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Abstract

We report on different addressing mechanisms for quasi-distributed absorption
sensors based on the trequency modulated continuous wave (FMCW) method. The
sensor units consist of open-path micro-optic cells constructed from GRIN lenses,
each ot differing lengths.

Guided by 1nitial simulations, two approaches are experimentally 1nvestigated and
evaluated, namely reterence arm addressing and coherence addressing. Reterence
arm addressing is accomplished by the selection of different length reference arms
in a Michelson configuration where each reterence arm corresponds to a certain
sensing unit. Coherence addressing 1s achieved by the interferometric mixing of
two signals originating from each cell (from the glass/air intertaces). For each
method, we show theoretically and experimentally how individual cells can be
addressed and the measured signals obtained by suitable choice ot cell length,
proper modulation of the source and appropriate signal processing.

In order to improve sensitivity we present the theoretical analysis ot a new scheme
based on combining the (FMCW) technique with frequency modulation

spectroscopy (FMS). Here we arrange for only one sideband of the rf-modulation
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to be attenuated by the absorption feature and a new signal, proportional to the
absorbance, appears in the output spectrum at a frequency corresponding to the
difference between the rf-modulation frequency and the beat frequency of a cell.
The method 1s highly sensitive and applicable to a variety of chemical species with
narrow absorption lines, such as in trace gas analysis. We present the mathematical

analysis of the proposed method tor single and multiple cell systems, using

methane detection as an example.
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1. Introduction

Modern technologies are becoming more and more important for chemical and
environmental sensing, efficient pollution prevention and cost effective industrial
process control. The field of fibre optic sensors has expanded rapidly in the last
decade. During this period optical fibre based sensors have been developed for
measurement of a variety of physical and chemical parameters including

temperature, pressure, flow, strain, position, thickness, rotation rate, humidity,

pH, particle size, chemical reaction rates, fluorescence, chemical concentrations

and characterisation of chemical species present in mixtures.

Fibre optic sensors offer unique capabilities when configured in a distributed

nature or arranged in a multiplexing network. Distributed or multiplexed systems
allow sensing at a large number of points by combining fibre-sensing

methodologies with fibre telemetry. Applications of the technology include civil

structural monitoring (smart structures), military systems (underwater acoustic

arrays), industrial applications (process control sensor networks), chemical sensing

and security monitoring, to mention just the most important frelds.
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In each of these areas, the ability to implement multiple sensors in passive
networks can be advantageous with regard to a number of system aspects,

including reduced component cost and low 1intrinsic susceptibility to the effect of

electromagnetic interference.

In general multisensor systems can be formed in a number of ways. First a number
of discrete sensors designed to operate as a point sensor can be arranged in a
network or array configuration. Alternatively the inherent distributed sensing
nature of intrinsic fibre optic sensors can be used to create unique forms of sensors

tor which in general there may be no counterpart based on conventional sensor

technology.

For a quasi-distributed sensor configuration, the measurand is not monitored
continuously along the fibre path, but at a finite number of locations. This is
accomplished either by sensitising the fibre locally to a particular field of interest
or by using extrinsic bulk sensing elements. Application areas for this form of
sensors include those previously mentioned and various multimeasurand or/and

multipoint applications such as those found in chemical industries.

In this work “Application of the FUCW method to quasi-distributed absorption

sensors”, different methods of addressing quasi-distributed sensor units, consisting

of open-path micro-optic cells constructed from GRIN lenses will be discussed and
evaluated. We will propose and evaluate new addressing methods for quasi-

distributed absorption based fibre optic chemical sensors. Since the primary

emphasis in designing a sensor array 1s the method of separating individual sensor

signals, a combination of coherence addressing and the frequency modulated

continuous wave method (FMCW) to distinguish between different sensing units

arranged 1n series will be presented. In order to find the most appropriate scheme

five different addressing mechanisms will be introduced and evaluated:
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e Coherent FMCW with reference arm addressing
e FMCW with coherence addressing

e Forward FMCW
e FMCW White light reference arm addressing

e FMCW White light coherence addressing

For all the proposed addressing mechanisms a theoretical model will be

determined and extensive simulations will be presented.

