctomatwould then, only be attributed
to the laser source. Due to elimination of statepofarization fluctuation in the

power measurement with SM fibres, it was hoped $hrain and temperature could
simultaneously be probed with centimetres of spagaolution using PM fibres

instead, which an SM fibre would otherwise limit &ometre spatial resolution.
However, due to nonlinear Brillouin amplificatiof ftuctuation induced by the laser
power a higher uncertainty was identified in conmunthe individual information

obtained from the Brillouin power and frequency sw@aments.

Another attempt towards discriminative strain amchperature sensing was made by

Alahbabi et al by combining Billouin frequency asigontaneous anti-Stokes Raman

power measurements [53] achieving temperature @ath gesolutions of 6°C and
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150pe respectively with a spatial resolution of 10m #orange of more than 23km.
Focus also slightly shifted towards trying new éi&with different orders of acoustic
mode interaction with the optical field [54], whdfedoping resulted in reduction of
acoustic modes in the fibre with enlargement ofgdency spacing between
neighbouring modes and also influencing the eftédhe Brillouin frequency shifts
with temperature and strain by usage of varyingceatration of Ge@doping in
optical fibres [55]. In both cases [54, 55] thadildesign did not lead to the Brillouin
frequency coefficients for temperature varying negdy to the strain, or vice versa,
which could provide significant performance improwent in discriminative
measurement of strain and temperature. It wasnm With using special fibres for
discriminatively measuring strain and temperatina Zou et al [56] presented the
use of exploiting their newly devised techniqueBaoflouin dynamic grating (BDG)
in PM fibres for a complete discrimination of strand temperature using Brillouin
frequency shift and birefringence measurementsuniarthed the possibility of

exploiting the large negatively varying temperatureoefficient of

CI:—55.8134\/IHZ/ ‘Cand the positively varying strain coefficient of

C{ =0.8999VIHz/ e as a consequence of the frequency deviation enterlie to

birefringence. Up to this point, the technique kdkthe distributed sensing
capabilities due to the c.w — c.w interactions e @xis of P.M fibre responsible for
BDG creation. However, the technique soon gradutdeexploiting the c.w wave

and pulse interaction towards creation of the BDGconjunction with spatial

interrogation of the BDG using the optical time dommeasurement [57] approach.
The technique was further developed furthermorecbmbining the concept of

Brillouin correlation domain analysis technique fwth the generation of BDG in
one axis and its interrogation in the other [58].

Analysing the contributions involving telecom Shbries [44, 46, 51, 53], special
fibres [50, 52, 54-58 and including the recent oty of exploiting Brillouin

scattering in polymer based optical fibre [59], &ds providing distributed
discriminative temperature and strain measuringalogipies, there still appeared a
major gap in designing a sensor capable of offerimgh spatial resolution

temperature compensated distributed strain measmtsimJnderstanding the need to
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fill this void, within distributed sensing, the foling section proposes the schemes

to be explored in order to demonstrate the workiuglel of such a sensor.

2.8.2 Proposed Schemes

Although the review identified various schemes mtigng discriminatory
distributed strain and temperature measurememg ggiecial fibres, the work in this
thesis limits the exploration to standard teleca@sdal single mode fibres. The course
we adopted is based on exploiting the high spa@isblution Brillouin frequency
based distributed strain measuring capabilitieserett by BOCDA technique
independently combined with power measurements pointeheous Raman and

spontaneous Brillouin to provide separate disteduneasure of temperature.

In the following chapters, the experimental perfante of the two sets of

combinatory schemes, i.e., BOCDA + Raman anti-3dhkeensity and BOCDA +

Brillouin anti-Stokes intensity resulting in diserination of strain and temperature
are independently discussed followed by a theakepierformance comparison using
similar sensor parameter of sensing length, spaisblution etc. The Brillouin

coefficients calibration experiment which followsg work is conducted in order to
check if any corrections are necessary to the ddili frequency and intensity
coefficients under a temperature controlled vaeaadtain environment. The need for
such a calibration emerged because so far it had besumed that the Brillouin
frequency coefficients for strain remain valid unééevated temperature and vice-
versa. Given the fact that the sensing fibre haddosubjected to a combined
temperature and strain varying condition that iswaandatory to confirm if changes
in Young’s moduli, refractive index etc., due tensitaneously varying strain and
temperature are sufficiently affecting the coeéfids, which would then require a
correction factor to the existing values of Brililodrequency and power coefficient
of strain and temperature which to date have legerimentally found at room

temperature (strain coefficient) and zero straamfterature coefficient) only.
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Chapter 3

3. Raman intensity assisted temperature
compensation for a sub-metre spatial resolution

distributed strain sensor

3.1 Introduction

For long-range sensing, it has been demonstratgdritbasurements of spontaneous
Brillouin power [1] and frequency [2] along with@mtaneous Raman measurements,
can be used to separately resolve temperature teaid albeit with a low spatial
resolution of 10m [3]. At long sensing ranges, ¢hallenge is to achieve an adequate
signal to noise in order to acquire the desiredsuesnd resolution. A number of
techniques have been investigated, in trying torawe the simultaneous strain and
temperature measuring capability along with enhavece in the sensing range. The
more robust coherent detection [2, 6] followed tivect detection [4, 5] schemes,
which not only improved the simultaneous strain aedhperature resolution
measurements but also enhanced the sensing raongever the ultimate sensing
range of 150km was achieved for distributed tentpesameasurements only by
combining the Brillouin coherent detection withline Raman amplification [7]. An
alternative technique for separately resolving terapure and strain by exploiting
the differential frequency shift in fibres exhiloigg multiple Brillouin peaks [8, 9] was
also explored. In such fibres, the Brillouin freqag shifts of the first and second
peaks were found different for temperature, butilamfior strain. So by measuring
the Brillouin frequency shifts of both peaks, it sv@ossible to separate the
temperature and strain. However, as a consequéitice celatively small differential

change in the frequency of the two peaks with teatpee, the technique has not yet

38



proven advantageous over the power and frequenmpagh for long-range sensing

[8].

At short sensing ranges, requiring sub-metre dpagolution, spectral broadening
of the pulse limits the achievable accuracy of IBuin frequency measurements.
This is because the resultant Brillouin spectrumaisonvolution of the pulse
bandwidth and Brillouin natural linewidth. As dissed previously, an elegant
technique which overcomes this problem and achibigts spatial resolution of the
order of millimetres is Brillouin Optical Correlatn Domain Analysis (BOCDA) [9]
(figure 10, chapter 2) technique. A frequency swageér output is split using a fibre
coupler. One of the output light beams is frequestidfted by an amount close to the
expected Brillouin frequency shift using an eleagtic intensity modulator (EOM),
driven by a high frequency (~ 9GHz — 11GHz) synittexs the other is fed through a
delay fibre followed by another EOM, driven by awldrequency (~kHz) square
wave input from a standard signal generator. Thpuwf the signal generator is
split such that a simultaneous input can also lwiged to the lock-in amplifier.
These two beams of light are then launched intooihigosite ends of the sensing
fibre.

Strong Brillouin interaction is localized to a regi of the sensing fibre
corresponding to zero delay and hence constanudrexy difference between the
counter-propagating beams of light. Scanning tigh fiequency synthesizer driving
the EOM, allows for the Brillouin frequency gainesprum to be generated. A
Lorentzian function is fitted to this Brillouin fgeiency gain spectrum in order to
identify the peak Brillouin frequency corresponding the region under
interrogation. The position of this region unddemogation can then be swept along
the sensing fibre by delaying the phase of one hedative to the other. This phase
delay between the counter propagating beams df isgéchieved by incorporating a
delay fibre outside the sensing fibre such that @mnge in the frequency at which
the frequency of the laser is swept translates amtthange in phase and hence a
change in the sensing position along the sensimg.fi
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For the BOCDA-based measurements, the spatialutesol(z) and the measurement
range corresponding to the interval between cdroelgpeaks ) are given by the

following equations [9, 10]:

(1)

d=_~ (2)

where f is the modulation frequencyf is the frequency variation achieved when

m

the laser wavelength is swept at frequenty, B’AvLW is the linewidth of the
Brillouin spectrum and/ is the velocity of light in the fibre. The abovguations
9

indicate that in this mode of operation, the rafigpatial resolution to sensing length

is determined by the ratio of the Brillouin gaindividth to the modulation depth.

Despite  BOCDA's ability to offer Brillouin frequegc measurements with
indisputably high spatial resolution, when used astandard single mode fibre
(SMF) it is unable to disentangle the temperatafeiénces during strain induced
frequency measurements. Hence so far it's applipain SMF is limited to

situations where the temperature is well definedhis Tchapter describes the
combination of BOCDA with an independent measurdnoémemperature based on
the determination of the intensity of the anti-S&®kRaman scattering (R-OTDR)
with very much higher spatial resolution than poesly reported [3], in order to

produce a fully temperature compensated strainosevith high spatial resolution.
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3.2 Theory

This section briefly describes the theoretical §&si the R-OTDR technique.

3.2.1. Raman Optical Time Domain Reflectometry

In Raman scattering, the probability for anti-Stekensition increases with increase

in temperature, and the Bose—Einstein factor ferahti-Stokes line [11] is given as

e
AS 1@_(?(’5] 3)

where RAS is the Raman anti-Stokes probabilit¥; is the energy difference

between two vibrational states is the Boltzmann’'s constant and is the
temperature in Kelvin. From this equation, the temapure sensitivity of the intensity
of spontaneous anti-Stokes Raman scattering isdfeoirbe ~ 0.8%C [12, 13], at

room temperatures.

The threshold for stimulated Raman scattering carcdiculated using equation 4
[14]. In the case of Stimulated Raman scatterihg, Raman Stokes signal which
experiences gain along the fibre length propagatése pump direction, while the
anti-Stokes Raman signal counter propagates tgptimep direction. This way it

becomes easier to filter out the Raman anti Stekgeal.

pite= T

(4)
Leff * Or
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Where P3"%is the threshold power beyond which stimulated Rareffect is
dominant, leading to pump depletiod,, is 80um?*for the fibre used in the
experimentsL is the length given by equation 5 [14], whilgis the Raman gain
coefficient, which for the pump wavelength of 156018 7104 m/w [14]. The

value of the loss parameter=0.046/kmand the value of dispersion at operating

wavelength of 1550nm is, D=17ps/nm.km [14].

L= [1-exp(-aL )]

5
. > (5)
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Figure 1. Theoretically calculated SRS threshoklagiequation 4, presented in log

scale
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Figure 1 shows the plot of equation 4. The ploeeds, at short sensing lengths, the
threshold for stimulated Raman scattering is neddyi high, so the R-OTDR
measurement can be obtained with short high pealeppulses which allow high
spatial resolution interrogation along the sensieiggth, whilst maintaining the

required signal to noise.

The R-OTDR measurements require normalisationderato eliminate features such
as the splice and transmission losses which aftegat by the distributed Raman
anti-Stokes measurements. Commercial Raman-bassttibdied temperature
sensors used the Rayleigh signal at the Ramardhifavelength to account for the
distributed splice and transmission losses overs#mesing length. However, for the
purpose of demonstration of the combinatory tealmigsed in this chapter, we used
the distributed Raman measurement for the unhefited as the reference
measurement and used it to normalize the measuaed torresponding to the
situation when a section of the fibre is heatede T@mperature profile is given by

equation 6.

U (L)1, (L) <100

ATR(L) = CT.
RI

(6)

wherel is the distance along the fibr@l RA'S(L)/IRA.S(L))X:LOO is the percentage

change in Raman anti-Stokes intensity normaliseth wihe room temperature
measurements of the anti-Stokes Raman &Ads the coefficient of the Raman

intensity change with temperature. The temperateselution can be found using

equation 7.

Blat o, (D) 1, (1))#200

54T (L) = -
RI

(7)
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where 94T, (L)is the temperature resolution af@l41, (L))/1, (L))x100 is the

percentage normalised intensity resolution achievadthe Raman anti-Stokes

backscattered signal .

3.2.3. Temperature and strain discrimination

The change in the Brillouin frequency shift from 8DA and intensity from R-

OTDR can be represented by the following matrixagiqun [2]:

AVB _ I;v ;V AE
e ] [Cr Cq JLAT ©

where C;,and C;, are the coefficients for the Brillouin frequendyifsdue to strain

and temperature respectively afy, is the coefficient for the Raman anti-Stokes
intensity change with temperature. The coefficiéot the Raman anti-Stokes

intensity is insensitive to strain, hen€&;, = 0. 4v; and 41 are the Brillouin

frequency shift and the anti-Stokes Raman intercsignge respectively. The inverse
of equation (8) yields:

Ae 1 0) —Cgv Avg
TS V! g

RA.S

Where 4¢ is the change in applied strain, whid is the change in temperature.
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The corresponding error in the temperature-compgedsdrain measurement is given

by [2] equation 10,

lovel+]Cs,
‘Cévcgl

o g \

CT
0 | = = (10)

wheresvgand 6l are the RMS errors in the Brillouin frequency shaftd the

Raman anti-Stokes intensity change measurements.

3.3 Experimental setup and procedure

3.3.1. Experimental setup

The experimental setup for the short range distetbustrain measurement with
temperature compensation is shown in figu.Z[he detailed layout of the sensing

fibre is depicted in figure 2(b).
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Figure 2b. Detailed layout of the 135m sensingefibr

The details of the scheme presented in figure @{a)be more easily understood by
examining the experimental layout of the individeathniques i.e., R-OTDR and

BOCDA that have been combined in order to demotestthe temperature
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compensation feature during a sub-metre spatiablutsn distributed strain

measurement.

