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Abstract

Strain sensing continues to be an area of research interest due to its importance in a variety of
fields including civil, mechanical and aerospace engineering. This has intensified with the
advent of the concept of ‘smart structures’, i.e. structures that possess both the means to
detect changes in their environment and the ability to respond to those changes. Strain
measurement techniques using optical fibre based sensors have attracted a great deal of
interest due to the advantages afforded by the nature of the fibres themselves in such
measurement systems.

This thesis represents a body of work concerning the design, development and analysis of an
optical fibre based strain sensor system, utilizing Bragg gratings as the prime sensing elements.

Wavelength demodulation is examined and a wavelength shift detection scheme utilizing a
Wollaston prism interferometer is presented having been considered as a means to achieve
wavelength demodulation in sensor systems. However, further analysis suggested an
alternative was needed and the final wavelength demodulation scheme chosen, based on the
Michelson interferometer, is analysed in this context.

A time-domain based demultiplexing system is presented where the signals from individual
Bragg gratings are separated electronically by using a matrix of fast GaAs switches. This
system is successfully demonstrated and the capability of addressing a potentially large number
of Bragg gratings sensors elements is considered. Results are presented in the form of strain
and temperature sensitivity data and an analysis of the results in the frequency domain
demonstrates that the crosstalk present in the system is very low.

The results presented are set in the context of work reported in the literature and in the light of
results achieved elsewhere.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Strain sensing background

The need to measure the effects of external forces acting upon a structure has
been present for many years. For large scale civil engineering structures, such
as bridges, dams and buildings, the ability to detect excessive strains is matter
of safety. The same is true for other areas, such as aerospace engineering

where a failure could be potentially fatal.

Understandably, the concept of mechanical, civil and aerospace engineering
structures that can detect and react to responses from sensors integrated within
the structure itself has generated much research interest. The term ‘smart
structures’ was first coined in research involving the integration of radar
antennas with the skins of military aircraft and evolved to involve the whole
structure. It has now come to describe the concept of a structure that can
automatically sense its internal and external environmental conditions;
communicate this information to a processing unit and if necessary adapt the

characteristics of the structure in response to this information.
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In many ways smart structures mirror biological organisms. Senses, such as
touch, sight etc. inform the organism about its environment, the brain decides
on a course of action and the muscles carry them out. A comparable
engineering solution would involve sensors designed to detect whatever
measurands were considered important, a suitable signal processing and
decision-making unit, and a series of transducers and actuators to alter the

structural parameters.

Obviously, this is a multi-disciplinary research area and one that has yet to
offer a system that can compete with even relatively simple biological
organisms. However, the potential benefits that could be afforded not just in
terms of safety, but also in reliability in general and resultant financial
economies through less frequent maintenance; has meant that research is

continuing.

A variety of materials for this type of application would be usable, in
particular carbon and glass-fiber based composites seem good choices partly
due to the ease with which sensing elements can be placed within them. Other
materials, such as concrete, can also have sensors embedded within them
during fabrication. Simply bonding the sensors to the surface of the structure
in question is another option and does have the advantage that it can be done

at any time within the lifetime of the structure, though the information
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obtained may require a different interpretation.

One of the important technologies for this type of application will be strain
sensing. There are number of possible candidates for sensing elements that
could be used. Sensors based on piezoelectric, electrostrictive, silicon and
fiber optic technologies all offer advantages and disadvantages. However, a
lengthy comparison between available sensing technologies is available in the
literature (e.g. [19]) and thus beyond the scope of this thesis and is not

undertaken here.

The remainder of this thesis will concentrate on fibre-optic sensing (which
discussed in general terms in the next Section) and in particular on the use of
Bragg gratings - an optical fiber based sensing element that has a number of

advantages for this type of application.

1.2 Opticfibre sensors

Until the early 1970s, the main use of fibre optic cables had been for medical
endoscopic instruments. Improvements in fibre fabrication techniques meant
that the mass production of very loss optical fibres was possible. This
combined with improvements in light sources (e.g. single frequency laser-

diodes and high bandwidth LEDs) and detectors caused a rapid rise in the use
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of optical fibre links for communications. Modern fibres are now so pure that
losses may be attributed to fundamental scattering at the molecular level (e.g.
Rayleigh scattering). The rapid growth in this field continues as fibre
communications are used more frequently and on bigger projects such as

trans-Atlantic links.

Conversely, optical sensing methods were well established prior to the 1970s.
These methods ranged from simple optical switches based upon breaking a
beam, up to quite complex interferometry. The application of optical fibres to
sensing first occurred in 1976 when Vali et al [56] demonstrated a fibre based
Sagnac interferometer and a year later Rogers [44] demonstrated fibre based
current sensors. Since these initial experiments, the area of optical fibre based
sensors has increased rapidly and includes a wide range of detectable

measurands.

Fibre optic sensors are now a well-established technology and have been
discussed in detail in review papers and book series (e.g. [11][53] and [19])
wherein details are to be found. In summary, intrinsic fibre optic based sensors
(as opposed to extrinsic systems that use optical fibre as a link to conventional
optical sensing systems) have a number of advantages over other sensing
technologies. The small size of fibre optic cables means that they can
realistically be placed almost anywhere without damaging the integrity of the

structure itself. They are immune to electromagnetic interference, which
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eliminates the need for shielding to minimise electrical noise picked up by

electrically active sensors.

Fibre-optic sensors can offer high-sensitivity to a variety of measurands and
high bandwidths (several MHz). The inherent strength of the glass means that,
they are less prone to fatigue and corrosion than some technologies and can

perform in a range of environments including high temperatures.

As mentioned in the previous Section, strain is one of the key measurements
for a range of applications and for a fibre-optic based strain-sensing system
there are three basic arrangements: the fibre Fabry-Perot interferometer, the

polarimetric fibre sensor and the in-fibre Bragg grating.

The fibre Fabry-Perot interferometer consists of two partially reflective
elements placed reasonably close together (i.e. less than the coherence length
of light source used) (this shown schematically in a later Section as Figure
3 12). The device operates as a standard interferometric device and the phase
difference between the two reflected beams must be due to the round trip
between the two reflective elements. Anything that changes the length of the
optical round trip (such as strain) will effect the phase difference and thus can
be detected. The main disadvantage of this device is that it is not easy to

multiplex a series of them.
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The polarimetric fibre sensor uses high-birefringent fibres as the sensing
elements. High-birefringent fibres are capable of propagating two
orthogonally polarized modes at different velocities. The phase difference
between the two modes, and hence the polarization state of the emerging light,
is dependent on the state of strain and temperature of the fibre itself. Thus, by
monitoring the polarization state of the emerging light, the strain of the fibre

within the sensing region can be determined.

The third choice, Bragg gratings, are intra-core structures that consists of a
periodic modulation of refractive index. They are small, sensitive to strain and
temperature and offer the possibility to be effectively multiplexed to form a

quasi-distributed network. These devices form the focus of this thesis.