According to the simulation experiments two basic approaches called “reference
arm addressing” and “coberence addressing” will be evaluated. For both addressing
schemes we show theoretically and experimentally how individual cells can be
addressed and the measured signals obtained by suitable choice of cell length,
proper modulation of the source and appropriate signal processing.

For experimental evaluation an optical test system including a DFB source, three
microoptic sensing cells and the corresponding driving and detecting units

including a spectrum analyser has been constructed. In the final stage a micro-

controller signal processing, driving and calibration system 1s implemented. Using

a small graphics LCD display, with a 4-key keypad and menu driven commands, a

simple and effective user interface 1s introduced.

Finally we report the theoretical analysis of a quasi-distributed sensor system for
absorption measurements based on the frequency-modulated continuous wave
(FMCW) technique combined with frequency modulation spectroscopy (FMS).
The laser diode injection current is sawtooth modulated to provide a linear scan of
the output over a certain frequency/ wavelength range and the output is also
externally modulated at radio frequencies. By arranging for only one sideband of
he modulation to be attenuated by the absorption feature, a new signal,

pr0portional ro the absorbance, appears 1n the output spectrum at a frequency
corresponding to the difference between the rf-modulation frequency and the beat

frequency of a cell. The method 1s highly sensitive and applicable to a variety of
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chemical species with narrow absorption lines, such as in trace gas analysis. We
present the mathematical analysis of the proposed method for single and multiple

cell systems, using methane detection as an example.




2. Overview of Chemical and

Environmental sensing

Optical tibres have revolutionised a variety of fields. They carry images through
endoscopes, voices through telephone lines, data and video through cable networks
and, more recently physical and chemical information through sensors.

The tield of tibre optic sensors has expanded rapidly in the last decade. Optical
fibre based sensors have been developed for the measurement ot a variety of
physical and chemical parameters.

The detection of chemical analytes and gases in real time 1s very ditticult to

perform. However, its importance in industrial process control, industrial safety
and environmental protection has necessitated the development of robust,
inexpensive chemical sensor systems capable of remote deployment. Ideally these
systems should be capable of making distributed measurements of any given

analyte or gas which may be mapped over a domain extending from meters to

kilo-meters, depending on the application. An 1deal chemical sensor should tulfil

the following requirements:
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e small enough and able to monitor at several locations
e remote placement possible

e cheap to produce and maintain

e enable real time monitoring for immediate results

® accurate

One of the possible and very promising technologies which would provide a

solution to this problem 1s the use of optical fibre techniques [2.1], [2.2], [2.3].

Fibre optic sensors represent a technology base that can be applied to a multitude
ot sensing applications. The following are some characteristic advantages of fibre

optics that make their use especially attractive for chemical sensors:

e nonelectrical - fibre optic chemical sensors are much safer in explosive
environments compared with traditional sensors involving electrical signals

where a spark may trigger a gas explosion - explosion proof

e measurements without direct contact possible

e remote location of sensor head - optical fibres can transmit light over large
distances with low loss allowing a sensor to be placed remotely

e small size and weight - allows access to areas that would otherwise be difficult
to reach

e potentially easy to install

e immune to radio frequency interterence (RFI) and electromagnetic

interference (EMI)

e high accuracy

e can be interfaced with data communication systems

e secure data transmission

e potentially resistant to ionising radiation



Basic physical principles of fibre optic chemical sensors /
However fibre optic sensors have also some disadvantages. They are often sensitive
to parameters other then the desired measurand (e.g. temperature sensitive, or
vibration sensitive). This requires special referencing or 1solation from
disturbances. When chemical sensors are considered, possible cross-sensitivity to

other chemical analytes and gases must be taken into account.