The R-OTDR setup comprised a continuous wave (GAgrl diode (1) operating at
1550nm (linewidth ~ 5MHz) with an output power @m@W, followed by an optical
isolator, preventing back reflections from damagiting diode. A polarization
controller was used to align the azimuth of thesdinlight to the electro optic
intensity modulator (EOM (1)). EOM1 with an inserti loss of 3dB and an
extinction ratio of 18dB, was used to gate the QWfcal output from the laser diode
1 using a pulse generator (PICOSECOND PULSE LAB®deh no. 2600 B)
operating at 1ns pulse width at a repetition rdtéGkHz. This combination of the
pulse width and repetition rate rendered a dutytecgé 10°. An isolator was used
immediately after the EOM1 in order to suppress tmeckward amplified
spontaneous emission (ASE) from the erbium dopme famplifier (EDFA (1)) with
a 30dB optical gain, potentially capable of damggime EOM (1). An acousto optic
modulator (AOM) with an insertion loss of 4dB anxtiection ratio of 40dB was
used immediately after the EDFA (1) to suppress iatsr-pulse ASE component
from the first 30dB gain EDFA (1). The pulse aftiee AOM was amplified to a peak
power of 240W using two stages of EDFA 3 & EDFAe4ch with a gain of 9dB,
combined with two ASE filtering stages using ciatoks C1 and C2 and fibre Bragg
gratings, FBG (1) and FBG (2), both centred at ba®@vith 3dB bandwidth of 3nm
and side band suppression of 30dB. The purposkeoASE filtering stages was to
get rid of the ASE which was capable of clipping gain in the subsequent amplifier
stages, preventing signal amplification. The angaifpulse with peak power of
240W was launched into the sensing fibre via threu@tor C3, which was also

responsible for channelling the backscattered sigmi@ the detector.

The spontaneous Raman anti-Stokes backscatteredl sigj;s separated from the
Rayleigh and Brillouin signals by an optical filteeries, comprising a 5nm (3dB
bandwidth) broad band fibre Brag grating centreds0nm with 30dB side band

suppression, used in transmission along with twdB2@dge filters with cut off
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wavelength at 1500nm. The filtered optical signaswletected using a 600MHz
APD with gain of 30,000V/W and a noise equivaleptical power oL.3pW/+/Hz .
The output voltage was further amplified using &Nbiz voltage amplifier with a

30dB gain and input shorted nois€2aWV/+/Hz . A 300MHz oscilloscope was used to

observe the amplified signal voltage.

In the BOCDA setup, laser diode (2) operating &0tbn (linewidth ~ 5MHz) was

used. The sinusoidal sweep ra(é§)for the signal generator (1) were chosen using

equation 2 so as to allow for a single correlatpgak to be swept through the
sensing fibre length (d), which is also the sepamabetween the correlation peaks.
The injection current of the laser diode was moualato achieve a frequency

variation (4f) of 7.7GHz with two sets of sinusoidal sweep rafds), i.e.,

649.2kHz — 649.7kHz and 671.6kHz — 672.2kHz (freqyestep of 0.02kHz). The

frequency variation emerging as a consequence dfifatng the injection current of

the distributed feedback (DFB) laser diode was mmeak using a Mach Zehnder
interferometer with a free spectral range of 0.25mnthis arrangement the d.c bias
of the DFB laser output was matched to the quadrgtoint of the Mach Zehnder
interferometer. The extent of movement on eithee ®f the quadrature point as a
consequence of sinusoidal modulation in the inpectcurrent over the d.c bais
unfolded the change in wavelength experienced byldier. Erbium amplifier in

gain saturation mode was used between the Machdéehinterferometer and the
DFB laser output, to suppress the optical powestflations emerging as a result of
injection current modulation. The wavelength clemiyie to the injection current

modulation was used in equation 12 in order tonest the variation in laser

frequency.
4t == g (12)
12
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The frequency spa\rﬁ )of 649.2kHz — 649.7kHz restricted the scanning hod t
correlation peak from section 1 to section 2 white(f | range of 671.6kHz —

672.2kHz resulted in the scanning of the corretapeak between sections 3 and
section 4 only. EOM (2) was driven by the high-freqgcy signal generator to
generate side bands corresponding to the Brillduequency shift of 10GHz —
12GHz. During the course of the BOCDA experimergadided in this chapter, the
high frequency side band generated by EOM (2) vwdilered, though it should
typically be removed in order to increase the digmaoise ratio. This is because for

values of frequency variatio{4f) comparable or greater than the Brillouin

separation, there is a counterbalancing of theldBih gain and loss by the two
sidebands from the EOM which results in reductidnthe Brillouin gain at the

correlation point [15]. But in this experiment snthe frequency variationAf ~

7.7GHz) was less than the Brillouin shift of 10.86tHere was no drop in the signal
to noise ratio which would have otherwise imposéticdlties in identifying the
peak Brillouin shift due to heat or strain. Th@rgl generator (2) was used to
provide a 30kHz (square wave) signal to the intgr(&OM (3)) and also to provide
a reference signal to the lock-in amplifier (EG&®BOKDEAL) with a bandwidth
of 100kHz. The 30kHz square wave modulation inpuEOMS3, coded the high
frequency counter propagating pump. Transfer ofgaw the low frequency probe
rendered gain to the probe bearing a 30kHz modwaignature. With the lock in
amplifier locked to the 30kHz modulation signale thain of the probe was easily
recovered. The Brillouin signal was detected usaglGHz detector with a
responsitivity of 0.95A/W.

As shown in figure 2(b), the 135m sensing fibre pdsed five sections of SMF
(effective area ~ 8§m? loss ~ 0.20dB knt and dispersion ~ 17ps Khmm™ at
1550nm). Optical fibres in sections 1, 3 and 5 weanstrained and kept at room
temperature. The lengths of optical fibres in sedil, 3 and 5 were 42m, 33m and
42m, respectively. The length of the optical filmesection 2 was 14.5m and it was
loosely coiled and maintained at an elevated teatper on a hot plate, with a

temperature stability of £1°C. Temperature of tlné plate was monitored using a
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thermistor probe with an accuracy of £0.1°C. A 3Jemgth of unheated optical fibre
was strained between translation stages, this fiseetion4. Tablel summarizes the

details of each section of the sensing fibre.

Data from the frequency based Brillouin optical retation domain analysis
experiments and the intensity based anti-Stokes aRamptical time domain

reflectometry experiments were collected and aealys/ a personal computer.

Tablel:
Sections 1 2 3 4 5
Length 42 145 33 3.5 42
(m)
Strained No No No Yes No
Heated No Yes No No No

Tablel. Detail of the five sections of the 135msseq fibre.

3.3.2. Experimental procedure

During the experiment, section 2 of the sensingefivas loosely coiled and heated
to 52°C on a hot plate. Section 4 of the sensingefivas strained to 57ldand its

temperature was maintained at 25°C. For the BOCR2Asurement, the input port of
the circulator (C4) was spliced to optical patratd the front end (A) of the sensing
fibre spliced to optical path 1, allowing for theunter-propagating laser diode (2)
light to interact in the sensing fibre. The cormsging correlation peak resulting
from the interaction was swept from section 1 tctise 2 and section 3 to section 4
respectively. The sweeping of the correlation peeatveen section 1 and section 2

was achieved by the frequency sp(efr,;)of 649.2kHz — 649.7kHz, while the span
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between 671.6kHz — 672.2kHz was responsible foringowef the correlation peak

between sections 3 and section 4 of the sensing fib

During the R-OTDR measurements, the front end (AXhe sensing fibre was

spliced to circulator (C3) via optical path 2, vehthe splice between circulator (C4)
and far end (B) of sensing fibre was broken anthiteaited in a knot depicted by
point 2'. This allowed 1ns pulses with 240W peakvpoto be launched into the 135
m sensing fibre, with the knot on the far end préwigy any strong back reflections.
Section 2 was heated to five different temperatusés/°C, 41°C, 52°C, 62°C and
71.5°C. At a particular temperature each R-OTDReraomprised 1000 points
averaged 65536 times on the 300MHz oscilloscopesush traces were stored onto

the computer and subsequently averaged on it.éfttise process took 40 minutes.

The process of splicing between measurements wapteatl only as means to
demonstrate the working of this combinatory sens@aginique however in principle

an optical switch can be used instead.

3.4 Results

3.4.1 Brillouin Optical Correlation Domain Analysis of the heated

section

Figure 3 shows the Brillouin frequency results agted from the heated section

using the Brillouin optical correlation domain aygs technique.

Figure 3a, shows the plot of the Brillouin gaintdizution for the fibre kept at room

temperature at 25°C in section 1 and the fibredtetd 52°C in section 2.
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Figure 3a. The Brillouin peaks corresponding tofthee kept at 25°C and heated to
52°C

The plot in figure 3b shows the shift in the pealll®iin frequency, arising as a
consequence of moving the correlation peak fronieed to section 2. While the
plots in figure 3c show the Brillouin gain distrian across sections 1 and 2, at peak
Brillouin frequency of the unheated (10853MHz) d&e@dted (10881MHZz) regions. A
spatial resolution of 19cm was calculated usin@®Q0% step response from figure
3c.
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Figure 3b. Step change in the Brillouin peak freguyewhen scanning the correlation
peak from the unheated to heated region.

The change in the Brillouin frequency shift was swad to be 28MHz, which
corresponded to a coefficient for the change oBhkouin shift with temperature of
1.04MHz/°C. A 5MHz (~ 5°C) drift in the heated seat was attributed to a

temperature gradient present on the hot plate.
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Figure 3c. The Brillouin gain distribution at pe&killouin frequency of the un-
heated (10853MHz — blue trace) and heated (10881MEld trace) regions

3.4.2. Brillouin Optical Correlation Domain Analysis of the strained
section

Figure 4 shows the Brillouin frequency results asted from the strained section
using the Brillouin optical correlation domain ayss technique.

Figure 4a, shows the plot of the Brillouin gaintdizution for the loosely coiled fibre
kept at room temperature at 25°C in section 3 &edfibre strained to 571ud in

section 4.
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Figure 4a. The Brillouin peaks corresponding to timstrained fibre and strained

fibre sections.

The plot in figure 4b shows the shift in the pealll®iin frequency, arising as a
consequence of moving the correlation peak frontiee® to section 4. While the
plots in figure 4c show the Brillouin gain distrian across sections 3 and 4, at peak
Brillouin frequency of the unheated/unstrained @¥4Hz) and strained
(10879MHz) regions. A spatial resolution of 18cmswalculated using a 10/90%

step response from figure 4c.
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Figure 4b. Step change in the Brillouin peak fregpyewhen scanning the correlation

peak from the unstrained to strained region.

The change in the Brillouin peak frequency of thwe strained to 5714 with
respect to the fibre at zero strain was measurdx t86MHz, and this corresponded
to a coefficient of the Brillouin frequency shift 4.5 MHz/10Que.

The temperature in both sections of fibre was kap25 °C. The RMS frequency

error ov, was measured to be 1.7MHz. The value of RMS frequeerror is

representation of the variation in the Brillouinagefrequency along the sensing
fibre. However an error of 0.1MHz was found whiiging a Lorentzian function to

the Brillouin frequency spectrums shown above.

56



0.12
(c) /ﬂ@b\_\
® ® ® & @ . o o o o o
0.10 - o
& o
S 0.08 - o
© 0.06 - ®
0.04 - ® *
o o o @ * & & @
[}.0:— T T T T T
88.9 890 89 1 892 893 89 4 89 5

Distance (m)

Figure 4c. The Brillouin gain distribution at pe&killouin frequency of the un-

strained (10853MHz — blue trace) and strained (2087z - green trace) regions

3.4.3. Raman Optical Time Domain Reflectometry oftte heated

section

Figure 5 shows the anti-Stokes Raman intensityltestithe 135m length of sensing

fibre, collected using the Raman optical time donraflectometry technique.

Figure @ shows the spatially resolved backscattered RanmikStokes signal
generated by pulses of 240W peak pulse power adthwi 1ns in the 135m sensing
fibre. The black plot was obtained with fibre kept23.8°C, and the red trace was

obtained when fibres in section 2 was heated t€52°
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The difference in offsets seen before and afterstiresing fibre is attributed to the

use of an ac coupled APD detector together withppdapletion effects.
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Figure 5a. Black plot - R-OTDR trace of the fibresection 2 kept at 23.8°C, Red
plot - R-OTDR trace of the fibre in section 2 hekte 52°C.

Figure 5 b shows the backscattered traces for ¢aget portion of the sensing fibre
subjected to temperatures of 52.0°C (indicated bsddine), 62.0°C (indicated by a
green line) and 71.5°C (represented by a blue lar® normalized by the trace

obtained at room temperature of 23.8°C.
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Figure 5b. The normalized R-OTDR plots of the fibresection 2 heated to different

temperatures.

The intensity change for the five different temperes is plotted in figure 6.
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Figure 6. The % intensity change of the Raman &@tttkes signal versus

temperature.
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A linear relationship of change in Raman anti-Stokdensity with temperature is
indicated in figure 6. The slope correspondinghte toefficient of intensity change

with temperature extracted from the equation of@ar fit was 0.66% /°C.

Figure 7 shows the normalized plot of 100-pointning median of the normalized
data (figure =), red plot). A spatial resolution of 24cm was cddted using the

10/90% step response corresponding to the temperahaege between fibres of
sections 1 and 2. The effective electronic bandwaftthe data acquisition system

limited the spatial resolution to 24cms.

90/10 response, shows
1.144 1 Spatial Resolution of 24cms

42.80m J

1.132 T T T T r
38 40 42 44 46 48 50
Dist. from pt. A— B (m)

Figure 7. Normalized 1¥00% step response for the transition from the watde(1)

to heated (2) fibre section.
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3.5 Discussions

The correlation peak observed in the BOCDA measangsnis a representation of
the net Brillouin gain observed at the phase matchteraction point between the
counter propagating optical waves. However whilsierapting to move this
correlation peak from section 1 to section 2, dween sections 3 and 4, there is
emergence of another Brillouin peak at the cross o®gion. This results in sharing
of the net Brillouin gain in a proportion decideyg the percentage of correlation
point sitting in one region relative to the othiéor instance the data shown in figure
3b or figure 4b represents the peak Brillouin vatoeresponding to those positions
in the sensing fibre where at least 70% of theatation region is present in any one
section relative to the other. The data showngarg 3c is the increase (or decrease)
in the Brillouin gain percentage for the peak Buwlin frequency corresponding to
heated (or unheated and unstrained) region ofdhsirsg fibre and similarly the data
shown in figure 4c is the increase (or decreaséhenBrillouin gain percentage for
the peak Brillouin frequency corresponding to skedi (or unstrained and unheated)

region of the sensing fibre.