Truly distributed optical-fibre sensors have been developed that utilize the
entire length of the fibre to determine the effect of measurand at any point.
However, most technologies of this type use a scattering effect of the fibre
itself (e.g. Raman scattering) that enable temperature measurements to be
made much more conveniently than strain. In addition, the accuracy to which
the position of local variations in the measurand can be determined is limited,

typically a resolution of the order ~Im would be expected.
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1.3 Aims and obiectiues

The major aims and objectives that this thesis will attempt to complete are

outlined below:

1. A review of the recent literature and an evaluation of the possibilities for

new grating sensor schemes is carried out.

2. An investigation into the techniques of operation of an in-fibre Bragg
grating as an optical sensing element for temperature and/or strain
measurement has been carried out and an estimation of the sensitivity of a

system of potential industrial value will be made experimentally.

3. An examination of the various systems aspects that are required in a
sensing instrument based on Bragg gratings will be carried out, including
the most appropriate choice of the light source and detector used. In
particular, the issues involved in developing an effective scheme for
decoding the measurand dependent, wavelength encoded reflections from

the Bragg gratings will be investigated.

4. Development of a sensor system capable of demultiplexing a number of
Bragg grating sensing elements in series along a single fibre. To be

effective, the reflected signal returned from each individual grating should
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be separated from the returned signal from the other gratings, with as little
negative effect on the sensitivity of the measurements due to the presence
of the other gratings as possible. In addition, the system is designed such
that the level of crosstalk (crosstalk occurs when a signal from one grating
is misinterpreted as having originated from different grating) should

obviously be as small as possible.

5. Reporting of results on the performance of the system developed and the
potential for its improvement and development, in terms of potentially

offering an increased resolution and a higher number of sensors.

14 Structure ofthesis

The thesis is divided into a series of chapters describing the work done to
achieve the aims and objectives shown above. An outline of the various

sections of this thesis is given below:

Chapter 1

Section 1.1 introduced the background to strain sensor systems and the types
of applications that a successful strain measurement system could have.
Section 1.2 introduced the background to fibre-optic sensors and highlighted
the advantages a fibre-based system can have over other types of sensor

devices, and Sections 1.3 and 1.4 discussed the aims and objectives, and the



Chapter 1: Introduction

thesis structure. Section 1.5 links to the work of the next chapter.

Chapter 2

Chapter 2 will cover the background material particular to the use of Bragg
gratings in this way, including essential aspects of fabrication and their
essential basic operation. Their operation will be demonstrated through the use
of a simple computer model of a Bragg grating sensor in Section 2.3, prior to
which Section 2.2 will discuss the basic theory of the two main methods of
multiplexing a number of sensors in series (i.e. wavelength domain and time
domain). Section 2.4 is a literature review, which enables the work to be
placed in the context of recent research in the field. Section 2.5 summarizes
the work and leads into the next chapter on wavelength demodulation

methods.

Chapter 3

Chapter 3 reviews the work undertaken involving the use of a Wollaston prism
which was investigated as a possible method of resolving the wavelength
encoded signals that are returned from a Bragg grating. Sections 3.1.1 and
3.1.2 present discussion of the operation of a Wollaston prism and how it can
be used as the basis of an optical interferometer. Section 3.2 presents the
method used and results of an experimental demonstration of wavelength

change determination using a Wollaston prism. Section 3.3 presents a related
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section of work whereby a Wollaston prism interferometer is used as an
integral part of a displacement measurement sensor. Section 3.4 will discuss
the wavelength demodulation scheme actually employed in subsequent work
and why the Wollaston interferometer was shown unsuitable for inclusion in

the final system.

Chapter 4

An effective multi-sensor system requires numerous sensors to be operated
simultaneously. Chapter 4 will present the development, component choice,
construction and operation of an optical time-domain based demultiplexing
system developed during this project for such operation. Section 4.2 will
investigate roles and the choices of the individual component parts of the
system, whilst Section 4.3 will show results from the system and enable a
comparison of performance against specification to be carried out. The results
discussed will lead into a final section of Chapter 4, in preparation for a

discussion of the potential of the concept and future work.

Chapter 5

Chapter 5 will include a discussion about the results produced by the system
and look at possible avenues for future research work that could be done to

enhance performance and flexibility beyond that achieved. Section 5.1 will

10
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look at the problems that may occur if grating sensors with the same Bragg
wavelength are used in series. Section 5.2 discusses improvements that could
be made to the current system and reflects on the way forward for such

research.

1.5 Summary

In Chapter 1, it has been shown that an efficient strain measurement system
would have a range of applications and as such is becoming an increasingly
important issue. This is not solely due to the interest in the relatively new
concept of smart structures but also because of the safety and economic
benefits that can result from detecting the effects of excessive strain (such as,

for example, small cracks) early.

Optic fibre based sensors represent a possible solution to this problem and a
number of configurations have been suggested as sensing elements. Of these,
the Bragg grating sensor has the most potential due to its small size, potential
sensitivity and ability to be multiplexed. This is the basis for the rest of the
thesis, and leads into Chapter 2, in which the background theory of the Bragg
grating, including its use as a strain sensor, is examined and a literature review

presents some of the work published in this area.

1
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Chapter 2:

Background material

2.1 Background theory of Bragg gratings

As mentioned in Section 1 above, an optical fibre based system for strain
measurement would have a wide range of applications. Fibre Bragg gratings
are small, potentially quite cheap and sensitive to both temperature and strain

and therefore could be an ideal choice for a range applications.

In essence, Bragg gratings consist of a longitudinal, periodic change in
refractive index of the core of the fibre, this acts as multiple reflective
structure and the interference pattern created by the superposition of these
reflections changes the reflection and transmission spectra of the grating itself.
By monitoring the reflective spectra of a grating, any changes in the

measurand (e.g. strain or temperature) can be detected.

The background theory to Bragg gratings is studied in the following sections.

Section 2.1.1 discusses some of the more common grating fabrication

12
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techniques. Section 2.1.2 analyzes the gratings behaviour in terms of strain

and temperature effects, in light of the primary application of this research.

2.1.1 Grating Fabrication

In-fibre grating structures were initially made by physically deforming the
structure of the fibre itself or by setting up a standing wave within the fibre
using a powerful ultraviolet, UV, laser. However, for mass-production most
gratings are produced via a side-writing process, wherein the Bragg gratings
are produced by placing the fibre in a modulated intensity pattern of a
powerful ultraviolet laser. The pattern is produced either holographically (W.

W. Morey et al, 1989) or with a intensity mask.

The processes are described in several texts (e.g. [19]). In summary, for
holographic production, a spatial interference pattern is created by splitting the
UV beam into two components that are then recombined. The fibre is placed
within the resultant modulated intensity pattern, this is shown below in Figure

2 1

13
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From UV light source (230 to 255nm)

50% Beam splitter.

Figure 2_1: One method of forming Bragg gratings holographically.

(After G. Meltz et a/ [39])

The advantage of this method is that the Bragg wavelength of the grating
produced can be altered by changing the angle at which the two UV beams
recombine, since this will vary the nature of the interference pattern produced.
This means that Bragg wavelengths need not be restricted to the wavelength of

the writing laser source alone, as was the case with early gratings.