2.1. Basic physical principles ot tibre optic chemical

SCI1ISOTY'S

Some of the basic physical principles which will be discussed in the next sections
are already known from other scientific disciplines and have been used for sensing
purposes before even tibre optics were introduced. The fibre optic chemical sensor
of today is therefore a synthesis of well known principles and optical fibres or
other optic assembles. Together they form a unique system tulfilling most of the

requirements for an 1deal chemical sensor, as presented 1n the preceding section.

2.1.1. Absorption sensors

Absorption 1s the process whereby the intensity of a beam ot electromagnetic
radiation 1s attenuated in passing through a medium by conversion ot the energy
of the radiation to an equivalent amount of energy which appears within the
medium; the radiant energy i1s converted into heat or some other form ot
molecular energy. In general the absorption ot electromagnetic radiation by a

medium is detined as:
E,—E =—=hf (2.1)

where E,E, 1s the difference in energy levels of a molecular transition, Af is the

photon energy required to induce the transition, 5 is the Planck’s constant
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(6.62:10°* Js), ¢ free space speed of light and A the wavelength at which the

absorption takes place.

300nm 900nm lpm 2um 3pm 4um
Specumband  ffl [ [ [
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CO
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H,0 2.35-2.67um SHm
1.5-1.68um CH
2.928ui*n
1508 HF
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CH,
1.65—1.8}111] Coz
2.05-2.3um

Figure 2.1: Absorption lines

A medium which absorbs a relatively wide range of wavelengths is said to exhibit
general absorption, while a medium which absorbs only restricted wavelength
regions of no great range exhibits selective absorption for those particular spectral
regions. With selective absorption, the absorption spectrum serves as a
“tingerprint” 1dentification of the medium. The actual wavelength at which
absorption takes place depends on the transition involved. Electron transitions
within atoms occur at short wavelengths (high photon energy) corresponding to
the UV-visible region of the spectrum, whereas transitions in vibrational or

rotational levels (molecules) occur at energies corresponding to the near and mid-

infrared band of the spectrum [2.14]. Figure 2.1 illustrates absorption lines of some
common gases 1n the near-IR.

The effect of concentration of the absorbing medium, that is, the mass of
absorbing material per unit of volume is expressed through the Beer-Lambert law.
This relation 1s of prime importance 1n describing the absorption of an absorbing
species, since the solute’s concentration may be varied over wide limits, or the

absorption of gases, the concentration of which depends on the pressure.
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Figure 2.2: For monocromatic radiation, absorbance is directly proportional to the

path length through the medium and the concentration of the absorbing species

According to the Beer-Lambert law, each individual molecule of the absorbing
material absorbs the same traction of the radiation incident upon it, no matter
whether the molecules are closely packed 1n a concentrated solution or highly
dispersed 1n a dilute solution. It 7 1s the intensity to which a monochromatic
parallel beam 1s attenuated after traversing a thickness / ot the medium, and 7, 1s

the 1nitial intensity (Figure 2.2), then [2.4]:
] = ]Oe_a”'lc (2.2)

where o_ is the (molar) absorption coefficient and C 1s the chemical concentration.

In logarithms the relation becomes

2.3

1ogm(5-)=( o )cz — (I (2:3)
I 2.303

If the concentration is expressed in moles per litre, the constant € is called the

molar extinction coefficient. The quantity log,(I,/]) 1s often called the optical

density or the absorbance ot the medium. The spectral absorption A(A) and the

spectral transmission 7{A) at a given wavelength are defines as follows:
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AR 04
03

and characterise the fraction of monochromatic radiation absorbed by a given

medium.

2.1.1.1.Potential for gas monitoring

The first recognition of the potential for fibre optic remote gas sensing was
reported 1979. A research group at Tohoku University, Japan, pointed out the
large number of spectral absorption lines, which lie within the transmission

window ot a typical silica based optical fibre.

The 1ntrinsic absorption of many gases can be measured directly with optical fibers

serving as simple light guides. In particular, alkanes such as methane are important

to monitor because of their safety risk [2.7], [2.8].