Brillouin frequency based distributed temperatune atrain measurements with a
spatial resolution of 19cm and 18cm were obtainsidguthe BOCDA technique
(sections 3.1 and 3.2). These experimental valueie wn close agreement with
theoretical estimates of 19.1cm for the heatedi®eand 18.5cm for the strain

section were using equation 1. The parameters uséae calculation weredf ~

7.7GHz and(f )~ 649.2kHz — 649.7kHz and 671.6kHz — 672.2kHz, eetipely.
Equation 2 reveals that the increase in valuekfoﬂnot only results in moving the

correlation peak across the fibre but also inflesnthe spatial resolution, i.e., the

spatial resolution improves for a higher value (d)f), which explains the slight

improvement in the spatial resolution value in ¢in region as compared to the

heated region. The resolution in the Brillouin fneqcy shift along the sensing fibre
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obtained using the BOCDA technique was measuredbdol1l.7MHz, which

corresponded to a strain resolution ofi88 the absence of temperature uncertainty.

The R-OTDR measurements used very high peak pa4é\\) pulses. Such high
peak powers were achieved with a cascaded erbiurplifeen arrangement.
However, such an arrangement could have also vgkdestimulated Brillouin
scattering effects within the amplifier, which wduhave affected the overall
performance of the amplifiers and could have atsulted in distorted pulse. But the
usage of short pulses of the order of 1ns, in oteneet the high spatial resolution
requirement, suppressed the phenomenon of SBSpiifens. This was largely due
to the inability of such short pulses to contribtwgvards any significant acoustic
wave build up leading to SBS [14].

The detection system essentially required captuintipe backscattered anti-Stokes
Raman signal. It is useful to have some idea allmeitpeak powers that can be
launched before detrimental effects from SRS beginnfluence the distributed
temperature measurements. Although a rough estiofatbe SRS threshold was
obtained using equation 4, i.e., 135W, there isieah launching peak powers in
excess of this value in order to increase the s$igmanoise ratio, before pump
depletion begins to deteriorate the same. Thegsmoof stimulated Raman scattering
was modelled for 240W peak power pulses. The modseiprised solving of the

coupled differential equations shown in equatiorat@ 14 [14].

{Pa)

P, P P,
- g : > ~ O > (13)
dz "Ag Av Ay

)
A\eﬁ (6] Pp PS u Pp
dz

=-—g ()

Wy Rp\eff A\eff_ pA\eff
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Where A, ,is the effective area of the fibr&,is the stokes powerR,is the pump

power, giis the Raman gain coefficient for the pump wavelengf 1.55pm,
cop/coS is the ratio of pump to stokes frequencies, whil@nd a are the fibre losses
for the pump and stokes wavelengths. Outcome ofrtbdel is shown as plots in
figure 8, depicting the power levels of the firstier Raman Stokes and the pump as

a function of sensing length. The outcome of tiheusation predicts a 10% depletion

of the pump power, over 135m of sensing length.
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Figure 8. Outcome of the simulation predicting puenp and stokes power levels as

a function of 135m of sensing length for launchedkppowers of 240W

In order to compare the theoretical prediction @9l pump depletion with

experimental observation, plots of figure 5a anasied. It is seen that there is a
22.4% drop in the anti-Stokes Raman backscattaggthls between the front end
and the far end of the 135m sensing fibre. In otdezxplain the remaining 12.4%,

we have to consider the effect due to the ac coupkeD with bandwidth of 15kHz —
63



600MHz,used for detecting the anti-Stokes Ramarkdzattered signal. To a first
approximation a detector with such characteristosiyd be assumed to behave as a
high pass RC filter. Knowing the transfer functiohsuch a filter would enable to
ascertain the circuit response to frequency, m@uld explain the remaining

difference in offsets. The transfer function acrthes capacitor is given by equation

15, wherezR = RandzC :1/jax:. R and C are the resistance and capacitance of the

circuit. he lowest frequency (f) of 15kHz value whegsed in equation 15, predicts a
12% drop in signal level at the far end of sendibge in comparison to the front

end.

. 1
He(jw)=—" 15
%)= R e (15)
In order to derive the time domain behavior of titamsfer function, the
of the expression fov¢ is used, which is given by equation 16. This

transformsj — S.

1
V.(s)= V, (s 16
C( ) 1+ RCS |n( ) ( )
Assuming & (i.e.V, =O0beforet = Oand thenV,, =V afterwards)

. . 1. . .
together with expressio (s) =V = in equation 16 transforms equation 16 as
S

shown in equation 17.

1 1
V =V - 17
<(s) [T RC: < (17)

Using partial fractions expansion and inverse aepltransform in equation 17

results in the expression given by equation 18,
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V. (t)=V(-e™) (18)

Where RC = % Using equation 18, the fractional drop in voltager 135m

sensing fibre can be calculated as shown in theeszpn below

l-— |x100

Where) is the velocity of light in fibre, i.e.2><108m/s andL is the sensing length
g

of 135m. Using the above expression results irnl&%.drop in voltage over 135m,
due to ac coupling. This drop in voltage due taagpling together with 10% drop
in voltage due to SRS predicts a total expecteg @fol6%, which is in the right
order of magnitude experimentally observed, i.2.4% in the signal level at the far
end in comparison to the front end, as shown iarégba. The slight discrepancy in
the theoretically estimated and experimentally okt values can be explained as a
consequence of a simple high pass RC circuit mashmed for the APD detector,
which would other in reality comprise a much mooenplicated circuit. Also that
the low frequency of 15kHz as quoted in the datesbf the APD lacked any details
about tolerances and the details on the frequealtyoffs, something which put
together should be able to provide a more accwalige of voltage drop off. The
undershoot in the signal below the zero voltagellat the far end of sensing fibre,
as shown in figure 5a, recovers back to the zelage level after 100usec, which is
equivalent to the repetition rate of the pulses.

The traces of the normalised anti-Stokes Ramamsittes in figure 5b were

achieved by normalising the higher temperature ®b&®©TDR measurements with
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the room temperature based R-OTDR measurementh. &treatment ensured that
the effect of pump depletion and hence drop inlthek scattered signal level as a
function of sensing length does not influence themalised distributed temperature
measurements. The experimental value of the RMShsitly noise was calculated by
finding the ratio of the standard deviation to thean of the heated section of the
blue trace in figure 5b. On converting this ratioi a percentage it yielded a
temperature error of 1.7%. With the experimentalgiculated Raman intensity

coefficient value of 0.66%/°C the 1.7% error yielde temperature error of 2.5 °C.

Equation 7 is used to calculate a theoretical egénof the temperature error. The

theoretical noise equivalent voltage (NEV)®012x107V for the 600MHz detector

and the 350MHz voltage amplifier with N averagesakulated using equation 19.

2 2
\/|:((NEaet ><(Bdet. % Bdet. )X Gamp) -'-(NEVamp.>< V Bamp-j jl

N

NEV= (29)

Where, NER,, =13pW/vHz is the noise equivalent optical power of the photo
receiver, G,, =30000//W, G =30dB is the gain of the photo receiver and

amp.

amplifier respectively, Bdt =600MHzis the photo receiver bandwidth,

NEV =2nV/JHzis the noise equivalent output voltage of the afi@p)i

amp.

B =350MHzis the bandwidth of the voltage amplifier ahtd= 50x 65536are the

amp.

65536 averages taken 50 times.

The anti-Stokes Raman signal was estimated by asguthhat Raman signal was
30dB smaller than the Rayleigh signal. A 1ns brpalde with peak power of 240W
results in a 1nW Raman signal. This was amplifigdtiee detector with gain of

G, =30,000//W followed by the voltage amplifier gain & =30dB, yielding a
amp.
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signal equivalent voltagéSEV) of9x10™V corresponding to the unheated region
Equation 20 [12, 16] describes the intensity of #mdi-Stokes Raman signal as a
function of temperature and equation 21 which isved from equation 20 is used to
determine the theoretical change in the normalesiitStokes Raman signal with

temperature.

I . Constan (20)

RA ho
exp—|-1
F{KTJ

di / ho ex{hwj
RAdT - KT?2 KT (21)

Where IRAis the anti-Stokes Raman intensity,= 44000n™is the wave number

corresponding to the anti-Stokes Raman wavelergth138x10°°Kgni/s°’K is the

Boltzman constanth=6.62x10%Kgni/s is the Planck’s constani = 34465K is

the equivalent temperature in Kelvin for a tempaeabf 71.8C. Using these values
in equation 21, yields a normalised change in 8tdkes Raman intensity with

dl /
RA
dT

temperature, i.e; | =63x10 3/°C. Using this coefficient, the value of SEV is

RA

calculated to b&16x107%V for the region experiencing a temperature of T¢.5he
value ofNEV =0012x107V contributes to a 1% error. Using the value of the
normalised change in the anti-Stokes Raman intensih temperature calculated in
equation 21, this 1% error in the signal due tcctedmic noise from the photo

receiver and voltage amplifier corresponds to aptnature error of 1.5°C on the
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distributed temperature measurements made at 7L&Mg the anti-Stokes Raman
intensity signal. The experimentally calculatedoerof 1.7% from figure 5b
corresponds to a temperature error of 2.5°C. Tasome for an increased temperature
error is due to the electronic noise peaks on titeSiokes Raman backscattered
traces shown in figure 5 b. Emergence of the npesks was attributed to the non
shielded GPIB cable used to communicate the PC thiehoscilloscope. However,
the error from the region of the data where thdsetm@nic peaks are absent is
estimated to be 1.3%, which translated into a teatpee error of 2°C

The combined experimental errors of the Brillouireguency measurement
(0vs =17MHz) and Raman intensity measurem@iit, _=13%) are used together
with the experimentally estimated Brillouin coeféints in sections 3.4.1 and 3.4.2
(C;V =1MHz/°C; C;, :O.O45|\/IH2/;¢£) and Raman coefficient in section 3.4.3
(C;, :O.66%/°C) in equation 10, as shown below, to produce a teatye-

compensated strain resolution ofu82

5, = (066%/°Cx 17MHz)+ (IMHz/°C x13%)
EXp. (0.045MHz/ue x 0.66%/°C)

oe  =82ue

Exp.

The value of 1.7MHz used for the error in the Buih frequency measurements is
in fact the drift in the peak Brillouin frequenay any section of unstrained-unheated
or strained or heated region along the sensing.fibising this value of Brillouin
frequency error is actually the worst case scenaiiernatively if we consider the
Brillouin frequency error as the error in the Laman fit to the Brillouin gain

spectrums shown in figures 3a and 4a, then theevaierror estimated from the fit
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was 0.1MHz. Using this value in the calculation \aboesults in an experimentally
estimated temperature compensated strain measd@uaf Whilst, using the larger
Brillouin frequency error of 1.7MHz takes into aoc® the non-uniformities along
the length of the fibre. To best assess the pedoo® of this experimental technique
it is more appropriate to use the error in thefithe Lorentzian to the Brillouin gain
curve or the correlation peak. Theoretically agenature error of 1% together with
the Brillouin frequency error of 0.1MHz, would rdsin a temperature compensated
strain resolution of 364

3.6 Conclusions

BOCDA has proven to be a useful technique for achgean extremely high spatial
resolution of the peak Brillouin gain measuremeht sensing fibre. Information
regarding temperature or strain can be obtainad freeasurements of peak Brilluoin
gain measurements using this technique. Howelrertechnique by itself is unable
to distinguish between strain and temperature Isecthe technique relies only on
Brillouin frequency measurements. In order to as@erhigh spatial resolution

temperature compensated distributed strain measmtsmthe frequency based
BOCDA measurements was combined with the Raman-Shokies intensity

measurements.

The Raman anti-Stokes measurements were usedetonitee the temperature of the
sensing fibre and this information when combinethvihe BOCDA allowed the
pure strain to be determined. The distributed stnaieasurements were made
exploiting the high spatial resolution capabilitytbe BOCDA. Likewise the high
powered pulses generated using cascaded erbiundddpe amplifiers not only
allowed for the signal-to-noise of the distributetinperature measurements to be
adequately maintained during backscattered ankeSto Raman intensity
measurements using nano second pulses, but alsotamad the high spatial

resolution measuring capability with the distrilitemperature measurements.
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Using R-OTDR, we have demonstrated a spatial résalof 24cm and temperature
resolution of 2°C. When combined with the Brillodrequency measurement using
BOCDA, the resolution of the temperature-compenksatein sensor of 46 was
achieved over the 135m sensing range. Howeverderdo increase the sensing

range whilst trying to maintain the spatial resiolnt the frequency variationf has
to increase by the same factor as the increasnsirg) length, whilst reducing the

value of f_by the same factor. If the valueAf is comparable or greater than

Brillouin shift of 10.8GHz then the up shifted frezncy sideband generated from
EOM (2) in figure 14) would have to be suppressed in order to avoidel&tion of
the Brillouin gain and loss by the two sidebandg [t the correlation point.
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Chapter 4

4. Brillouin intensity based temperature
compensation for a high spatial resolution

distributed strain sensor

4.1 Introduction

The previous chapter introduced the idea of usimg $pontaneous anti-Stokes
Raman scattering in conjunction with BOCDA for ditengling temperature and
strain. Despite using high peak pulse powers, tfaia resolution achieved was
limited to 24cms even with averaging times of 40ndine to the very weak nature of
the spontaneous Raman scattering. In order to rutise exploit the high spatial
resolution capability of the BOCDA, this chaptevestigates the possible benefit of
combining the much stronger Brillouin anti-Stokegnal with the Brillouin
frequency based BOCDA technique. The known temperatdependence of
036%/°C [1] and small strain dependence -©9x10“%/ue [2], of the Brillouin
anti-Stokes intensity is used to allow for temperatcorrected distributed strain to
be determined from the B-OTDR and BOCDA informatiocFhe spontaneous
Brillouin power is typically 15dB stronger than tepontaneous Raman power, and if
the pump wavelength is chosen to be within theuenbgain bandwidth then there is
an additional advantage of the ability to amplife tBrillouin signal. However, the
disadvantage of using Brillouin power for distribdttemperature measurements as
against Raman power is its intensity coefficient femperature, i.€0,36%/°C is
nearly half that of the Raman intensity coeffitjem72%/°C . Also due to the small
separation in optical frequency of 11GHz betweesn Bhillouin and the Rayleigh
backscattered signal, there is always a threat afldjgh contamination due to
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inappropriate optical filtering of the Brillouingal, whereas such a condition does
not arise with Raman signals because of its muge laeparation, i.e., 13THz from
the Rayleigh signal. The purpose of this chaptdp iglentify whether temperature

compensation is best achieved with Brillouin or Rammtensity measurements.