Phase mask, and intensity mask, Bragg grating production both involve using

a wide UV beam to illuminate a mask that is placed in front of the fibre. The

intensity mask modulates the intensity of the UV light directly. The phase

14
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mask, however, acts as diffraction grating and the +1¢ order diffracted beams
interfere producing an intensity modulation, the period of which is one-half
that of the phase mask used. The phase masks can be formed by various
processes and are fabricated in such a manner to reduce the Oth order signal as
much as possible, whilst maximising the I¢ orders (typically as much as 35%

of the total power can be transmitted though this first order beams).

2.1.1.1 Photosensitivity of fibres

For either method of producing the intensity pattern is used, the process
whereby the UV intensity pattern is converted into a change in refractive index
is still not fully understood but the photorefractive effect is thought to be at
least partly responsible. This process is outlined below in Figure 2 2. The
areas where UV light is incident with the fibre, free electrons are liberated
from the fibre, probably via a two photon process (suggested by Lam and
Garside [31], who showed that the strength of the grating increases as the
square of the power of the writing laser). These free electrons then drift into
the other areas of the fibres so that when the UV beam is removed, regions of
differing density remain. Low density in the regions from which the electrons
have been removed and high density in the regions that have gained extra
electrons and it is these regions of varying densities that create the refractive

index modulation in the fibre.
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The electrons drift away from the areas of high intensity.

+ + + + + +; ++ + + + +

-Area of high density. -Area of low density

When the UV intensity pattern is removed the electrons remain
in thier new positions which along with the positive holes generate
areas of different density.

Figure 2_2 Bragg grating formation process.

The photorefractive effect.

The source of these free electrons is likely to be oxygen-deficient germania
defects within the fibre. Meltz et al, [39] showed that strong refractive index

changes were possible using UV light in the range of the defect absorption
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peak (240-250nm).

These defects are caused during fibre drawing [24] and by ionizing radiation
[18] and a great deal of research has been directed toward eliminating them as
far as possible so as reduce the associated absorption of light. However, the
issue of photosensitivity has meant that methods of increasing the effect of
these defects are needed in order to produce more effective grating structures.

Some of these methods of increasing photosensitivity are outlined below.

Hydrogenation or hydrogen loading of optical fibres can create very high
photosensitivity in fibres [32], Hydrogen loading is carried out by diffusing
hydrogen molecules into the fibre preform rods at high pressure and
temperature. The hydrogen molecules react in the glass at normal Si-O-Ge
sites creating oxygen deficiency centres by the formation of an OH species.
This method can create fibres that allow permanent changes in the refractive
index of the order of 0.1. However, this method does have two disadvantages,
firstly the increased photosensitivity is not a permanent effect as the hydrogen
will diffuse out of the glass over time. Secondly, the OH species formed does
have its own associated absorption characteristics located at 1390 and 1410nm

that can introduce unacceptable losses at these wavelengths.

‘Flame brushing’ is a similar technique for increasing the photosensitivity of

the fibre [9], Hydrogen molecules are introduced to the glass by applying a
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hydrogen and oxygen fuelled flame to the region. The hydrogen reacts with

the glass in a similar manner to the hydrogen loading case described above.
The drawback of this method is that the flame can reach temperatures in

excess of 1700°C that can weaken the fibre.

The use of Boron as a codopant in germanosilica fibres has been shown to
increase the UV photosensitivity in optical fibres [10], The boron does not
change the number of oxygen deficiencies within the fibre, instead the boron
allows photoinduced stress relaxation to occur. This stress relaxation changes
the refractive index via the stress-optic effect. Table 2 1 shows a comparison

of photosensitivity for a variety of fibres and techniques.
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Fibre Type GeCF in fibre Reflectivity of  Time required to
core mol % 1.5mm Bragg  inscribe grating,
gratings % (min)
Philips, matched cladding 5 17 60
Philips, depressed cladding 4 20 60
Deeside fibre 5 17 60
Corning payout fibre 8 29 90
Hydrogenated standard fibre 4 60 10
High index fibre 20 77 10
Reduced fibre 12 97 5
Boron codoped 17 91 1
Hydrogenated boron codoped 17 &7 10sec.

fibre

Table 2_1: Comparison of photosensitivity for a variety of fibres and techniques.

(After D. L. Williams et at, [59])

2.1.2 Strain \ Temperature effects

As mentioned above, a Bragg grating can be thought of as a multiple reflective
structure where each boundary between low and high-density regions of the

fibre produces a back reflection, albeit a small one. This is shown in Figure
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2 3 below.

Cladding

Core

Figure 2_3: Periodic structure of grating. Where I, R and T are the

incident, reflected and transmitted rays respectively.

The multiple reflections interfere with each other and it can be seen from the
diagram above that only particular wavelengths will constructively interfere in
reflection (i.e. the wavelength that matches the optical round trip between
successive reflections). The exact wavelength reflected by the Bragg grating is
called the Bragg wavelength and the characteristic Bragg grating equation

(2_1) given below gives its numerical value

AB= 2nA 21)

where AR is the Bragg wavelength, n is the refractive index and A is the
grating pitch. Ab is therefore directly proportional to the optical round trip path
length between successive reflections. When illuminated by a broad band

source the grating acts as a notch filter in transmission and as a
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complementary band pass filter in reflection, as shown in Figure 2 4 below.

(a) (b)

Figure 2_4: Bragg grating spectra in (a) transmission and

(b) reflection when illuminated by a broadband source.

The optical characteristics of the reflected portion of light (as shown in Figure
(b) above) has an almost Gaussian distribution of wavelengths and can have a
very narrow linewidth (of the order of 0. Inm is common). Consequently, the
reflections from individual gratings can be quite low power (=10’s of nW),
which means that they can be difficult to detect. However, the narrow
linewidth makes identifying any changes in the Bragg grating wavelength

easier.

From the grating equation (2 1) it is obvious that anything that changes the

optical round trip of the grating will change Ab- Bragg gratings are sensitive to
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changes in strain and to changes in temperature due to changes in the physical

dimensions of the fibre (thereby changing the period of the grating) or by
changes in the average refractive index of the fibre itself. The change in AB

for a temperature change AT or a change in length Al is given by a Taylor
expansion of Equation 2 1 (assuming small changes), which results in

Equation 2 2, [63], given below

The first term in the above equation gives the Bragg grating wavelength shift
due to a longitudinal strain, e, and can be rewritten as equation 2 3 given

below.

AAB= AB(1- Pe)e (2. 3)

The photoelastic coefficient, pe, is given by [63]

Pe 2.4

Where n is the core refractive index of the fibre, v is Poisson’s ratio (v=0.16)

and p2 and pn are components of the strain-optic tensor. For a typical fibre
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p 12=0.252, pii=0.113. Using these parameters, the expected sensitivity at

1550nmis 1.2pm/(ie.

The second term in Equation 2 2 represents the effect of changes in

temperature on Bragg wavelength and can be rewritten as
AXB=XB(a +"AT (2°5)

Where £ is the thermo-optic coefficient (a typical value would be -8.3x1 06/
°C for germania-doped silica-core fibre and would be similar for the fibre used

for this work) and is given by:

f-Y —I
' 15Ty @0

and a is the thermal expansion coefficient and is given by

;1 YOA> 27

and is approximately equal to 0.55x10"6 / °C for silica. It is clear that the
change in refractive index change is by far the more dominant effect. The

expected sensitivity at a ~1550nm is approximately 13.7pm / °C.
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2.1.3 Bragg grating operation

In essence, using a single Bragg grating as a sensor requires only a relatively
simple system. All that is required, in addition to the Bragg grating, is a
broadband source, a detector and a method for detecting changes in the

returned Bragg wavelength such as a spectrum analyser.