Methane 1s an all too common greenhouse gas, found where natural gas s present
and occurs naturally around plant matter where anaerobic decomposition is taking
place, such as 1n landfills and farms. Concentrations of 5 to 15 percent by volume
can explode when 1gnited, where first concentration presents the lower explosion

level (LEL) and the second concentration the upper explosion level (UEL). The
LEL and UEL for some hydrocarbon gases are given 1n Table 2.1 [2.9].
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Table 2.1: Lower explosion and upper explosion limit of some Hydrocarbon Gases

Gas LEL UEL A
(% by volume) (% by volume) (nm)
Acetylene 2.50 80.00 1520
Ethane 3.00 12.5 1685
Ethylene 2.75 28.60 1619
Methane 5.00 15.00 1666
Propane 2.12 9.35 1696

A beneticiary ot explosive gas-related tibre optic sensor technology is the
petrochemical industry. Natural gas pipe lines emit methane and other “tugitive”
hydrocarbons from petroleum distillates. Refineries rely on chemical or
spectroscopic methods to measure these hydrocarbons, but the price tor such
equipment is very high and it 1s susceptible to degradation and breakdown.

Fibre optic is the only technology that offers onsite real-time measurements ot
contaminants and is mass-producible, which lowers the cost per sensor.

The first experiments demonstrated the remote determination ot CH, and other
alkanes with silica optical fibre links. The absorption lines in the NIR are weaker

than at longer wavelengths (mid IR), hence the detection limits obtained are

around 2000ppm (about 4% of the LEL) at 1330nm and 400ppm at 1666nm and
300ppm at 3390nm [2.9], [2.10].
To get a good “feel” for the chemical the source linewidth must be narrower than

the absorption line. The smaller the ratio between laser linewidth and chemical

absorption linewidth, the better the chance for identification [2.14]. A 1500nm
laser beam has an optical frequency of 187.5 THz. A pressure broadened gas
absorption line has a linewidth of a few GHz. The upshot of these numbers 1s that
to detect gas molecules, the frequency of a laser must be controlled to within
aproximatelly one part 1n a milion. Pollutants absorb strongly in the IR and UV.

Because the semiconductor technology has yet to make serious inroads into the
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UV, most diode-laser based gas sensing systems use telecommunication-grade diode

lasers as the radiation source (mostly DFB laser diodes are used) [2.14], [2.15].
Distributed-feedback telecommunication lasers have several characteristics
important to both open-path and flow-cell gas detection, including single mode
continuous wave >100mW operation at room temperature. These power levels
are more than sufficient for gas sensing. Although open-path systems lose a
considerable amount of power, typical detectors and other receivers easily detect
nano and picowatt optical signals.

Single frequency distributed feedback laser diodes have a very narrow linewidth
(50MHz — 0.000375nm for 1500nm wavelength), less than the width of a single
gas absorption line, wavelength modulation through injection-current modulation
and thermal tuning of wavelength (by a TEC). However, injection current

modulation also produces amplitude modulation in the output.

2.1.2. Sensing through indicator dyes

Sometimes the chemical properties of a solute may not be measured directly
through absorption spectroscopy. The light sources may not be available or are to
expensive for that particular wavelength of interest. In this cases an intermediate
material or indicator 1s used.

Indicators are synthetic dyes that undergo colour changes on interaction with
chemical species. The purpose of using so-called indicator chemistry (a dye in or
on a polymeric support) 1n optical sensing 1s to relate the concentration of a
chemical analyte into a measurable optical signal. The indicator acts as a transducer
for chemical species that trequently can not be determined directly by optical
means. On exposure to the chemical of interest the optical properties of the dye
change through a chemical reaction and the optical change 1s monitored 1n the
sensor.