4.2 Theory

This section briefly describes the theoretical §&si the B-OTDR technique.

4.2.1. Brillouin Optical Time Domain Reflectometry

When a pulse of light is sent down an optical fibtes scattered either elastically
resulting in Rayleigh scattering or in-elasticalgading to Brillouin and Raman
scattering. Brillouin scattering was first obseniadbulk silica in 1950 [3]. Since
then it has been shown [4-7] that the Brillouin kKzaattered power exhibits both

strain and temperature dependence.

Spontaneous Brillouin scattering results when allsingation of the incident light is

in-elastically scattered by thermally excited admuwaves (acoustic phonons) in the
optical fibre. The strength of the Brillouin badckastered light resulting from a light
pulse travelling down the fibre is measured andgrdted as a function of time, and

is represented as a function of fibre length comynknown as B-OTDR.

4.2.2. Temperature and strain discrimination

The change in the Brillouin frequency shift from 8DA and intensity from B-

OTDR can be represented by the following matrixagiqun [1]:
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|:AVB:|_ C:, Ci, {Ae }
Al g, Ci Cl AT (4)

where C, and C, are the coefficients for the Brillouin frequendyifsdue to strain

and temperature Whi(é; and C; are the coefficients for the Brillouin anti-Stokes

intensity change with strain and temperature respyg. The inverse of equation (4)
yields:

T

T I

- 5

AT ‘Céch _ Cs CT _ C(O Cév Z” 5 ( )
BI Bl Bv

BI AS

The corresponding error in the temperature-compedsdrain measurement is given
by equation 6 [1]

i
‘58‘ — Bl

ov
B

+|C,

ol
B

AS

£ T _ e T (6)
‘CBVCBI CBI CBV

Where 5vBand 5IB are the RMS errors in the Brillouin frequency shaihd

AS

Brillouin anti-Stokes intensity change measurements
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4.3 Experimental setup and procedure

4.3.1. Experimental setup

The experimental setup for the short range diskedbustrain measurement with

temperature compensation is shown in figure 1(ag detailed layout of the sensing

fibre is depicted in figure 1(b).

The details of the scheme presented in figure téa) be best understood by

individually examining the experimental layout bkttwo techniques i.e., B-OTDR

and BOCDA that have been combined in order to detnate temperature

compensation during of spatial resolution distdoustrain measurements.

(@)
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M

Electrical
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Laser Diode = OO Eg;“
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Figure la. Proposed scheme for the temperature@asaped distributed strain

sensor system
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(b)
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Un-strained ~ Heated Un strained Tm_lSl_atlon_ stages Un-heated
(r42m  @145m (3)33m Straining Fibre (4) (5)~38m

OOO_U - O

Figure 1b. Detailed layout of the 131 m sensinggfib

The R-OTDR set up was modified in order to meetréagiirements for the B-OTDR

setup. These changes comprised:

1) Replacing the distributed feedback laser diode aipey at 1550nm by a
tuneable laser (1) operating at 1533.9nm (linewidthOOkHz). Use of the
tuneable laser allowed for the aligning of the aardinewidth (~35MHz)
Brillouin signal with the fibre Bragg gratings usddring the filtering of the

Brillouin backscattered signal.

2) Removing the two stages of pulse amplification ASKE cleaning using the
fibre Bragg gratings. The two stages of pulse dioption were used in the
case of R-OTDR for high peak power pulses. Howarethe case of B-
OTDR much lower peak power was required, i.e., 1VEW, which was
achieved with a single amplification stage sandetithetween the EOM and

AOM, as shown in figure 1(a).

3) Adding a 30dB erbium amplifier stage for the amgdifion of backscattered
signal together with a cascaded tuneable fibre @rgating arrangement
initially centred at 1533.8nm with a 3dB bandwidith3.5GHz and side band
suppression in excess of 30dB. The Brillouin baaksced signal overlapped
with the erbium gain bandwidth and hence the erbamplifier was used to
increase the signal level. Cascaded fibre Bragting@were used in order to

reduce the ASE noise and to ensure that whilseriilg Brillouin the
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Rayleigh backscattered signal is suppressed 3@uB &ach grating, ensuring

negligible contamination of the Brillouin signal.

4) Removing the 350MHz amplifier from the previous ctlenic detection
system and replacing the 300MHz oscilloscope bgBIBoscilloscope. The
bias voltage of the APD was adjusted to a nomimaldividth of 650MHz,
with a gain of 30,000V/W. The 650MHz APD was comesetl capable of
spatially resolving a step change in temperaturéh & spatial resolution

below 10cms.

5) Reducing the pulse widths to 500ps — 600ps but ymed at the same
repetition rate of 10kHz. In order to spatially peothe temperature step with
under 10cms spatial resolution capability the @btpulses had to be reduced

accordingly.

Equations 1 and 2 in chapter 3 showed that increaBequency variation together
with increased sinusoidal sweep rates result inaecing the spatial resolution
probing capability of the BOCDA technique. Thisdeto minor changes in the
BOCDA set up:

1) Increased frequency variatiéh)of 8.8GHz from previously used value

of 7.7GHz.

2) Increased sinusoidal sweep rate, )of 1.07252MHz — 1.07330MHz,

corresponding to scanning of correlation peak femttion 2 to section 3,
and 1.10922MHz — 1.11000MHz (frequency step of KH¥} enabling

scanning of the correlation peak from section 8ection 4.

Data from the frequency based Brillouin optical retation domain analysis
experiments and the intensity based anti-Stoke#ioBin optical time domain

reflectometry experiments was collected and andli»sethe personal computer.
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Figure 1(b) shows the same sensing fibre with #messet up as used previously,

with some minor changes to the layout. These cleaogeprised:

1)

2)

Removing 4m of fibre from the previously used 42hsection (5), thereby
reducing its length to 38m, and the total sensamgth to 131m. With 135m
of sensing length, increased sinusoidal sweep rasesnentioned above
resulted in more than one correlation peak withi@ $ensing length. So in
order to limit to a single correlation despite e&sed sweep rates the sensing

length had to be reduced by 4m.

Increasing the strain on section 4 of sensingfiibom the previously used
value of 571.4¢ to 1044 .4i¢. In the previous chapter the shift in the Brilloui
frequency observed from the heated and strainadnegluring the BOCDA
experiments was nearly similar. For safety reagbestemperature of the
heated section could not be raised any higher lHmutstrain could easily be
increased. Hence the strain value was chosen tali®st twice the
previously used value in order to impose dissimifapact of strain and

temperature on the Brillouin frequency shift.

Table 1 summarizes the details of each sectioheo§énsing fibre.

Table 1:
Sections 1 2 3 4 5
Length 42 145 33 3.5 38
(m)
Strained No No No Yes No
Heated No Yes No No No

Table 1. Detail of five sections of the 131m segsibre.
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4.3.2. Experimental procedure

The procedure followed for both BOCDA and B-OTDRpesments is similar to

that reported previously. But for a particular tergiure, each B-OTDR trace
comprised 16,000 points averaged 65536 times or8@tdz oscilloscope. 10 such
traces were stored onto the computer and subsédgaeetraged. This process took a

little over a minute.

4.4 Results

4.4.1 Brillouin Optical Correlation Domain Analysis of the heated

section

Figures 2a, 2b, 2c show the Brillouin frequencyuhssextracted from the heated

section using the Brillouin optical correlation daim analysis technique.

Figure 2a, shows the plot of the Brillouin gaintdizution for the fibre kept at room

temperature at 25°C in section 1 and the fibredtead 52°C in section 2.
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Figure 2a. The Brillouin peaks corresponding tofthee kept at 25°C and heated to
52°C

The plot in figure 2b shows the shift in the peakll®&iin frequency, arising as a

consequence of moving the correlation peak fronticed to section 2.

The change in the Brillouin frequency shift was swad to be 28MHz, which
corresponded to a coefficient for the change oBhkouin shift with temperature of
1.04MHz/°C. A 4MHz (~ 4°C) drift in the heated Seat was attributed to a

temperature gradient present on the hot plate.
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Figure 2b. Step change in the Brillouin peak freguyewhen scanning the correlation

peak from the unheated to heated region.

Plots in figure 2 ¢ show the Brillouin gain disuibn across sections 1 and 2, at
peak Brillouin frequency of the unheated (10853MHr)d heated (10881MHZz)
regions. A spatial resolution of 10cm was calculareth a 10/90% step response
from figure 2(c).
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Figure 2c. The Brillouin gain distribution at pe&killouin frequency of the un-
heated (10853MHz — blue trace) and heated (10881MEld trace) regions

4.4.2 Brillouin Optical Correlation Domain Analysis of the strained

section

Figures 3a, 3b, 3c show the Brillouin frequencyuhssextracted from the strained

section using the Brillouin optical correlation daim analysis technique.

Figure 3a, shows the plot of the Brillouin gaintdimution for the loosely coiled fibre
kept at room temperature at 25°C in section 3 aedfibre strained to 10444 in

section 4.
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Figure 3a. The Brillouin peaks corresponding to timstrained fibre and strained

fibre sections.

The plot in figure 3b shows the shift in the peakll&iin frequency, arising as a
consequence of moving the correlation peak fromice8 to section 4. The change
in the Brillouin peak frequency of the fibre strathto 1044.4¢ was measured to be
47MHz, and this corresponded to a coefficient @& Brillouin frequency shift of
4.5MHZ/10Que.
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Figure 3b. Step change in the Brillouin peak freguyewhen scanning the correlation

peak from the unstrained to strained region.

The RMS frequency errofv, was measured to be 1.7MHz in section 3 and 4. This
is the variation in Brillouin peak frequency alotig sensing fibre for the unheated-
unstrained and unheated-strained regions. Howéeeertror in the Lorentzian fit to

the Brillouin gain spectra of the two regions wakMHz.

The plots in figure 3¢ show the Brillouin gain distition across sections 3 and 4, at
peak Brillouin frequency of the unheated-unstraif@@853MHz) and strained
(10900MHz) regions. A spatial resolution of 9cm wafculated using a 10/90% step
response from figure 3c.

85



.11

(C)"'. 9 cm e © % o 0 ©
0.10 A .
b @
0.09 A
0.08 A
3 8
=
g 0.07 1
S
0.06 A
G .
0.05 |
1 @ *
0.04 o .
a @ @ ¢ & & @ 2 &
{}.{}3 T T T T T
88.9 89.0 801 502 503 804 89.5

Diztance (m)

Figure 3c. The Brillouin gain distribution at pe&killouin frequency of the un-
heated and un-strained (10853MHz — blue trace)stradned (10900MHz - green
trace) regions

4.4.3 Brillouin Optical Time Domain Reflectometry d the heated

section

Figure 4(a) shows the spatially resolved backseatt®rillouin anti-Stokes signal
generated by 2W peak power pulses with 0.5ns —sOpéifise widths in the 131m
sensing fibre. The black plot was obtained withdikept at 23.8°C, and the red trace

was obtained when fibre in section 2 was heat&?tC.
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Figure 4a. Black plot - B-OTDR trace of the fibresection 2 kept at 23.8°C, Red
plot - B-OTDR trace of the fibre in section 2 hehte 52°C

The slope in figure 4a is attributed to the ac ¢iogpof the APD. No satisfactory
explanation has yet been found for the differenciné offsets.

Figure 4b shows the backscattered traces for tbeoee2 of the fibre heated to

52.0°C (indicated by red plot), 62.0°C (indicategl breen plot) and 71.5°C

(represented by blue plot), normalized by the traloined at room temperature of
23.8°C. The RMS intensity noise measured on theetrath 14.5m fibre heated to
52°C (red plot) was 0.34%, which yielded a tempegatesolution of 0.95°C.

87



(b)

1.4 4
i
L
.. 1 1.2
8 oy
= 3
_; S 1.0 -

—

= =
S ™= 0.8 -
{:: Lo
S M
Z

06 -

0 20 40 60 S0 100 120

Dist. from pt. A - B (m)

Figure 4b. The normalized B-OTDR plots of the fibresection 2 heated to different

temperatures.

The intensity change for the five different temperas is plotted in figure 5. The
data points are fitted with a straight line witle tralue of R =0.99.
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Figure 5. The percentage intensity chafdbe Brillouin anti-Stokes signal

versus temperature

The slope corresponding to the coefficient of istgnchange with temperature
extracted from the equation of a linear fit to ghet in figure 5 was 0.36%/°C, which
is in agreement with the previously reported vdlije

Figure 6 shows the normalized plot of anti-Stoke#idéiin intensity as a function of
sensing length corresponding to the transitionor@etween the un-heated section 1

and heated section 2 of the 131m sensing fibre.
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Figure 6. Normalized 1¥00% step response for the transition from the atde

(section 1) to heated (section 2) of the fibreisast

A spatial resolution of 7cm was calculated using th090% step response
corresponding to a temperature change between iltihe 6f sections 1 and 2

respectively.