The grating is attached to the material that is to be measured. This can be
achieved by bonding the fibre in place onto the surface or, in particular for the
case of composite materials, the fibre can be placed within the material itself
during its construction. Whichever method is employed, any changes in the
strain or temperature of the material will change the centre wavelength of the
returned portion of light. This wavelength peak can be monitored and thus the
strain of the material can be detected from a knowledge of the parameters

involved.

In laboratory conditions, this type of situation must be tested in a repeatable
manner to determine the characteristics of the system. This was done in one of
two ways in this thesis. Either by attaching the fibre to the underside of a small
brass beam. The brass beam is supported at both ends and small weights are

placed on top produced a three point bend in the beam and strain in the fibre.
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The other method employed stretches the fibre by attaching it to two posts,

one of which can be moved with a micrometer to read the fibre elongation

directly.

The two main problems with a system of this nature are, firstly, the number of
sensors that are used (i.e. more is preferable) and, secondly, the cross-
sensitivity of the Bragg grating response to both strain and temperature.
Various methods of differentiating between strain and temperature have been
reported and are examined in detail in Section 2.4.4, whilst techniques for

multiplexing a number of gratings are examined in Section 2.3.

2.2 Demultiplexing techniques

As shown in the theory presented in the previous sections, Bragg gratings can
be used individually as sensors to monitor changes in the strain conditions of
the optic fibre. However, in any practical application, (e.g. such as in so-called
‘smart structures’) a number of points within the region of interest will need to
be monitored. Obviously, the more points that can be monitored
simultaneously, the better. Bragg gratings are situated within the optical fibre,
therefore if they are used singularly, a separate fibre must be used for each
grating. An example of this type of spatial demultiplexing is shown below in

Figure 2 5:
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Figure 2_5: An example of spatial demultiplexing.

This diagram is obviously incomplete since no detectors are shown which
would further complicate the system. It can be seen that this type of system
involves a large number of optical components, and couplers in particular.
This will make the final system more complex and expensive than a single
fibre ‘quasi-distributed’ network of sensors such as shown below in Figure

2 6.
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These quasi-distributed arrangements are much simpler to manufacture but do
present one important problem, i.e. differentiating between the reflected
signals from each Bragg grating. It is this problem that the demultiplexing

system attempts to solve successfully.

There have been a number of techniques reported to achieve this (reviewed in
a number of papers, e.g. A. D. Kersey [30]), however they break down, in
broad terms, into two distinct classes. The first class, wavelength division
multiplexing, WDM, uses differences between the sensors in the wavelength
domain to identify individual gratings. Secondly, time division multiplexing,
TDM, uses knowledge of the spatial construction of the sensor network, in
order to identify returning signals by the time taken for the source-grating-
detector round trip. These two methods are discussed in more detail in the

following sections.

2.2.1 WDM theoretical background

The basis of WDM is shown schematically below in Figure 2 7. To operate,
such a system relies on the fact that each Bragg grating can be fabricated with
a different characteristic Bragg wavelength, Ab- When the sensors are

illuminated with a broadband source, each reflected signal from each grating
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will be characterised by a different centre wavelength. In a WDM system, the

light source will normally be continuous, therefore, the resultant returned
signal from the gratings will be an uninterrupted set of narrowband spectral

components, one from each grating in the sensor system.

Broadband source spectra Transmission spectra

Figure 2_7: An example of a WDM system. The number of gratings

depends on the FWHM of the source used.

Before any measurand induced changes in Bragg wavelength can be detected
in a single grating, the signal must be separated from the other grating signals.
A wavelength filter (such as a Fabry-Perot interferometer, which is discussed
in Section 3.4.2) can be used to isolate these reflections and monitor the

individual changes in wavelength.
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2.2.2 TDM theoretical background

Figure 2 8 illustrates an example of the alternative grating arrangement, a
TDM system. The light source is pulsed to produce a short pulse, the duration
of which is determined by the spacing between the gratings. This input pulse
produces a pulse of reflected light from each of the Bragg gratings used in the
sensor array. There will be a time delay between the light source producing a
pulse and a pulse reflected from a grating being detected, which is dependent
solely on the length of fibre between light source and grating and therefore
will be different for each sensor in the network. This fact enables a time

domain based system to differentiate between gratings.

Light source pulse

Figure 2_8: An example of a TDM system operation. Reflected signals

are separated in time (Tg) due to the distance between gratings (I).
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The detection system for a TDM system has to include a method of timing the

delay between the laser pulse firing and the returning signals being detected,

as well as detecting changes in the wavelength of the gratings.

This system was chosen for development. The reason for a TDM based
system, over the apparently easier to implement WDM type, is its potential
sensitivity. This sensitivity will be outlined in later Sections of this thesis, but
the minimum detectable change of the Bragg wavelength when strained or
heated is limited in the WDM system due to the convolution of the Bragg
grating reflection spectra and the pass band of the filter used. In TDM
systems, no such limitation exists, but the grating spacing is governed by the
pulse duration available from the source and the speed at which the associated

electrical components can operate.
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2.3 Bragg grating computer simulation

To complete the background study of the operation of a Bragg grating a
computer simulation was designed. Its purpose was to model numerically the
behaviour of a single grating under continuous illumination. The model is
based on the propagation method demonstrated by H. H. Lin et al, [34], In
order to simplify the model sufficiently so that a numerical approach could be

taken, a number of assumptions were made.

The first assumption made was simply to create a 1-dimensional model, i.e.
forward and backward propagating light only. This is a reasonable assumption
since all the gratings used in this project were written in single mode fibre.
Such fibre will have some transverse effects but they will be small enough so

that a one-dimensional analysis is a reasonable assumption to make.

Secondly, it was assumed that no light is absorbed or scattered out of the fibre
at any point within the gratings. The length of an average grating is about lem
and since they are written into standard optical fibre, we can expect any loss

over this length to be extremely small.

Thirdly, it must be assumed that the gratings are perfectly fabricated, that is,

there were no unwanted variations in the strength of grating across the fibre or
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along its length. It was also assumed that the changes in refractive index at
exactly 90° to the main fibre axis. These are reasonable assumptions for

carefully produced gratings, such as those supplied to us for this research.

The basis of the computer model is to consider the gratings as a series of
homogeneous layers each having a slightly different refractive index relative
to its neighbours. The computer simulation then models the light propagation
from one layer to the next, computing the reflections at each boundary. This is

shown schematically below in Figure 2 9.

Layer Z(i) Z(i+1)
—————— w
4 N
vV__
Refractive Index n(i) n(i+1)

Figure 2_9: The computer models the grating as a series of layers.