The indicator 1s immobilised at the tip of either a bifurcated fibre-optic bundle or a

single optical fibre. A biturcated bundle of optical fibres can be used where the
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indicator chemistry is immobilised as a layer at the tip of the common end. Large
bundles of fibre are used to bring light to this sensing region and to carry the light
to the detector optics. The size of this bundle represents both the major attraction
and the primary limitation of this approach. The large bundle size of the fibre
optic probe is easy to interface with the source and detector optics. High optical
throughput can be achieved easily because of the large number of fibres involved.
Higher optical throughput translates directly to greater signal to noise ratios,
thereby providing superior analytical signals. However a typical bifurcated probe
s several millimetres in diameter, which results in a relatively large sensing tip that
1s to big for certain applications. Alternatively we can use single optical fibres
where the indicator chemistry is immobilised at the distal tip of the single fibre.
Small sensors can be constructed in this manner. The principal drawback to this
approach are the limited optical throughput and the low reagent loading capacity,

since a single fibre offers a limited surface area to which the indicator can be

attached.

2.1.3. Fluorescence sensors

Fluorescence 1s the phenomenon of light emission from a material which 1s excited
by some form of electromagnetic radiation incident in the ultraviolet, visible, or
infrared regions of the spectrum. Such emission 1s the release of the energy gained
from the absorption of the incident photon energy. Normally the excitation
spectrum is of a higher photon energy (and thus shorter wavelength) than that ot
the corresponding tluorescence.

Measurement of fluorescence 1s an extremely sensitive technique capable of
detecting very low analyte concentrations. It 1s well suited for optical sensing,
since the optical fibre can carry both the exciting and ftluorescent light. The
wavelength of the emitted luminescence is different from that of the exciting
radiation.

The initial persistence of tluorescent emission following the removal of excitation

depends on the lifetime of the excited state. The emission usually decays 1n a
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manner that can be categorised by a time constant often termed the fluorescence
decay time. Fibre optic sensors based on fluorescence make use of changes in either

the intensity or lifetime of the fluorescence emission to monitor the chemical

parameter of interest.

A method of assessing the degree of luminescence is to use a pulsed source and to
look at the changes in the lifetime as a function of chemical concentration (Figure
2.3). When the concentration is zero this gives the simple exponential decay of the

luminescence species with its characteristic lifetime. For other concentrations the

luminescence half-life of the luminescent species is reduced.
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Figure 2.3: Temporal decay of the intensity for fluorescence based chemical sensors

This technique involves comparing the luminescence intensity at various times
following excitation. Consequently, it is self-referencing, and compensates for
factors like efficiency of the source, detector or electronics, which gives the
technique a large advantage over simple intensity measurements. However 1t does

require an increased capital cost for the controller electronics.

Another method for fluorescence lifetime measurement 1s to use a sinusoidally

modulated excitation light. As shown 1n Figure 2.4, the phase shift which 1s related

to the lifetime 1s measured relative to the excitation.
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Figure 2.4: Phase shift method for fluorescence lifetime measurement
2.1.4. Evanescent tield sensors

An evanescent tield-type tibre optic chemical sensor is constructed by replacing the

cladding layer ot an optical fibre with a thin layer of the indicator. The sensing

region typical involves only a short section of the fibre (typical ~10cm in length).
The evanescent tield that corresponds to the incident radiation propagating
through the fibre excites reagent molecules immobilised within the zone of the
evanescent field. A portion of the resulting reagent luminescence 1s coupled 1nto

the fibre through the same mechanism that generated the original evanescent wave

12.81, [2.11], [2.12].

One possible sensor configurations 1s that the incident radiation 1s launched into
one end of the fibre, and then passes the evanescent filed sensing section of the
fibre and interacts with the substance of interest. At the other end of the tfibre the
radiation attenuation or reagent luminescence properties are monitored.

The basic advantages of evanescent filed sensors are fast response and the
possibility for distributed sensing, whereas the disadvantage 1s low sensitivity due

to small fraction of power 1n the evanescent tield and surface contamination during

the sensing process.
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2.2. Chemical sensors construction types

Fibre optic chemical sensors can be divided into two major categories (in the same

manner as those for measuring physical parameters), i.e.