4.5 Discussion

The slope and difference in offsets seen beforeafted the sensing fibre in figure 4a
(B-OTDR) differs from that of figure 3a (R-OTDR) tie previous chapter. Due to
the absence of pump depletion in the case of B-QTib&e is only a 12% drop in

the slope of figure 4a (B-OTDR), as compared to2®% in the case of figure 3a (R-
OTDR). The 12% drop in the slope of figure 4a (BER) is explained due to the
lowest detectable frequency of 15kHz on the ac lemuRPD detector. Section 3.5 of
the previous chapter discusses this aspect inl.d€ke narrow linewidth fibre Bragg

gratings were used to reduce the ASE-ASE beat rg@gerated due to the optical

90



amplifier used for amplifying the backscatterednsig The difference in the offsets

seen before and after the sensing fibre is ratheswal and is presently unexplained.

Distributed temperature and strain measurements aviépatial resolution of 10 cm
and 9cm were obtained using the Brillouin frequeh@sed BOCDA technique.
These experimentally found values of spatial resmufor the heated and strained
regions agreed with the theoretically calculatetues of 10.1cm for the heated
section and 9.7cm for the strain section using egu&. The parameters used in the
calculation comprised the frequency variatfion 8.8GHz and modulation frequency
f,,~ 1.07252MHz — 1.07330MHz and 1.10922MHz - 1.110B@Mcorresponding

to sections 1 — 2 and section 3 — 4 respectiveig. ialue of the frequency variatibn
was estimated using the 21GHz Mach Zehnder asidedan chapter 3.

The error in locating the peak Brillouin frequendyring a Lorentzian fit in the
BOCDA technique was found to be 0.1MHz. However wagation in Brillouin
frequency along the sensing fibre was estimatedetd.7MHz. In the absence of
temperature uncertainty the error of 0.1MHz in iidfging the peak Brillouin
frequency corresponded to a strain resolution 2i2 Moreover, the reproducibility
of the BOCDA technique is demonstrated by figure/ifere the variation in the peak
Brillouin frequency over the time period betweernlding and testing of the two
temperature compensated distributed strain serssihgmes is computed by taking
the difference in the peak Brillouin frequencies fioe unheated region (section 1)
and heated region (section 2) between plots inréidd(b) of chapter 3 and Figure
2(b) of chapter 4.
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Figure 7. Shows the variation in the peak Brillofrequency for the section 1 and 2

of the sensing fibre over the two sensing schemes

B-OTDR vyielded a spatial resolution of 7cm and temagure resolution of 0.95°C
over the 131m length of sensing fibre. Using thmlsmed experimental errors of the
Brillouin frequency measurement, 0.1MHz and Brillountensity measurement,
0.34%, together with the Brillouin coefficients @ifequency and intensity, i.e.,
Ci, =045MHz/°C; CJ =036%/°C; Ci =-9x10"%lue; C., =1IMHz/°C
in equation 6, we ascertain a temperature-compeshsarain resolution of 22pas

shown below.

50 = (036%/°Cx 0IMH2Z) +(IMHZ°Cx034%) 22

- [(0'045\/|HZ/‘8XO-36%/°C)—(-9><10'4%/ﬂ8><1MHZ°Cﬂ
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4.6 Conclusions

The Brillouin intensity measurements together vl Brillouin frequency based
BOCDA have provided temperature compensated dig&ib strain measurements
with an improved spatial resolution of 7cms comgarethe 24cms demonstrated in
the previous chapter. The temperature compenséatad sesolution also improved
from 46 to 22k. The urge to improve upon the spatial resolutionbmg

capability together with reduced temperature emotivated this investigation of the

B-OTDR technique which provides a stronger backsced signal.

The following chapter theoretically analyses thefgrenance of the two techniques
under certain fixed sensor parameters of sensimgythe spatial resolution,

temperature error, detection time etc.
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Chapter 5

5. Theoretical performance comparison between R-
OTDR and B-OTDR techniques

5.1 Introduction

Chapters 3 and 4 have independently highlightegé&nfrmance of the combinatory
techniques of Brillouin frequency based BOCDA wgither Raman intensity based
R-OTDR or Brillouin intensity based B-OTDR. An ingwed spatial resolution was
experimentally proven for the B-OTDR. However, ap@om requiring different
optical filters, a number of improvements were aisade to the detection of the
backscattered signals. This raised the questioo whether B-OTDR+BOCDA, was
fundamentally a better technique compared to R-O¥B®CDA, or the improved
results were simply a consequence of improvementthe detection system. To
resolve this issue, this chapter examines the étieal performance of the two
techniques, i.e., R-OTDR and B-OTDR.

5.2 Analysis

In order to judge the performance of the two teghes, the signal to noise ratio of
each is calculated for a 1ns pulse at a waveleafjth55um launched to probe a
sensing length of 100m, with*2times averaging of the backscattered signal. A
sensing fibre with an effective area of 80uamd a zero dispersion wavelength of

1.55um is considered. The electronic detectionesystomprises a 600MHz APD
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(noise floor 1.3 pW/ vHz , gain 30,000V/W) together with a 300MHz osatiope,

yielding a NEV,,, of 1.3x10™2x~/300x10° x30,000= 675x10™ 4V

5.2.1 R-OTDR

In order to theoretically estimate the signal taseoratios during the R-OTDR
measurements, the maximum pulse peak powers thdtecased without setting up
non linear effects, which may contaminate the R-@TiDeasurements, have to be
calculated. Since the operating wavelength is thees as the zero dispersion
wavelength of the sensing fibre, group velocitypdision (GVD) effects and
Rayleigh broadening due to modulation instabilitvl) can be neglected [1].
Acoustic phonon lifetime for spontaneous Brillowoattering is typically of the
order of 8ns [1]. Hence, use of pulses smaller tBas limits the growth of the
acoustic phonon population necessary to seed tise@&cess [1]. So for 1ns pulse

widths SBS can also be neglected.

Due to the broadband spectral profile of the Ransagnal, the R-OTDR

measurements can also be performed using spedhrafdband sources. Although
self phase modulation (SPM) may lead to spectrahdening of the backscattered
Rayleigh signal, a 100nm separation between thdeRglyand the Raman signals
not only prevents any contamination from the Raylebut also facilitates optical

filtering of the Raman signal. This however is troely as long as SPM is not
accompanied with other non linear processes sudcdtimsilates Raman scattering
(SRS) or four wave mixing (FWM), where the broadkspectrum can extend over
100 THz or more, leading to a supercontinuum [iJodder to avoid such a situation
and also to avoid excessive pump depletion, itdsessary to operate with peak
powers below the SRS threshold. Using equation]1the threshold pulse peak
power for SRS, over 100m of sensing length is dated to be 183W. This value of
the SRS defines the peak pulse power beyond winyciifisant power transfer from

the pump to the Raman Stokes begins to take place.
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PSRS — 16)( A\eff
Th, — T o 1)
Lef‘f X gR

Where, gg =7x10 Mm/W is the Raman gain coefficient value for the pump

2

wavelength at 1.55um [14,, =80um~is the effective area of the sensing fibre and

L.« IS the effective sensing length, which in this casE00m.

The strength of the spontaneous Raman backscasegedl is known to be 30dB
weaker compared to the Rayleigh backscattered Isjg@haUsing this knowledge,
equation 2 [2] can be used to calculate the Ransakdoattered signal power for

launched pulse peak powers of 183W over a sensimggh of 100m.

1
; P E><PkaSyRvag exp(- 2aL) N
Raman = 100( 100C¢ —velp @)

2
Where S:% is the capture fraction, the Rayleigh scatteringfficient (y,)

and the transmission(a) loss in the fibre for 1.55um are both equal

t046%x10°m 1, W, =1x10 Jsis the pulse widthy, = 2x108m/sis the velocity

of light in fibre andL is the sensing length of 100m. The Raman backsedttgnal
level for a heated section of the fibre experieg@nemperature difference of 50°C,
increases proportionally to the anti-Stokes Rama@ma$ sensitivity at that
temperature, i.e., 0.63%/°C, calculated using equdt6 from section 3.5. Hence the

signal level for the heated section increases #97hW resulting in a signal

equivalent voltage 0f389x10 5V . With noise equivalent voItagéNEVdet) of
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6.75x10_4v, signal to noise ratio of 0.057 is achieved in #iEsence of any
averaging. With 2 averages, the signal to noise ratio improves toes8lting in a

temperature resolution of 2.7°C.

5.2.2 B-OTDR

The B-OTDR technique in this discussion exploits threct detection of the anti-
Stokes Brillouin backscattered signal. This is aebd by reflecting off the anti-
Stokes Brillouin backscattered signal from a filBeagg grating. The grating is
assumed to be tuneable, flat topped, 99.9% refigclias a sharp transition edge and
FWHM of 5GHz.

In the case of the B-OTDR measurements, the signabise ratio improves with
launch of higher peak power pulses. But, it is intgoat to know the maximum pulse
peak powers that can be used without setting uplinear effects, resulting in the

deterioration of the of the signal to noise ratio.

GVD, MI and SBS effects can be neglected for reasimilar to those discussed in
the previous section. However, since the Brilloama Rayleigh signals are separated
by only 11GHz as against the 100nm separation legtvtlee Rayleigh and Raman
signals, contamination of Brillouin signal due t&®N related broadening of the
Rayleigh signal poses a serious problem. The madmiof the maximum SPM
induced Rayleigh broadening at FWHM, representeﬁcb%xis given by equation 3

[1], where Aw is the 1ns unchirped Gaussian pulse with an inidth of 440MHz
at FWHM and¢g is the maximum phase shift in the Rayleigh signal.

ow  =086%Aw X% ¢max (3)

max
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The maximum phase shifg Jis related to the maximum pulse peak pojfer ),

effective length (Leff =sensingength:100m) and y=11kmwWas shown in

equation 4 [1].

¢ = Leff ypma (4)

max X

Using equation 3 the maximum phase shift term imiehted from equation 4 and
the resulting equation is rearranged in order teelig an equation which directly
links the maximum pulse peak powers with the maxmumagnitude of spectral
broadening of the Rayleigh signal due to SPM, asvehn equation 5.

0w
P — max (5)
max 0.86><Aa)><Lff Xy

Equation 5 is then used to estimate the maximurk peaer that can be launched
whilst allowing for at most a 0.33% contaminationtihe Brillouin signal collected
using the FBG. 0.33% of the Brillouin signal contaation due to SPM translates

into a temperature accuracy of 1°C as a functioseoking length.

The Brillouin signal is separated by 11GHz from Bayleigh signal. SPM related
broadening of the Rayleigh signal has similar bevaadg effects on the Brillouin
signal too. But since the Rayleigh signal is 60esnstronger than the anti Stokes
Brillouin signal, experimentally the grating is jased so as to minimise the
collecting of the Rayleigh signal even if it leats losing some of the Brillouin
signal. In this discussion, the grating is assumoebe positioned such that the edge
of the grating sits half way between the Rayleig the Brillouin signals.
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The Rayleigh signal is represented by a Gaussiawctiitn with a FWHM of

0.44GHz (~1ns Gaussian pulse), normalised usingoéak value of the function.
This Rayleigh signal is numerically broadened unther influence of SPM. The
broadened signals are subsequently normalised ubmgoeak value of the un-
broadened Rayleigh signal. Broadening of the Rghlaignal leads to its overlap

with the FBG filter. Rayleigh power in this overfapg area is calculated using

equation 6.
_a
I:)overlap - Z X PR (6)

Where, ais the area under the overlap region ahig the area under the broadened

Rayleigh andPR is the Rayleigh signal power. Equation 7 is useegbmate the

percentage which the Rayleigh power correspondirige overlap region constitutes

of the Brillouin power, i.e., Py = P:/60. This percentage represents

contamination in the Brillouin power due to the Bdened Rayleigh.
a
%Contaminaion = [Zx 60)"100 (7)

Using the limit of 0.33% as the tolerable Brillousignal contamination, the
maximum allowable broadening of the Rayleigh sigmader the influence of SPM,

is simulated as shown in figure 1.
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Figure 1. The sharp transition edge of the FBGlatk separated by 11GHz of the
numerically estimated Gaussian function plots, eéspnting broadening of the
Rayleigh signal due to SPM

Corresponding to the plots shown in figure 1, tablsummarises the percentage
contamination of Brillouin signal and the FWHM valof the broadened Rayleigh
signal. Equation 12 of chapter 3 is used to contrertspectral width in wavelength
corresponding to the broadened Rayleigh signalenshio figure 1, to its equivalent

FWHM values in frequency domain shown in table 1.
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Peak power | FWHM values of Rayleigh signal | Percentage contamination

(W) (GHz) (%)
0.44 0

83.1251 3.90 0.016

93.9362 4.35 0.13

98.5009 4.54 0.28

99.7021 4.59 0.33

101.3838 4.66 0.43

Table 1. Peak pulse power resulting in broadenirttpe Rayleigh signal, leading to

percentage contamination of the Brillouin signdlextied by the FBG

Since the FWHM value of a 1ns Gaussian pulse ig@®Hk, the FWHM value

corresponding to signal contamination of 0.33% ltesa 6w = 415GHz. Using

max

this value oféw in equation 5, the maximum peak power that carabadhed to

ma:

interrogate a sensing length of 100m whilst tolagpia temperature error of 1°C

along the sensing length, is calculated to be 99.7W

The strength of the spontaneous Brillouin anti-8fokignal is 60 times weaker [2]
than the backscattered Rayleigh signal. So equ&ioan be used to calculate the
Brillouin anti-Stokes backscattered signal powarlémnched pulse peak powers of

99.7W over a sensing length of 200m.
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1
T x P, Sy W,V, exp(- 2aL)  aom
Brillouin — 60 - 60 -8 5n (8)

Where, all the symbols used in equation 8 haveséivee meaning as described for
equation 2 in section 5.2.1 and the Brillouin powatculated, is for the unheated
section of the sensing fibre. The Brillouin backszr@d anti-Stokes power for a
heated section experiencing a temperature chang@°@f, undergoes an increase by

an amount proportional to 0.33%/°C [2], resultingli0.43nW of signal power or a

signal equivalent voltage 0813x10™ v . Signal to noise ratio of 0.46 is achieved

for the heated section in the absence of any aveyag

Moreover, due to the narrow linewidth (~35MHz) dfetspontaneous Brillouin
signal [1, 2] and its spectral overlap with thengaandwidth of the erbium amplifier,
the Brillouin backscattered signal can be opticaiyplified. Using a 30dB gain
optical amplifier introduces two other importanuszes of noise, i.e., ASE-ASE beat
noise and signal-ASE beat noise. These noise soareeconsidered along with the

noise floor of the detector whilst estimating tb&at noise.