The intensity of forward propagating light in light layer Z(i+1) is equal to the
light in layer Z(i) (where I is an integer), minus whatever portion of the light is

reflected back at the boundary, plus the reflected portion of the backward
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travelling wave from Z(i+1). The backward travelling wave in layer Z(i) is
equal to the backward travelling wave from Z(i+1), minus whatever portion is
reflected at the boundary, plus whatever portion of the forward traveling wave

from Z(i) is reflected back. This can expressed as:

Ef fi+ )=Ef @P@Pfi+ Y)rFO+EbG+ VPG + 2R+ 1)  (2.8)

For the forward travelling wave and

e b(0=e b i +1)pfi +)prB(i+) +ef @p)2r £ (0 (2.9)

for the backward traveling wave, where ERi) and ERi) are the amplitudes of

the forward and backward traveling waves in the ith layer respectively, P(i)

represents the change of phase a wave undergoes when traveling from the

center of layer ito the boundary and RF, Rb, Tf and TBare the reflection and

transmission coefficients for the forward and backward traveling waves.

If the width of a layer is Az then P(i) given by:

P(i)=exp(- jk w;(Az/2)) (2_10)

Where 1j is the refractive index of layer i and kvis the wavenumber.
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The values for the reflection and transmission coefficients are derived from
the Fresnel equations and the angular dependence of reflection is not involved.

Hence:

In-
2 11
ti;_i ft, 2 )
2 ..
it 2_12)
2 13
fi, +ﬁ7.|.1 (2_13)
2_14
fl, +n,

Where n,, is the refractive index of the ith layer

Figure 2 10 shows the system output in case of a plane wave propagating

through a medium with periodic refractive-index distribution. The length of

the medium is =50|im and An = 0.02. This was divided into 420 layers.

The refractive index structure was defined as:
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n(z)=n, +An(z)=n, +Sncos(2kz) (2_15)
It can be seen that despite the short length of the grating, there is a strong back
reflection, due to the high value of An. To validate the result of the numerical
model, an analytical solution for the case where /\b="source was available.

The analytical solution for this case (shown in Figure 2 1 1) is given by the

equations below [34]:

(2 16)

EB{z) = _c_(;éﬁ roglLJ sinh[a(L-z)]exp+fe (2_17)

Where L is the total length of the region and

The above analytical solution assumes that Ejn is the forward propagating
wave at the position z=0 and the backward propagating wave is equal to O at

the position z=L.
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Figure 2_10: Intensity distribution of the forward (bold line) and backward

propagating waves through a fibre (Numerical model).

Figure 2_11: Analytical solution, for the both the forward (bold line)

and the backward waves, of the case described above.

For both Figure 2 10 and 2 11, intensity is proportional to E .
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Only one space harmonic is retained in this analytical solution and this
accounts for the lack of ripples in the theoretical solution that appear on the
numerical solution. The ripples are due to higher order space harmonics of the
form exp[-j(2n)kz] where n is an integer. This periodic ripple is connected
with the distribution of energy stored between the peaks of the refractive index

periodic structure.

The two graphs (of the analytical and the numerical solution) are clearly
sufficiently similar, verifying the numerical technique and justifying its use
too predict the behaviour and performance of a Bragg grating operating over a

range of wavelengths.

By varying the wavelength of the input source considered in the above
analysis the graph shown below in Figure 2 12 was calculated showing the
spectral response of a grating to such a wavelength. The model assumes that
the refractive index perturbation is sinusoidal and has An=0.0001 and n=1.45
(typical values for real systems). The period of the grating was set at a value to
ensure that the Bragg reflection would occur at a value of 1550nm which is

wavelength range used for the sensors in this thesis.

The response shown in the graph is almost what is expected, that is only at

values of Xnear 1550nm is a strong reflection is shown.
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Figure 2_12: Computed graph of wavelength versus intensity,
for a grating length of 250pm.

The resultant grating bandwidth is considerably wider than would be expected
from a Bragg grating, and this is due to the limitations placed upon the model
in terms of length of the region of the refractive index change. The model
consisted of over 2000 layers, nearly the limit that could be handled by the
computer simulation available at the time the model was written, but this only
gave a total grating length of 250pm. A longer region would give a more
narrow bandwidth and a larger reflected signal. This effect can be seen more
clearly in the second graph. Figure 2 13, which shows the same grating
response but with a grating length of only 100pm, and a resultant greater
bandwidth, illustrating the expected trend of narrower bandwidth with grating

length increasing.
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By increasing the complexity of the model used, the maximum length that
could be simulated could be extended, but this would present other problems.
This method of modelling the Bragg grating as a series of layers is valid for
modelling unusual structures and does demonstrate a process by which the
strong back reflections from a Bragg grating are formed. However, modelling
the behaviour of a Bragg grating with its associated uniform refractive index
perturbation can be achieved with alternative techniques, as shown in the
analytical solution for the case where A=XB above. A second computer model
was written, based on the coupling mode equations formulated by Lamb and
Garside [31]. This model was used to predict the problems of using two
gratings in series that have the same Bragg wavelength and it is discussed in

more detail Section 5.1.1.

Figure 2_13: Computed graph of wavelength versus intensity,

for gratings length of 155pm.

39



Chapter 2: Background material

2.4 Bragg grating literature reuiew

In addition to their increasing utilization in telecommunications, optical fibers are
also finding many applications in the field of optical sensing. This has been made
more apparent by the recent discovery of the ability to change the refractive index
of the core of a standard optic fibre by exposure to UV light. This change in
refractive index makes possible a number of structures including wavelength

filters such as the Bragg gratings.

Bragg gratings have attracted considerable research interest over recent years,
partly due to the nature of optical fibre themselves (i.e. small size, immunity to
electromagnetic interference etc.) but mostly because of its ability to act as a
wavelength filter. The wavelength that is reflected, as shown earlier, is dependent
on the characteristic parameters of the specific device fabricated (such as the
period of the gratings and the strength of the refractive index change) and the
prevailing conditions (in terms of strain and temperature) of the fibre in question.
This fact has meant that a significant portion of the research interest involving
Bragg gratings has been directed toward utilizing these devices as sensors for

either of these measurands.
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In this Section, part of the history of Bragg gratings, including some of these
approaches, is reviewed. Two relevant review papers have been published
recently (references: [30][43]) and as such are used a sources for some of the

following material.

2.4.1 Fabrication

The first permanent grating produced by the action of UV light upon the
photosensitive core of a germanosilica fibre was reported by [20]. It was produced
by launching the light from an argon ion laser (488nm) directly into the fiber. The
4% reflection from the cleaved end of the fiber set-up a standing wave within the
fiber and, after being left for some time, this caused a permanent perturbation of
the refractive index of the core of the fibre. The strength of this grating was not
particularly strong (ICI6) and resulted in a reflection filter at the writing
wavelength. This style of grating was known as a self-organized grating since

they formed without human intervention.

This photosensitivity of fibers remained a little used area of interest for some time
after this initial discovery for a number of reasons. Firstly, it was thought only to
apply to the particular type of fibre used in the experiment and not too most

standard fibre types (this was proved not to be the case by Stone[51] who
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demonstrated photosensitivity in a range of germanium doped fibers). Secondly,
the method used to fabricate these gratings was inconvenient and finally it only
produced gratings with a resonance wavelength in the range of the light source
used (i.e. the same as the illuminating UV laser) and not the infrared region used

as standard by the telecommunications industry.