* Intrinsic sensors - where the fibre, often in some modified form, is the sensing

transducer

e extrinsic sensors - where the optical fibre merely acts as a light guiding link

between the measuring point and the interrogation and display system;

For intrinsic fibre optic chemical sensors the basic methods involve fibre optrodes
(or optodes) where the sensing medium is formed directly on the fibre tip. Fibre
optrodes are particularly suitable for sensors based on indicator dye absorption or
fluorescence. The second group of intrinsic sensors includes evanescent wave
sensors. In this case the tibre is directly involved in the sensing process. For
evanescent tield sensors i1t 1s usually necessary to immobilise the indicator 1n a
suitable host matrix that 1s then coated onto the exposed evanescent region of the
fibre [2.4].

With extrinsic fibre optic chemical sensors the light 1s transterred to and trom the
sensing cell. The fibre provides access to the cell but has no intluence on the
sensing process. There are a variety of possible construction types tor fibre optic
sensing cells. For the work presented, absorption cells constructed with the use of
GRIN lens have been implemented, therefore a short description ot GRIN lens

cells will be given 1n the next section.

2.2.1. Chemical sensors using gradient index lens

Within the communication area, most optical devices for manipulating and
processing optical signals in optical fibre transmission systems include lenses, and

for most of these devices GRIN lenses have a number of advantages over
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conventional lenses, such as small size, light weight, low cost, short focal distance,
easy mounting and adjustment etc. A GRIN lens can carry out typical functions
such as on-axis imaging, collimating and focusing.

GRIN lenses are also important for fibre optic sensors. Using GRIN lenses, a
variety of intensity modulated fibre optic sensors can be constructed. The basic set-

up including GRIN lenses which is applicable for absorption type chemical sensors

1s presented 1n Figure 2.5.
0.25 pitch GRIN lens 0.25 pitch GRIN lens
—_— — i
— — L
(2) (b)

Figure 2.5: A quarter-pitch lens (a) collimates or (b) focuses incoming light

Using the quarter-pitch lens the output from a small light source such as diode

laser, LED or a single mode optical fibre can be collimated and focused on another

optical fibre or detector [2.9], [2.13].

A sensing cell can be constructed it two optical fibres are maintained at fixed
position to each other, each adjacent to a quarter-pitch selfoc rod lens. For gas
sensors, where gas concentration is measured through absorption 1n the near-IR, a
lens 1s used to collimate the output light from the tibre end, and then after passage
through the cell, a second lens focuses the light into the output fibre. The cell may

typically be 1-50cm in length and is designed to allow the gas to penetrate into the

cell volume (Figure 2.6) [2.4], [2.5], [2.6].

Measuring cell

Optical fibre |§ l ' §|

GRIN lens (GRIN lens

Figure 2.6: Absorption cell using GRIN lenses
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The most attractive advantage of using GRIN rod lenses 1n a modulated intensity
sensor is that they can be used for increasing sensor sensitivity by improving the
coupling efficiency, reducing misalignments and therefore producing a stable
sensing structure.

The chemical sensors constructed using GRIN lenses are especially suitable for gas
monitoring applications. Since the gas can penetrate between the lenses (also if we
use gas permeable walls to protect the cell from other environmental influences,
but allow the gas to enter the cell) no special care has to be taken to ensure a good
contact between the measurement unit and the measured analyte. Additionally we
preter to use the GRIN lenses, due to the retlectivity ot the flat surtace. The

sensing cells which will be used 1n the work presented all base upon the structure

shown 1n Figure 2.6 with some minor modifications.

2.3. Summary and Conclusion

One may find out that fibre optic chemical sensor inherently tulfil many of the
demanding requirements (small size, remote displacement, ...). The absorption
type of fibre optic sensor which will be used 1n this thesis represents one of the
basis sensing principles for chemical detection. Using the measurand property (1.e.
any gas or gas mixture of interest) to absorb light at restricted wavelength,
differential absorption 1s used to detect concentration changes based on the Beer-
Lambert law. Since the line-width of the source used must be narrower than the
absorption line a distributed-feedback laser diode will be used as the light source.
Because of relatively high single mode continuous wave power output and good
coherence properties combined with injection current modulation possibilities it 1s
the source ot choice.