The noise equivalent current for the ASE-ASE bestenand signal-ASE beat noise
terms is given by equations 9 and 10 [3]. Tableh@ws the value of the various
guantities used in equations 9 and 10, togethen Wié noise equivalent current

values corresponding to the ASE-ASE and signal-A8& noise sources.

NEIASE_ASE:\/4R282 B B 9)

ASE opt. elec
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s ASE elec.

NEI :\/4R2GPS B (10)
sig. - ASE

Quantity Value
-3
Optical ASE power per unit bandwid(fS ) 10°W
ASE 3.7x1C*Hz
-9
Optical signal power for the heated secé@g) 586x10"°W
Optical gain 30dB(G) 1000
Responsivity(R) 1AW
Optical bandwidt?'(B tj 35GHz
opt.
Electrical bandwidtl{B | J 0.3GHz
i i 5x107 A
Noise equivalent current for the ASE-ASE beat n({N;EIASE_ASE) 55%10
i - : : 14x10° A
Noise equivalent current for the signal-ASE beai;a(j\lElsig._ASE) x10

Table2. Various quantities and their respectivei@alused in equations 9 and 10

With the detector responsivity of A/W, the detectain can also be represented as
30,000V/A. Using this value of detector gain in agons 11 and 12, the noise
equivalent voltages of 0.016V and 0.04V are cateddor the ASE-ASE and signal-

ASE beat noise terms respectively. Equation 13hés tused to calculate the total

noise equivalent voltagtNEV,,, ) of 0.04V.
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NEV,se ase = NElxse aseX 300007/ A (11)

NEV.

S

ig.~ASE — NEIsig.—ASEx BOOOW/A (12)

NEVw = || NEV,g_nse | +| NEVasgpse | +| NEV, (13)

total —

In the absence of averaging, the 30dB optical dmoation of the signal, increases

the signal equivalent voltage fro®13x10 *V to 0.313V, resulting in an increase in
the signal to noise ratio to 7.8 from 0.46. Buticgdtamplification of 30dB together
with 2 averages results in a temperature resolution efthemn 1°C.

5.3 Conclusion

Over short sensing lengths of 100m, with 10cmspatial resolution capability and
without averaging the signal to noise ratio for B®OTDR measurements (0.46) is
better than that of the R-OTDR measurements (0.05Gvever, with 2° averages,
signal to noise ratio for the R-OTDR measurementseases to 59, resulting in a
temperature resolution of 2.7°C. But the narrow ctpé linewidth of the
spontaneous Brillouin signal (~35MHz) qualifies @iptical amplification, as against
the broadband spontaneous Raman signal (~50nmEYyEh in the absence of any
averaging, B-OTDR benefits from optical amplificatj resulting in an increase in
the signal to noise ratio to 7.8, which is 21.3d8tér than the R-OTDR. However,
30dB of optical amplification coupled with only2averages results in less than 1°C
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of temperature resolution during the B-OTDR measms. Fewer averages during
the B-OTDR measurements also reduce the detectroe bf the technique,
eventually making it more attractive than the R-@&I'2chnique. This conclusion is
consistent with the improved performance of the perature compensated high
spatial resolution distributed strain measurementshapter 4, where the B-OTDR
technique was used in combination with the BOCDAagainst the R-OTDR in
combination with BOCDA used in chapter 3.

The SPM induced broadening of the Rayleigh sigeadi$ to a temperature accuracy
of 1°C along the sensing length. Collection of Brélouin anti-Stokes signal relies
heavily on the characteristic and positioning dbrdi Bragg gratings. So the
appropriate design features of the FBG, i.e., sheapsition, flat topped, high
reflectivity, and high out band suppression, aiecalcial in order to decide the
placement of the FBG relative to Brillouin and Ragh signals in order to achieve
the predicted claims for the B-OTDR technique.
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Chapter 6

6. Evaluation of Brillouin coefficients under

combined temperature and strain influence

6.1 Introduction

To date, sensing rigs used for Brillouin scatterivgsed distributed strain and
temperature measurements have comprised separetionseof sensing fibre
subjected to either temperature or strain influsnde— 12]. Interpretation of such
experiments have been based on the premise th&rilleiin coefficients used to
describe the influence of strain or temperatureaiangonstant under circumstances
where a sensing fibre is subjected to the combimiégence of both temperature and

strain. This chapter experimentally investigates pnemise.

6.2 Theory

6.2.1 The Brillouin coefficients

The change in Brillouin frequency and power dusttain and temperature has been

represented by the matrix equation 1 [6, 7]

Avg | | CE,  CL, | e .
Al Cq C; AT (1)
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Where C;,, CJ are the Brillouin frequency coefficients ar@;, Cf are the
Brillouin power coefficients for strain and tempere respectively, withAvBand
Al g, representing the change in peak Brillouin frequeany Brillouin anti-Stokes

power with temperature and strain. Inverse of matquation 1 allows for values of

strain (Ae) and temperatur@lT) to be determined.

Ae 1 C., -CL |4v
|: j| = € T € T X BL gB |: ° :| (2)
AT] GG —CCy| =G Ca, |4l

Equation 2 highlights that in order to estimateaistror temperature, it requires
knowledge of the Brillouin coefficients which sarfhave been measured by varying
only one parameter, for example strain, whilst kegpthe other constant i.e.
temperature or vice versa. The assumption has Hbesnthese coefficients are

independent of the other parameter.

6.2.2 Brillouin frequency and intensity measuremers

The Brillouin frequency measurements were made gushre well established
Brillouin optical correlation domain analysis (BO&Ptechnique [8, 9, 10], which
has been described in the previous chapters.

The Brillouin intensity measurements were made gusive Brillouin optical time
domain reflectometry technique (B-OTDR). Dependumpn the spatial resolution
required to interrogate the measurand, laser pu$es certain pulse width were

launched into the sensing fibre. The time durabetween the launched pulses was
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chosen so as to allow only for a single pulse &edcbrresponding scattering from it
to propagate through the sensing fibre at any tilksethe pulse propagated through
the sensing fibre, light was scattered from thezdro imperfections in the fibre
(Rayleigh scattering), the acoustic phonons (Brilloscattering) and the optical

phonons (Raman scattering).

The backscattered Brillouin anti-Stokes signal Viiétered using tuneable fibre

Bragg gratings and converted into an electricahaighrough a photo receiver and
displayed as a decay trace on the oscilloscope. dEvay trace represented the
change in Brillouin anti-Stokes power as a functaindistance along the sensing
fibre. Using the correct bandwidth electronics, thmeeasurand, i.e., strain or

temperature under investigation, was spatially lvesb

6.3 Experimental Setup and Procedure

6.3.1 Experimental Setup and procedure for Brilloun frequency

measurement

The experimental set up for the Brillouin frequemegasurements is shown in figure

1(a) with the detail of the sensing fiber layoutl ).
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Figure 1a. The experimental set up for the Brillolnequency measurements

Sensing fibre subjected
to strain and temperature

(b)

1m Tm 1m

\ /

Loosely coiled reference fibre maintained at 23.6°C

Figure 1b. Detail of the 7m of sensing fibre alevith reference fibres.

The 7m section of sensing fibre was a standardesmgde telecommunication fibre
with an effective area~ @t loss ~ 0.20dB&m and dispersion ~17 ps/km.nm at
1550 nm. The sensing fibre was arranged on a stigaiconsisting of pulleys which
could be placed in an environmental chamber inrotdellow for the fibre to be
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strained at different temperatures, as shown iwréi®. The remaining two sections

of 1m each were loosely coiled and maintained &°Z3

Figure 2. The inside of the environmental chambién thhe arrangement for straining
the 7m section of sensing fiber using weights

The injection current of the laser diode (linewidthSMHz, 1550nm) was

modulated to achieve a frequency variatidh of 8 GHz with sinusoidal

sweep ratd,, of 74.4 kHz. This combination of =8GHz andf,, =74.4 kHz

resulted in a spatial resolution of 1.8m. A siggaherator was used to provide
a 30kHz (square wave) signal to the EOM1 which aklwed as a reference
signal to the lock-in amplifier, of 100kHz bandvwhdEOM2 was driven by a
synthesizer to generate side bands correspondirthetexpected Brillouin
frequency shift of ~10GHz - 12GHz. The Brillouimgsal was detected using a
1GHz detector with responsitivity of 0.95A/W.
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6.3.2 Experimental Setup and procedure for the Bribuin intensity

measurement

The experimental set up for Brillouin intensity reeeements is shown in figure 3a
with the detail of the sensing fiber layout in figu3b. A pulse width of 30ns was
used to achieve an adequate signal to noise. Bhissponded to a spatial resolution
of 3m. To accommodate this increased spatial résaluthe fibre either side of the

7m section was increased from 1m to 10m. An adudi@lOm long loosely coiled

fibre was added to the sensing fibre and maintaaé®°C to facilitate tuning of the

FBG filters to the centre of the Brillouin frequerghift.

(@) Sensing Fiber
EDFA

Laser
. —I E |7 AOM
Diode

Pulse
Computer generator

EDFA

Oscilloscope Detector

8
i

Figure 3a. The experimental set up for the Brillomtensity measurements

G
©
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(b)

sensing fibre subjected loosely coiled reference
to strain and temperatire fibre maintained at 50°C
10m 7m 10m 40m 10m
] : J
A loosely coded reference locsely coded reference loosely coiled reference B
fibre maintained at 23.6°C fibre meintained at 23.6°C fibre maintained at 23.6"C

Figure 3b. Detail of the sensing fibre along wigfierence fibres

The output of the laser diode (linewidth ~ 5 MH538.95nm) was pulsed using an
acousto-optic modulator to achieve 30ns rectangshaped optical pulses at a
repetition rate of 1MHz. These were amplified t@lp@owers of 1W before being
launched into the sensing fiber. The backscattardgdStokes Brillouin signal was
amplified and filtered using two tunable narrow tgrgs (3dB bandwidth of
3.5GHz).

The grating characteristic, shown in figure 4, \@aguired by shining an ASE source
onto the grating and collecting the reflected ligitm the grating on an optical
spectrum analyser set at a resolution of 20MHz A&z span. The reflectivity of
these gratings varied less than 0.03% over thedsatyre range of 23.6°C — 69.5°C.
The filtered Brillouin backscattered signal wasedétd using a 200MHz bandwidth
detector. Strain in the environmental chamber wagosed by applying weights

using a pulley system as shown in figure 2.
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Figure 4. The reflection spectrum of the 3.5GHzZ8dewidth) tunable grating

The backscattered anti-Stokes Brillouin traces \farying temperatures at fixed
values of strain, i.e., 27, 567ue, 828ie, 112Qie, 128%u¢, 14631 were collected
and normalised using the anti-Stokes Brillouin ésacollected at room temperature
under similar influences of strain. Traces nornealisn this manner were used to
estimate the Brillouin intensity coefficient form@erature at different values of
strain i.e., 27pe, 5671, 8281¢, 112Que, 128%u¢, 14631e.

Similarly the backscattered anti-Stokes Brillouraces for varying strain at fixed
values of temperature, i.e., 29.8°C, 39.6°C, 49,.FL6°C, 69.5°C were collected
and normalised using the backscattered anti-StBkideuin traces collected aty@
under similar temperature influences. These nosedliraces were used to estimate
the Brillouin intensity coefficient for strain atffiérent values of temperature i.e.,
29.8°C, 39.6°C, 49.3°C, 59.6°C, 69.5°C.
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Data from the frequency based Brillouin optical retation domain analysis
experiments and the intensity based anti-Stoke#ioBin optical time domain

reflectometry experiments was collected and andlygea personal computer.

6.4 Results

6.4.1 Results of Brillouin frequency measurement

Plots in figure 5, show the shifts in peak Brillouirequency corresponding to
applied strain at fixed values of temperature inggo® the 7m section of the sensing
fiber.
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10840 -

10920
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Figure 5. The plots for changes in peak Brillouiagency with strain at different

values of temperature
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Plots in figure 6, show the shifts in peak Brillouirequency corresponding to
applied temperature at fixed values of strain ingga® the 7m section of the sensing
fiber.
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Figure 6. The plots for changes in peak Brillofiequency with temperature at

different values of strain
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6.4.2 Results of Brillouin intensity measurement

Plots in figure 7, show the percentage changegillo@in anti-Stokes intensity with

temperature at fixed values of strain imposed ¢o/im section of the sensing fiber.
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Figure 7. The plots for percentage change in ates Brillouin power with

temperature at different values of strain
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Plots in figure 8, show the percentage changestinsdokes Brillouin intensity with

strain at fixed values of temperature imposed ¢o/m section of the sensing fibre.
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Figure 8. The plots for percentage change in a3 Brillouin power with strain

at different values of temperature

The strain imposed by applying weights to the fillvetween temperature range of
23.6°C to 69.5°C, was computed using the correspgndoung’s modulus values

from the plot shown in figure 9.
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Figure 9. The variation of Young's modulus and Bors ratio of bulk silica with

temperature [13]

6.4.3 Summary of Results

Plots in figures 10 to 13 show the variation inlBtiin coefficients under combined
temperature and strain influence plotted with therebars depicting 1 standard

deviation.