Further problems associated with these self-organized gratings are that, due to the
small depth of modulation produced, the gratings have to be longer in order to
reflect enough power to be detectable. This is obviously unsuitable for localized
sensing applications. Also, and perhaps more importantly, because the gratings
are written at the same wavelength at which they are used, the gratings evolve

with time and their characteristics of operation can change.

However, research interest was increased by a demonstration of a side writing
technique by Meltz et al (1989) using an interferometric approach. It operated by
splitting the incoming beam into two parts (by amplitude) that were then
recombined to produce an interference pattern. The fibre was placed within this
fringe pattern and the intensity modulation induced a change in refractive index
within the core of the fiber with the same period as the fringe pattern. The period

of the gratings produced by this method is given by
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X
2sin 9

(219
where Aw, is the UV wavelength and o is the half-angle between the intersection
of the UV beams. Applying this to the standard Bragg grating formula (2 1), the

following results

) (2_20)
sin @

From the above equation it can be seen that ABcan be selected by varying  or o
Xy is limited to the range of wavelength over which the fibre exhibits
photosensitive behaviour. However, there are no restrictions on the value of qm
Therefore, the interferometric method of fabricating gratings allows any value of

to be created by varying q

The main disadvantage of this method is that it is sensitive to vibration, and thus
small displacements in the position of the mirrors during fabrication can have
large effects on the resulting gratings. Using a slightly different approach can
solve this, splitting the light by wavefront, rather than amplitude: for instance

using a Lloyds interferometer[33] will produce an interference pattern which will
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produce gratings in the same way without the same level of vibration sensitivity.
The drawback of this type of method is that the length of the grating is limited to

the half the width of the UV beam.

This interferometric method of gratings production was improved by J. L.
Archambault et alf 1] who demonstrated Bragg gratings production written by a
single excimer laser pulse with a duration of 20ns. The resultant gratings had a
FWHM bandwidths of 1.Onm with reflectivities of 65% at 1550nm, and by
increasing the length of these gratings, bandwidths of 0.05nm were produced with
reflectivities of up to 10%. The same group reported the production of 100%
reflectivity Bragg reflectors[2] by increasing the power of the writing laser. These
gratings structures are formed by a mechanism in which the core of the fibre fuses
producing very large changes in the refractive index of the fibre, of the order

-0.006.

Single pulse production of sufficient power density makes Bragg grating writing
possible during optic-fibre drawing[16] . This makes online mass-production of
Bragg gratings possible, an important feature for reducing the costs of a final
system and has the advantage that it be done before any polymer coating is
applied to the fibre which has to be removed for grating production using other

methods (Although a method of producing gratings through the polymer jackets
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using near-UV light has been developed [50].

Fabrication techniques have been improved to the extent that Bragg gratings are
now available commercially. Bragg Photonics Inc., for example, sell gratings at
1550 or 1300nm, with a tolerance of O.lnm, FWHM = 0.25nm +0.1 nm, and

reflectivity = 95%, +5%.

2.4.2 Wavelength demodulation

It is often the case that the wavelength demodulation component of a complete
system is the main deciding factor in achieving the optimum system performance
in terms of measurand resolution. It is therefore unsurprising that several
techniques for successfully detecting changes in  for a particular sensor have

been reported.

One of the earliest Bragg grating specific techniques reported was a ratiometric
approach by S. M. Melle et al (1992) which was based on the use of broadband
filters. Any change in A is detected by comparing the reflected signal transmitted
through a filter to that passed through a reference path. This technique offers a

limited resolution due to problems associated with the alignment and stability of
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the bulk optic filters. An improvement is gained by using a fiber device with a
wavelength dependant operation, methods using a WDM coupler have been

reported [12][62] and strain resolutions of ~ +5|I£ were demonstrated.

One of the most popular forms of Bragg grating interrogation is based on the use
of a tunable passband filter to track the Bragg signal. A variety of different types
of filters have been reported including accousto-optic filters [17][60] and fiber-

grating filters [13][21].

The most common form of filter used for this application, however, is based on
the use of a Fabry-Perot, FP, interferometer. In essence, the FP acts as a
wavelength filter passing only a narrowband of wavelengths depending on the
spacing between the two reflecting surfaces in the device. Moving one of the
mirrors with a piezo-electric transducer, PZT, enables the filter to scan over a
range of wavelengths and the transmitted signal will be a maximum when the
passband of the filter matches the XBof a grating. Typical characteristics for a FP
filter are a free spectral range, FSR, of ~50nm and a bandwidth of ~0.3nm. If the
FSR of 50nm is generated via a 16 bit digital-to-analogue conversion produces a

theoretical minimum strain resolution of ~0.8ustrain.

The use of a FP filter as part of a WDM system has been expanded with the
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inclusion of a pair of optical switches (M. A. Davis et al, 1996). The computer
controlled switches were used to change between arrays of sensors along different
fibre lengths. This combination of spatial and wavelength demultiplexing allowed
the FP filter to address 5 sensor arrays each with 12 grating elements for a total of
60 gratings with a single ELED source and detection system. By averaging the
results from each sensor 50 times over a 2.5 second period, a resolution of ~+lpe

was achieved.

Another approach to wavelength discrimination is the use of a fixed bulk optic
device that disperses light according to wavelength (e.g. a prism or a diffraction
grating). C. G. Askins et al/3] reported the use of such a system for use of
monitoring the fabrication of gratings during fiber production on a drawing tower.
The signal light was dispersed using a diffraction grating into a linear pattern and
the result was detected using a linear charge coupled device, CCD. Any changes
in wavelength of the signal pattern will be detected as a change in the intensity
pattern on the CCD. Gratings spaced by Inm were resolved using this method
and, after some signal processing to determine the center of the wavelength peak,
strain resolutions less than 1|if were demonstrated. The mam advantage of this
type of CCD spectrometer over the FP filter is in terms of power. With the CCD
the whole the spectra reflected by a grating can be collected, where as the FP filter

collects just a small portion of it. The CCD is therefore better when signal
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magnitudes are low.

Fourier transform spectroscopy, FTS, is another form of wavelength
demodulation. In this case, the signal light is used as the input source of an
interferometer in which one arm can be scanned to change the relative OPD. FTS
is an efficient technique for the analysis of signals which contain multiple spectral

components and therefore is well suited to Bragg grating applications

An example of an FTS system for Bragg grating applications has been reported
[14]. The system utilized an all-fiber Michelson configuration with arms 100m in
length, one of which was wound around a fiber stretcher producing an OPD of
~30cm. Polarization fading, often a problem with large OPD fiber Michelson
interferometers, was avoided by using reflector elements based on Faraday-rotator

mirrors. Wavelength resolutions of the order of 0.015nm were reported.