Even if intrinsic type of sensors (like evanescent sensors) with proper indicator
coatings enable fast responses and possible distributed measurement, they are
usually less sensitive due to small power in the evanescent field and the
requirements for regular cleaning of the large evanescent filed region. The

additional disadvantage ot evanescent filed sensors is their manufacturing, since
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chemical etching or polishing of the fibre and coating ot the evanescent field region

IS necessary.
With extrinsic open path chemical sensors we have higher sensitivity due to more

optical power inside the measuring cell and the construction using GRIN lenses 1s
much more simple and reproducible. The main ditficult here lies in the assembling
precision, since alignment of measuring unit parts is critical.

Comparing the sensor type properties, especially with the emphasis on distributed
or quasi distributed configurations we have decided to use an open path extrinsic
type sensing cell constructed using GRIN lenses. This type ot sensing cell 1s

relatively easy to assemble and additionally offers opto/mechanical properties

necessary for quasi distributed sensing unit addressing,
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3. Distributed and Multiplexed

Fibre Optic Sensors

The unique capabilities of fibre optic sensors when configured in distributed or
quasi-distributed nature and multiplexed networks, make them very attractive for
any modern sensor system. Such systems allow sensing at a large number ot points
by combining fibre-sensing methodologies with fibre telemetry. In the last 10 to 20
years fibre optic sensor technology has made a considerable impact in various
fields including civil structural monitoring (smart structures), military systems

(underwater acoustic arrays), industrial applications (process control sensor

networks), chemical sensing, security monitoring, etc.

In each of these areas, the ability to multiplex sensors in passive networks can be
advantageous with regard to a number of system aspects, including reduced

component cost and low 1ntrinsic susceptibility to the effect of electromagnetic

interference [3.1].
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In general multisensor systems can be formed in a number of ways [3.2]. First a
number of discrete sensors designed to operate as a point sensor can be arranged in
a network or array configuration. Alternatively the inherent distributed sensing
nature of intrinsic fibre optic sensors can be used to create unique forms of sensors

for which in general there may be no counterpart based on conventional sensor

technology.

Intrinsic distributed sensors are particular attractive for use in applications where

monitoring of a single measurand at a large number of points or continuously over

the path of the fibre 1s required [3.2].

For extrinsic distributed sensors the number of measuring points is usually

smaller. They are especially important tor sensing applications where absorption

or spectrographic measurements are included.

In a quasi-distributed sensor configuration, the measurand 1s not monitored

continuously along the fibre path, but at a finite number ot locations [3.1]. This 1s
accomplished either by sensitising the fibre locally to a particular field of interest
or by using extrinsic bulk sensing elements. Application areas for this form of
sensor include various multimeasurand or/and multipoint applications such as

those found 1n chemical industries.

3.1. Basic concepts of distributed and multiplexed

SC1NSOTS

A range of techniques for distributed and multiplexed fibre sensors have been
developed, ranging from simple serial arrays of sensors based on optical time

domain reflectometry (OTDR) processing concepts, to highly sophisticated

interferometric fibre sensors using time or trequency-division concepts. In the
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following sections a brief presentation of basic concepts of distributed and

multiplexed sensors will be given, trying to highlight the advantages, disadvantages

and possible area of application for each method presented.

3.1.1. Optical Time Domain Reflectometry

Optical time domain retlectometry (OTDR) systems are widely used for analysing

and surveying fibre systems.

When light 1s guided by an optical tibre, loss occurs due to Rayleigh scattering
which arises as a result of random microscopic variations 1n the index of retraction
of the fibre core and, to a lesser extent, the clading. A fraction of the light is
backscattered and is recaptured by <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>