Figure 10 shows the Brillouin frequency coefficiéot temperature under different
values of applied strain, while figure 11 showslIBuin frequency coefficient for

strain under different values of imposed tempegatur

The value of slope, calculated from the linear esgion fit, provides an estimate of

the variation in the Brillouin frequency coeffictefor temperature under different
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strains and also of the Brillouin frequency coediit for strain under different

temperature.
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Figure 10. The variation of Brillouin frequency ¢&iogent for temperature at

different values of strain
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Figure 11. The variation of Brillouin frequency ¢aent for strain at different

values of temperature

On inspection, the presence of noise as seen itrdhe at 23.6°C of figure 5 was
found to manifest itself as the uncertainty in tla¢a of figure 9 at 23.6°C.The noise
was due to the insufficient settling time of thevieotnmental chamber at 23.6°C
during opening and closing of the chamber for inmpws of new strain. Hence this

data point was excluded. Exclusion of the data3a6°Z in figure 11 resulted in the

) -5 MHz -5 MHz
change in the value of the slope fron® 10 = ——— t02x10 o
Le C e C
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Figure 12 shows the Brillouin power coefficient ftamperature under different
values of applied strain, while figure 13 showslIBuin power coefficient for strain

under different values of imposed temperature.

The value of slope, calculated from the linear @sgion fit in these plots, provides
an estimate of the variation in the Brillouin povesefficient for temperature under

different strains and also of the Brillouin poweretficient for strain under different

temperatures.
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Figure 12. The variation of Brillouin intensity déeient for temperature at different

values of strain
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Figure 13. The variation of Brillouin intensity dbeient for strain at different values

of temperature
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The four Brillouin coefficients under a simultansbu varying temperature and
strain environment are extracted using the plotsvsehfrom figures 10 — 13. These

coefficients are summarised in table 1.

Brillouin frequency coefficient for temperature asfunction of applied strai

_ _ MHz
CEV (e) = 1.06(1+ |:2.73><1O 6 + 204 x10 5:|8j

(¢]

C

=)

Brillouin frequency coefficient for strain as a #®@fion of temperaturg

_ — MHz
CEV(T)= 0.048(1+|:4.16x10 41 229x10 4:|AT)

e

)%

Brillouin intensity coefficient for temperature as function of strain

_ _ %
cg (¢)= 0.33(1—[4.24x10 >+ 324x10 5})

e

Brillouin intensity coefficient for strain as a foiion of temperaturg

A\Y”4

_ _ _ %
Cgi (T){— 807x10 4(1+[6.19><10 4 1 371x10 4}AT)}—O
ue

Table 1. Summary of the four Brillouin coefficiendader a simultaneously varying

temperature and strain environment
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6.5 Discussions

Observing the Brillouin frequency coefficient faniperature and strain, it can be
inferred that a MHz change in Brillouin frequen@ncresult either as a consequence
of a degree rise in temperature or due tog26fuincrease in the value of applied
strain. With regards the Brillouin intensity, evelggree rise in temperature results in
almost 0.3% increment in the level of backscattdgtiouin intensity, however an
increase in the value of applied strain, reducesBhllouin intensity by a small
percentage. The Brillouin scattering mechanistrased upon generation of acoustic
phonons. In order to understand the behavioureBittillouin coefficients it is useful

to represent acoustic phonon density by a Maxwidliztman statistic, given by

equation 5 and the Brillouin frequency shifted ast@muphonons by equation 6.
hv(T,&
N, => N, ex;{—MJ (5)

Where N; is the acoustic phonon density in state> N; is the total number of

phonons,hv, (T,£) is the energy of the acoustic phonons in stateemperature T in

Kelvin and straire in micro strain and k is the Boltzman constant.

2xn(T,&)xV,(T,&)
i (6)

p

vB(T,é‘):

Where, vBis the Brillouin frequency shifted acoustic phonogenerated by an

optical pump at a wavelength 4f, travelling at an acoustic velocity of,in a

medium with an effective refractive indexrof
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Both the refractive index and the acoustic velodiggms in equation 6 are
temperature and strain dependent [14]. If the feegy increase is due to strain then
the population density of phonons is expected toebeiced as a result of their high
energy level. This leads to the observed reductiorihe anti Stokes Brillouin
backscattered intensity with strain. On the otharchif the frequency increase is due
to temperature then the observed increase in theStokes Brillouin backscattered
power indicates that the population density evethatigher frequency is greater as

a result of the increase in thermal energy.

The straight line fit to the data shown in plotsfighires 10 — 13 resulted in the four
Brillouin coefficients corresponding to a thermaltpntrolled (23.6°C - 69.5°C)
variable strain (0.2¢1- 1.4n%) environment. Consider a situation where a Briltou
intensity change of 15% and a Brillouin frequenclgarmge of 100MHz is
experimentally observed. Using the uncorrectedidrih coefficients in equation 7
and 8, the change in strain and change in temperatues of 1024q1and 48°C are

computed.

C; (‘9)'AVB - C;V(E).AI BI

T emen ) -cameL e

)

_ Cév(T)-AI s —Ca (T)'AVB
T== T : T ©
CI;V(T)CBI (‘9 ) - CEM (T)CBv(g )‘

Using the values for the change in strain (1G240d change in temperature (48°C)
in table 1, the corrected Brillouin coefficientseaestimated. These corrected
Brillouin coefficients are then used in equatiomnt 8, resulting in the change in
strain and change in temperature values of 9@7abyd 49.9°C. These values of the
change in strain and change in temperature are ageuth in table 1 in order to
125



estimate another set of corrected Brillouin coédfits, which are used in equations 7
and 8 resulting in the change in stain and changemperature values of 9585
and 49.9°C. The process is iterative and continugg the percentage variation
between two successively computed values for tlegd in strain and change in
temperature is 1% or less. Table 2, summarisesinipact of iterations on the
percentage variations between the two successoatulated change in strain and

change in temperature values.

Number of| Change in Percentage Change in Percentage
Iterations strain variation temperature variation
between between
successive successive
iteration iteration
1 1024£ 48°C
2 963.71% -5.8% 50.1°C 4.19%
3 958.51 -0.5% 49.9°C -0.39%

Table 2. Results for the change in strain and biaage in temperature values

together with percentage variation in them betwaetessive iterations

According to table 2, for the frequency change @NIHz and percentage change in
intensity of 15%, the true values for the changstrain and change in temperature
are computed to be 958.5@and 49.9°C respectively. The value for the change

strain was achieved at the end of the third iteratwhen the percentage variation for
the change in strain value, between the secondtanthird iteration reduced to 0.

5%. The value for the change in temperature wasadhieved at the end of the third
iteration, when the percentage variation for thangje in strain value, between the

third and the second iteration reduced to 0.39%.
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The percentage error in the four Brillouin coeffitis under simultaneously imposed
strain (4¢) and temperaturd4T) change of 0.1% and 50°C, is calculated and

summarised in table 3.

Error in Brillouin

Error for

Error (%) for

coefficient (4T =50C; 4e =100que) | (4T =50°C; 42 = 1000ue

Error in  Brillouin _a MHz 02+2
frequency coefficient \29x10 = £ 002
for temperature under C
0.1% straindCy, (&)
Error in  Brillouin 4 4 MHz 29+ 16
frequency coefficient {1-310 “£77x10

. e
for  strain  undet
temperature change of
50°C &£, (T)
Error in  Brillouin % 42 + 324
intensity  coefficient (‘ 0014+ 0-0106)_
for temperature under C
0.1% straindC], (¢)
Error in Brillouin o 43+ 25

=5 =5] "

intensity  coefficient (‘ 35x10 “+2x10 )_

. ue
for  strain  under

temperature change

50°C &, (T)

Table 3. Percentage errors in Brillouin coefficeennhder a simultaneous change in

temperature and strai

n ofT =50 &Ad 4e =1000Que
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6.6 Conclusions

The four Brillouin coefficients under a simultansbu varying temperature and
strain environment are shown in table 1. For ademgy change of 100MHz and an
intensity change of 15%, an iterative process wwgl estimation of the corrected
Brillouin coefficients and their application in emjions 7 and 8 resulted in the
estimation of 958.5¢1 as the true value for the applied strain and 49.88 the

estimate for the true value for the change in teatpee.

Table 2 provides an insight into the percentageranrthe four Brillouin coefficients
under a simultaneously imposed step change in teiyre of 50°C and strain of
1000k. Errors in the individual Brillouin coefficientgg@vide an insight into one of
the key sources of errors during the estimatiothefapplied strain and the change in
temperature values. But since the four coefficiearts linked with each other, any
one Brillouin coefficient cannot be studied in eobn in order to quantify the source
which has the dominant contribution to the errorthe estimation of the applied
strain and the change in temperature values. Hergainly motivation for future

work.
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Chapter 7

7. Summary, Discussion, Conclusion and Future
Work

7.1 Summary

The critical review in chapter 2 revealed that design of a high spatial resolution
temperature compensated distributed strain seesoained a key and challenging
problem for distributed sensing yet to be solvduk Pproblem was solved here in this
thesis by exploring the possibility of combiningethigh spatial resolution Brillouin
frequency measurements with the intensity measuresmef Raman, as well as
Brillouin. These explorations were then followed dygalibration experiment for the
Brillouin coefficients, in order to facilitate relble measurements even under a

simultaneously varying temperature and strain erfte.

The combinatory scheme of Brillouin frequency (BQ®Dwith the anti-Stokes
Raman intensity (R-OTDR) measurements yielded apéeature compensated
distributed strain resolution of 46with spatial resolution of 24cms, for a sensing
length of 135m. The data during the R-OTDR was ayed 2*times. Improvements
in the values of strain and spatial resolution webserved in the combinatory
scheme of Brillouin frequency and the anti-Stokefidiin intensity measurements,
where 22j¢ of temperature compensated strain resolution whgaed with 10cms
of spatial resolution, over a sensing length ofi3The B-OTDR data was also
averaged Z times. Table 1 summarises the independent achievsnoé the B-
OTDR and R-OTDR techniques and also the value wip&ature compensated
strain resolution and spatial resolution achieveg the two techniques in
combination with the BOCDA.
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Parameters R-OTDR B-OTDR
Spatial Resolution 24cms 7cms
Sensing Length 135m 131m
Temperature Resolution 2°C 0.95°C
Strain resolution in combination with BOCDA 46 221€
Temperature compensated spatial resolution 24cms cmd0
Data Averages ¥ 2%

Table 1. Performance outcome of the R-OTDR andBH®TDR techniques

Improvements in various sensor parameters weredfosimg the second technique,
i.e., BOCDA + B-OTDR, but some of the improvememtsuld potentially be
attributed to improved experimental set up. Heneceorder to identify which
technique is more apt for high spatial resolutiomstributed temperature
measurements at short sensing lengths, perfornanoeth R-OTDR and B-OTDR
techniques was theoretically examined over sinskmsor parameters, i.e., sensing
length of 100m, spatial resolution of 10cms andragerature error of less than 1°C.
The outcome of the theoretical analysis identifieel B-OTDR technique superior to
the R-OTDR, with 21.3dB improvement in the sigrmahbise ratio.

The re-characterization of the Brillouin coefficierunder a temperature controlled
variable strain environment highlighted the nedgssf using corrected Brillouin
coefficients in the estimate of the true valueshef applied strain and the change in
temperature. The value of the applied strain aedcttange in temperature estimated
using the iteratively computed corrected Brillogimefficients was calculated to be
911.21& and 49.7°C, for a frequency change of 100MHz améhtensity change of
15%. However for a similar change in frequency amensity the uncorrected
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Brillouin coefficients resulted in 1024jand 48°C as the values for the applied strain

and the change in temperature.

7.2 Discussions

In order to design a short range high spatial tgsm temperature compensated
distributed strain sensor, the combination of th@ld®iin frequency and intensity
measurements has been identified as the best chBitesince the temperature
compensation feature of a sensor based upon sagomhinatory scheme relies on
the B-OTDR measurements, it is important to study effects which limit the
performance of the B-OTDR.

7.2.1 Factors limiting sensor performance and mettlds enhancing
sensor applicability

Stimulated Brillouin scattering (SBS), group vetgailispersion (GVD), stimulated
Raman scattering (SRS), modulation instability (Mhd self phase modulation
(SPM) are the key non linear effects that influetiee performance of the B-OTDR
measurements. Hence, the following sub-sectiormusssthe threshold limits of the
key non linear effects capable of affecting thefqemance of the B-OTDR
measurements. The discussion also aims at idergifmeans of improving the B-
OTDR results achieved in chapter 4 and hence thdtwd performance of the high
spatial resolution temperature compensated diseétbstrain sensor. In order to
further strengthen the sensor applicability, loggnpensation schemes are also
discussed.
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7.2.1.1 SBS

Using gz =5x10™" m/Wat A =1.55umand A, =80x10"*um?, the SBS threshold

for a 0.5ns pulse, expressed in equation 1 [Halsulated to be 336W.