The use of interferometers to detect changes in "B by transposing the change in
wavelength into a change of phase of the resulting fringe pattern, has been
described by a number of groups (e.g. [26]). The operation of this type of
arrangement is described in more detail in a later Section. The theory is based on
the fact that the phase of the fringe output from an unbalanced interferometer is

dependent upon both the OPD within the interferometer and the wavelength of the
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light used. Therefore, ifthe OPD is scanned with a suitable sawtooth waveform to
produce a single sine wave, then any changes of the phase of the sine wave

relative to the sawtooth must be due to a change of

The phase sensitive interferometric technique is very sensitive to dynamic strains:
however, when used for long periods of time, problems can occur due to the
drifting in the interferometer. A second problem can be caused by the use of a
lock-in amplifier as part of the detection system in an interferometric scheme. The
lock-in signal generates a reference signal based on the OPD ramping signal
applied to the interferometer and a carrier signal is generated from the
interferometer with the use of a bandpass filter. When the amplitude of the
ramping signal is set to a level equivalent to the Bragg wavelength, accurate
measurement can be obtained. However, the Bragg wavelength will change due to
measurand variations and this can cause errors as large as 5% of the total

measurement range in single-phase lock-in amplifiers [47],

The inclusion of a second wavelength to act as a reference can improve stability
[28] and such a technique has been applied to temperature measurement to permit
differential temperature measurement [27], This was improved upon by S. L. Tsao
et al [52] who used two gratings with different thermal coefficients to obtain a

resolution of 0.01°C with a system immune to frequency drifting in the light
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source.

A stabilized interferometric detection system using reference source has been
reported [41] designed to make the detection system immune to environmental

disturbances such as temperature fluctuations and mechanical vibrations.

2.4.3 Multiplexing techniques

If the wavelength demodulation system is the main factor in determining the
strain resolution possible then the multiplexing scheme used can determine the
other limiting factors of the final system, e.g. the spatial resolution possible and

the number of gratings addressed.

As discussed in earlier Sections, the majority of approaches to multiplexing a

number of sensors in series are either wavelength-domain or time-domain based.

Weis et al [58] demonstrated a four-element TDM system using gratings in the
1300nm range; this system used a Mach-Zender interferometer to perform the
wavelength shift detection and achieved a resolution of 2ne/VHz for frequencies

greater than 10Hz. The authors expressed the view that for quasi-static variation.
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thermal variations would limit resolution.

WDM systems are now becoming available commercially. Micron optics, for
example, produces a system capable of multiplexing a maximum of 3 1 gratings.
The specifications state an expected accuracy of +4pe or £0.5°C for strain and
temperature respectively [40], However, no method is given to differentiate

between the two measurands.

A combination of the two approaches can potentially increase the number of
sensors addressable in series. The network is arranged with several wavelength-
stepped arrays of sensors in series. The arrays are identified in the time-domain
and the individual sensors within the array in question are identified in the
wavelength-domain. This technique increases the number of sensors usable by
reusing spectrum of the light source used. However, it does have some problems
(ie. ‘spectral overshadowing’ and ‘multiple-reflections’ both of which are
discussed in later Sections). This method has been demonstrated [5] using a 3x3

array of gratings, however only the last grating out of the nine was strained.

Several of the wavelength demodulation schemes discussed in the previous

Section, have been successfully employed in a multiplex arrangement. The

interferometric detection system in particular has been demonstrated in both
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WDM and TDM arrangements. In the case of TDM addressing, a single pulsed
source was used to illuminate eight Bragg gratings and wavelength demodulation
was achieved with single interferometer [4]. For the WDM arrangement,
wavelength filters have been used, to separate the returning signals from the array
of grating sensors into individual output channels, after the interferometer. The
signal on each output channel is of the interferometric type described above. The
system was demonstrated with 4 gratings, spaced 7nm apart, and an

interferometer OPD of 0.5c¢m [6],

Commercial OTDR systems are used for detected the position of faults in optic
fibre cables, and typical example (produced by Ando Electric) uses 20ns pulses in

1550nm single-mode fibre. The spatial resolution is Sm.

2.4.4 Temperature / strain discrimination

Potentially the single biggest limitation of using in-fiber Bragg gratings in sensing
applications is that they are sensitive to changes in both the strain and temperature
conditions of the fiber. This dual behavior can create problem for sensor systems
designed to monitor a single measurand, since any changes in the parameter not

required (the non-measurand will produce anomalous readings.
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For a practical strain sensing system, a second problem associated with changes in
temperature is known as thermal-apparent strain. In structural monitoring
situations (rather than free fibre applications) the fibre will be attached to a

substrate that may have a co-efficient of thermal expansion, asth, much greater

than that of the fiber, (Xb.

Optic fibre Bragg grating
bonded to substrate
1 11111111 ii 1111 _ w\>

aw = = alBiltei

W.
Substrate

Expansion from
temperature rise.

Figure 2_14: lllustration of the thermal strain effect.

A change in temperature, AT, will produce a corresponding thermal expansion of

the substrate and the fibre will be strained by this expansion. Therefore:

a fib"T+ efb=a sbAT + £sb (2_21)

where efib and esb are the strain of the fiber and substrate respectively. It can be
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seen that if the coefficient of expansion and the temperature of the substrate is
known then the thermal-apparent strain can be subtracted from the measured
value. However, this still presents the problem that both the strain and

temperature needs to be measured.

Perhaps the easiest solution to this problem of cross-sensitivity is to use reference
gratings in the same vicinity as the sensing array. These reference gratings would
be in thermal contact with the substrate but would not respond to local changes in
strain. This method is effective, but an ideal solution would use a single fibre to
make strain and temperature readings and not require that sections of the fibre are

1solated from the local strain effects.

A large number of techniques that attempt to solve this problem have been

reported. These are discussed below:

Two Bragg gratings with different values of can be collocated without
seriously degrading the performance of either sensor. As was shown earlier, the
response of the gratings to changes in strain and temperature is wavelength
dependent (due to the wavelength dependence of the photo-elastic effect and the
thermo-optic effect). If the ratio of the responses of the two gratings to strain, K"i.

K& are different from the ratio of responses to temperature, KT|, KT2 then the
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following matrix equation can be solved.

(AKA  Kd Kn YeX

(2_22)
vKe xmi T

J

Where AAi and 4Kz are the changes in center wavelength of the sensing elements

and caused by the change in either strain, £, or temperature, T. The ratios of the
two sets of coefficients are important because the determinant of the matrix must

be non-zero for the equation to be solvable.

Collocating Bragg gratings has been shown to be effective for as many as 7
gratings [43], Although some loss of quality in the earlier gratings is apparent due
to the repeated exposure of the fibre to different intensity patterns of the UV light
in order to create subsequent gratings, they are still usable as sensing elements,

particularly in case where only two gratings are superimposed.

Xu et al. [61] demonstrated, using a pair of collocated gratings centered at 850nm
and 1330nm, that the matrix strain coefficients were 6.5% higher and the
temperature coefficients were 9.8% lower at 1300nm compared to 850nm. This
gives the potential to use collocated gratings at these two wavelengths to

simultaneously measure strain and temperature of the optic fiber with resolutions
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estimated at ~£5°C and ~t10pe. The main drawback of the system demonstrated
is that it requires a separate light source and detector for each of the two gratings,
these are placed at either end of the fiber. This arrangement would prove difficult
to multiplex several of these sensing elements, although different arrangements

may be possible.