PSBS — 21x Aeff
T™h o 1)
L eff X g B

Since the product of the Brillouin ga( B) and its Iinewidth(BrA I/LW) iS a constant,
the SBS threshold for 0.5ns Gaussian shaped pulsesuld be
440M Hz/BrAVLW times bigger than the value calculated in equatiore., 4.2KW,

where the natural Brillouin IinewidtIﬁB’AvLW)of 35MHz [1, 2] is considered. The

high SBS threshold peak power value ties in with theoretical understanding of
generation of SBS, where 8ns — 10ns [1] is thecglpilecay time of the acoustic
waves responsible for seeding the SBS effect, @amtdr pulses much shorter than
the acoustic decay time would require much highkpgeawers in order to generate
stronger acoustic waves capable of seeding the BB&ce for all practical purposes
the role of SBS effects from short duration pulseer short sensing lengths is
neglected, because other non linear effects havehrfawer threshold limits and
hence they influence the decision on the use pealers that can be used for the B-
OTDR experiments.

7.2.1.2 GVD

For a given pulse width, equation 2 [1] gives atinegte of the lengths over which

GVD effects contribute towards influencing the shapd the width of the pulses.
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T2

L=—o )
5

Where, ﬂz = —17p§/kmis the value of the fibre parameter afdis the half pulse

width at half maximum [1]. So for a 0.5ns (HWHM) @&asian pulse the GVD effect
sets in over 14,705km. However the sensing lengieed in the B-OTDR
experiments are 0.13km and hence the GVD relatittefcan also be neglected

over such sensing lengths.

7.2.1.3 SRS

SRS, unlike the SBS, builds up as a function oésgnlength and hence such effects
impact the temperature accuracy of the B-OTDR measents. Equation 3 [1] helps
estimate the SRS threshold. 135W is the estimat8RS threshold over 0.13Km of
sensing length.

P = ——— 3)

where g,=7x10"m/Wat A=1.55um, A, =80x10"um?and L,=135m. The

SRS threshold power is much smaller than the geashold power for the SBS. But
in order to decide the powers to be used in ordemprove the existing signal to
noise results of the B-OTDR measurements, it isomgmt to compare the threshold
peak powers for SPM with that of SRS. This is beeaboth the SPM and SRS
effects influence the accuracy of temperature measents, i.e., they build up as a
function of sensing length. Hence the effect whieds a lower threshold would
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determine the peak power that can be launchedtwhédstaining a certain degree of

temperature accuracy.

With the SRS threshold value of 135W for 0.13knsefising length, it must also be
pointed out that during the R-OTDR experiments hapter 3, 240W peak power
pulses were used instead, over nearly the samagdasgth. Hence it is noteworthy
that the process of normalisation carried out @nlthickscattered anti-Stokes Raman
signal corresponding to higher temperature by usirg room temperature anti-
Stokes Raman backscattered signal, proved berigfictarrecting for modest pump
depletion caused by the onset of SRS as againsg ulse Rayleigh signal at the
Raman wavelength, which is not only incapable afoaating for pump depletion

effects but also suffers from the coherent Rayleigise.

7.2.1.4 SPM and Ml

During the B-OTDR experiments of chapter 4, it egeerthat peak powers in excess
of 2W lead to reduction in the signal to noise asti Theoretical performance
analysis of the B-OTDR over 0.1km of sensing lenigtichapter 5 indicated that
100W peak power pulses could be used before SPAfecetontamination of signal
results in noise increase in excess of 0.33%. Hewew that theoretical treatment,
due to use of dispersion shifted fibres, with zeispersion wavelength as the
wavelength of operation, i.e., 1.53um, Ml effecer@neglected. Hence, during the
B-OTDR experiments in chapter 4, Ml would have b#enmain limitation of peak

powers, i.e., less than 2W.

MI takes place when the operating wavelength ish@ anomalous dispersion
regime(D >0,B< 0), i.e., usage of sensing fibre with positive dispar value of
17ps knit nm* at the wavelength of operation. Detrimental effefts to the onset of

MI were shown by Alahbabi et al [3] over long sewgsrange (>20km) and their

work also highlighted the advantages of using 8hwéth zero or negative dispersion
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value at the wavelength of operation, which coudshde utilize launch of higher

peak powers resulting in improved signal to noise.

Figure 1, shows the gain spectra of modulatiorality for three levels of power

for an optical fibre with a value gf = —20ps’/kmand y = 2km W ™ [1].
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Figure 1. Shows the gain spectra of modulationalmBty for the three levels of

power [1]

Plots in figure 1 illustrate the increase in gainttee Brillouin frequency shift ~
11GHz due to MI corresponding to peak powers ireeg®f 1W. This situation can
be avoided by using fibre with zero dispersion werenegative dispersion value [3]
at the wavelength of operation.
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The theoretical study of the SPM related broadesifects of the Rayleigh signal in
chapter 5, identified the necessity of the shapdition edge together with a flat top
requirement of the fibre Bragg grating, used dutimg collection of the anti-Stokes
Brillouin signal. The study predicted a temperataceuracy of 1°C over the sensing
length of 0.1km, using peak pulse powers of 99.H&nce, use of 76.10W peak
pulse power would deliver a similar level of tengiare accuracy over 0.13km of

sensing length.

In comparison to all the other non linear effettg, threshold powers corresponding
to SPM, emerges as the lowest pulse peak powerctimate used safely without
deteriorating the signal to noise of the B-OTDR swaments. Hence use of
76.10W of peak pulse power would improve the exgsgignal level in the B-OTDR
results of chapter 4 by 15.8dB and in the absericeptical amplification this
increase in peak power would not only improve tlgna to noise ratio but also
reduce the averaging time, resulting in the poss#gplicability of the sensor for

high spatial resolution temperature compensatedmijmnstrain measurements.

7.2.1.5 Loss compensation

In the previous experimental chapters, the tectmigunormalizing the R-OTDR
measurements for elevated temperatures againstteraperature measurements has
proven beneficial in cancelling out the length defent pump depletion effects
occurring as a consequence of SRS and similarthencase of B-OTDR a similar
normalisation protocol tackles the problem leadingleterioration of the signal to
noise as a function of length due to Ml and SPMatesl effects. But it is the
insensitivity of the Rayleigh signal to temperataed strain effects, which is
recognised as a preferred choice for normalizabbrBrillouin [4] and Raman

signals [5] over long distances.

In the case of B-OTDR measurements, the normadizatarried by the Rayleigh
signal is shifted by 0.1nm and is still consideradid because the transmission

losses experienced by the two wavelengths sepamsteslich a small amount are
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nearly equal. However, the disadvantage with thgldkgh based normalization
protocol is the emergence of uncertainties in thistriduted temperature
measurements due to coherent Rayleigh noise [4#hoAgh, the coherent Rayleigh
noise (CRN) decreases with increase in the effedine width of the source [4], the
high spatial resolution capability of our sensardicates a requirement for loss
compensation ability with a similar spatial resmot In order to achieve 1% of
coherent Rayleigh noise, source line width in excek 200nm is required. The
challenge is not only in designing a source witbhsbandwidth requirements but
also in finding similar bandwidth optical amplifeem order to achieve 1ns high peak
power pulses. In addition, such a broadband sowvoeld also suffer from
wavelength dependent bend losses and hence if tsedbrmalize the much
narrower, i.e., 35MHz Brillouin signal, it woulddd to misleading results. Thus, the
idea of exploiting the Rayleigh normalization pmabin order to develop a loss
compensation scheme for high spatial resolution pegature compensated
distributed strain sensor is rather impractical.e Tlack of applicability of the
Rayleigh normalization protocol to high spatialalesion B-OTDR measurements
necessitates the finding for an alternative nornadilon protocol that can be used to

provide reliable loss compensation.

The B-OTDR measurements could also be normalisedgushe R-OTDR
measurements. From the theoretical performance aosom study between R-
OTDR and B-OTDR in chapter 5, in terms of bettgnal to noise ratios B-OTDR
emerged better than the R-OTDR. This implies thatsignal to noise ratio of the B-
OTDR can be reduced to match that of R-OTDR, algwior a subsequent
normalization of the B-OTDR by the R-OTDR. In theure, it would be very useful
to identify the fibre losses [6] beyond which thisrmalization scheme proves to be

effective.

7.3 Conclusion

The experimental work in the previous chapters dersonstrated the capability of

measuring 22¢10f temperature compensated distributed strain wittier 10cms of
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spatial resolution. The discussion following theesmental work clearly identify

further improvements in the signal levels of th©BDR measurements, resulting in
reduced data averaging times. Table 2 summarisesatchievements till date in
measuring temperature compensated distributednstfdie term STF used in the
table below stands for standard telecommunicatiins, while the term PM stands

for polarization maintaining fibre.

Ref. | Spatial | Strain | Temp. | Fibre | Range | Technique Used

type
Res. Res. Res.

[7] 20m 10Qe | 4°C STF | 30km | Coherent detection
of spontaneous
Brillouin
backscatter
[8] 5m 85ue 3.5°C | STF | 50km | Coherent detection

of spontaneous

Brillouin
backscatter with in
line Raman
amplification

[9] 1.3m 8Que 3°C STF | 6.3km | Microwave

detection system

for spontaneous

Brillouin

backscatter
[10] | 20cm Qe 0.4°C | PM e6m DPP-BOTDA
[11] | 10cm 12 0.3°C | PM 8m BOCDA

[12] | 5cm 63e 2°C STF | 18m BOCDA +BOTDR

Table 2. The achievements of previous techniqu#s spatial, temperature and

strain resolutions respectively
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It is also understood that the existing performaneaeability of the sensor, as
demonstrated in chapter 4, can be further enharmgdintegrating a loss
compensation scheme to the intensity measurem@uth a feature would not only
provide immunity to bend losses but would also prbeneficial in quantifying post

installation strains in the sensing fibre.

The normalization protocols used during the R-OT& B-OTDR measurements,
utilising the normalization of elevated temperatuneasurements against room
temperature measurements, has proven beneficiataokling the effect of
deterioration in the signal to noise values assalteof onset of length dependent
nonlinear effects, i.e., SRS in the case of R-OTddR MI and SPM in the case of B-
OTDR.

The study of the Brillouin coefficients under a sitaneously varying strain and
temperature environment identified correctionshe Brillouin coefficients, which

prove necessary in the estimation of the true valuéhe applied strain and the
change in temperature. However, the Brillouin deefht which has the dominant
contribution to error in the estimation of applisglain and change in temperature

values needs to be investigated.

7.4 Future Work

With the growing demand on the development of lsgled rail networks and other
civil structures such as dams, bridges etc., tiseaéso an ever increasing demand for
probing the integrity of the structure whilst ineusncorporating robust and reliable
features probing the structure of such high peréoroe engineering projects brings
forth the challenge of performing dynamic measum@ewith true real time
capabilities. Much in line with such requiremertattthe reduced data collection and
analysis time achieved with the combinatory techeigpf BOCDA and BOTDR,
presented in chapter 4, makes it very attractiveetdorm temperature compensated
dynamic strain measurements in future. It is als@wn that for all practical
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purposes temperature effects which would vary atflequencies compared to the
higher frequency dynamic strain can be considenedially d.c. Although this

relaxes the high frequency temperature mappingir@gent, which at the moment
relies on Brillouin intensity measurements and leerejuires longer time for signal
processing than the strain measurement, it wouldejuire measuring both strain
and temperature, i.e., making independent Brilloniansity and Brillouin frequency

measurements.

Alternatively, such a class of engineering probleneguiring dynamic strain
measurements with temperature compensation carbalsackled exploiting special
fibres. Design of such fibres would involve explogt multiple acousto-optic
interactions and their correspondingly differergp@nses to strain and temperature
impositions. A sensing fibre with such a charasteri would support an all
frequency based temperature compensated distrilmtitash measurement, thereby
reducing the time taken during intensity measurémedRecently much of the work
in suppression of the SBS effects has been focuste@xploring various means to
influence refractive indices of the propagatingustic and optical modes in optical
fibres. This implies that the optical refractivedé@x can be changed and so is its

acoustic refractive index. The acoustic refractivdex is defined as, =V, /V [13],
whereV is the acoustic velocity of the doped material sas Ge-doped silica) and
V,is the acoustic velocity of the host material (2i)i Table 3 [14] shows a
summary of the effect of various dopants on thécap(n,) and acoustic refractive
(na) indices when added to pure silica, (assummg 1for pure silica) [15], with

RE representing rare earth and upward arrow signctdean increase while the
downward arrow sign depicts a decrease in the vafuine respective refractive

index.

¥
¥
¥
¥
¥

n,
My

Table 3. Shows the effect of dopant on the acoaste optical index of silica with

RE representing rare earth [14]
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Figure 2, shows an example where the acousticikglprofile has been designed
such that the Brillouin gain spectrum (BGS) has waltitnde of acoustic modes
spread across a wide frequency range [14]. Theeddshe represents the location of
the optical core. The top BGS corresponds to a @atmonal Ge-doped step-index Er
fiber, while the lower plot shows an Er-doped fild#signed to have multiple
acoustic modes spread across a wide frequency.raihgespectrum in figure 2 is
broadened between 11.2GHz to 11.5GHz, which camatiibuted to acoustic

waveguide loss that tends to broaden the spectBuoh a spectral broadening is
explained as a consequence of change in the |alggufield in the cladding from

evanescent to radiative within an infinite-claddmgdel [14].

Conventional

4 Fiber

J\

[—
Ln

—
Ln

Normalized Spectra

10 105 11 115 12 125
Frequency (GHz)

Figure 2. Normalised Brillouin gain spectrum BGSadfttonventional (top) and a
Brillouin-tailored (bottom) fibre measured at 1584nThe acoustic velocity profiles

are shown and the dashed line shows the locatitimeatore [14]

Whilst the fibre fabrication community has largelgcussed on exploiting the

broadening of the BGS for high power fibre laseplaations that the same concept
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finds applications within the distributed sensimgnenunity where the multiple peaks
as shown in figure 2 of the BGS could potentialfwé different response to strain
and temperature effects. Different responses tgoéeature and strain based on
multiple Brillouin peaks in a BGS would eventualiglp develop sensors allowing
for the temperature compensated distributed stragasuring capabilities, as
demonstrated earlier in chapters 3 and 4, exceghéofact that it would involve a

special fibre.
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