Another method of using two Bragg gratings in order to discriminate between
strain and temperature can be achieved by placing them either side of a splice
between differing types of fiber. By splicing together two fibres of differing
diameters (135pm and 165pm) [49] with a grating either side of the splice, a
temperature-insensitive strain resolution of ~2.6pe was demonstrated. This
temperature insensitivity is because the two gratings respond in the same way to
changes in temperature but, due to the difference in fibre diameters and hence
different cross-sectional areas, have very different responses to strain. Hence, any
change in the relative wavelength difference is due only to changes in strain. The
system used an unbalanced Mach-Zender interferometer as a wavelength shift
detection scheme. A similar system, but without the interferometric detection
scheme, was reported by S. W. James et al [22], Obviously, this method of
splicing together a pair of differing fibers is less than ideal for a practical system

where a large number of sensing elements would be required.
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Several other systems using two sensing elements, but only one of which is a
Bragg grating, have been reported. Systems using other types of fiber gratings in
combination with Bragg gratings have been reported. Kanellopoulos et al [23]
reported simultaneous strain and temperature measurement using a Bragg grating
and a polarization-rocking filter in the 800nm range. The system uses the different
responses to strain and temperature of the two sensors to operate. If XRis the
resonance wavelength of the rocking filter then the following characteristics were
obtained (for the case of XR=798.Inm and /B=837.3nm which were the values

used),

£ = 1650AXB+ 59.5AXR (2 23)

AT = -14Xb -5.41 AXr (2_24)

The above coefficients are different enough so that the resulting matrix (of the

form given in Equation 2_2) will have a non-zero determinant. Therefore, values

of strain and temperature can be determined from the above equations and a

resolution of +165/HE and +1.5°C was achieved.

Perhaps the most elegant solution to this problem of cross-sensitivity was reported

by [37], A set of three Bragg gratings in series, are arranged in a plane triangle to
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form a rosette capable of measuring strain in any direction. If the temperature
gradient across the rosette is negligible then all the gratings are at the same
temperature. Therefore any temperature change will produce the same thermal-
apparent strain in all directions and it can be shown that the temperature effects
therefore cancel out. A resolution of £5.5pe for a strain of 1000pe and 0.14K/pm

for temperature was achieved.

Another type of fiber grating, the long-pitch (or long period) grating, has attracted

considerable interest and is discussed in the next Section.

2.4.4.1 Long period (long-pitch) gratings (LPG)

Like Bragg gratings, long period or pitch gratings, LPG, are in-fibre multiple
reflection structures that are produced by exposure to UV light causing a periodic
change in refractive index. The difference, as the name suggests, is in the pitch of
the periodic modulation. The LPG has a pitch that is longer than the coherence
length of the light used (typically, grating periods of over 300|im are used and are
1-3cm in length). The LPG operates by coupling light out of the core and into the

cladding at specific wavelengths, A, given by the following equation

58



Chapter 2: Background material

A-i=[noi-n £dK (2_25)

Where noi is the effective refractive index of the core mode, n;dis the effective

index of the ith axially-symmetric cladding mode and A is the period of the
refractive index variation. The light coupled into the cladding quickly decays and
is lost, and therefore the LPG acts, in transmission, as an optical band-reject filter

[57],

The LPG is of interest, for sensing applications, due to the linear dependence on
the value of A of the value of A. In a similar manner to Bragg gratings, any
change in strain or temperature can cause large changes in the center wavelength
of the rejection band. Also, due to the fact that the power is coupled into cladding
modes, the external refractive index and the ratio of the core and cladding

refractive indices can also effect the gratings response to external changes.

As a result, different LPG can have very different properties. Reported
temperature responses range from -0.20nm/°C up to 0.15nm/°C [7], and strain
responses from -0.0007 to 0.0015nnv|Lte. The responses are wavelength
dependent, offering the potential to simultaneously evaluate the two measurands

by a dual wavelength operation of a single sensor.

59



Chapter 2: Background material

However, this single sensor approach will only work provided that the ratio of the
responses to strain are different to the responses for temperature (to ensure non-
zero determinant for the final matrix as mentioned above). Such systems have
been reported [8] the wavelength used were 1248nm and 1634nm and the
responses were: 0.00097nm/|if, 0.074nm/°C and -0.0039nm/(t£ and -0.03nm/°C
respectively. It can be shown that given ideal conditions these values could offer
resolutions of £31I£ and +1.5°C. Of course in a real application, noise would be
present and the accuracy would be reduced, but the theoretical case illustrates the

potential of such a system.

The use of a long-period grating combined with two Bragg gratings in the
1300nm-wavelength range, to form a hybrid dual parameter sensor system, has
been demonstrated [63], The response of the LPG to changes in temperature was
shown to be seven times greater than that of the Bragg gratings whilst the
response to strain was 50% less. In this arrangement the long pitch grating acts as
a wavelength dependent filter, the reflected signals from the Bragg gratings pass
through the LPG and thus their intensities are reduced according to the response
of the LPG at that wavelength. If a change in strain or temperature is applied, the
responses of all the gratings change. By monitoring the change in intensity of the

two Bragg gratings, the values of temperature and strain can be calculated. This

60



Chapter 2: Background material

system needs to be calibrated with known temperatures and strains over a specific
range in order to gauge the response of the LPG/Bragg grating hybrid sensor.
Once done, the resolution was reported as £9|ie over the calibrated range of 290

to 1270p.e; and, £1.5°C over the range 25-50°C.

The final possibility offered by LPG is the construction of a fiber grating that acts
as a temperature-independent strain-sensor. This could be achieved by fabricating
the grating in a fiber in which the core and cladding refractive indices have been
modified to balance the temperature responses. This has yet to be achieved but
boron-doping of the core of the fiber [48] has met with partial success with a

temperature response of 0.005nm°/C.

2.5 Summary

This Chapter has presented in detail the fabrication and mode of operation of a
Bragg grating. The refractive index modulations that form the grating structure
can be generated via a holographic technique to give a wide range of behavioral
parameters including the Bragg wavelength. In addition, the holographic

technique lends itself well to effective mass production.
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Simple strain-measurement arrangements using a Bragg grating have been
discussed and the essential elements of a full system have been identified. In
addition to the grating sensors themselves, these are: a suitable light source and
detector, a system for demultiplexing the signals from a series of gratings and a
scheme for detecting any changes in the Bragg wavelength of any one of these

sensing elements.

Wavelength demodulation is the subject of the next Chapter, and a novel
wavelength shift detection scheme using a Wollaston prism is presented.
However, due a number of reasons, this scheme was unsuitable for inclusion in
the final system, so a range of alternatives are analysed and the final choice, the

Michelson interferometer, is presented.
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Wavelength

demodulation

3.1 Introduction to Wollaston prism investigation

Resolving the wavelength encoded back reflections from the Bragg gratings as
part of a sensor system is a vital part of any practical device. In this Chapter,
the possibility of using a Wollaston prism interferometer in a wavelength
demodulation system is investigated. In the following two sections, the
Wollaston prism is described and the basic system required for an
interferometer based on its action is analysed. Section 3.2 describes a
wavelength demodulation system based on a Wollaston prism capable of a
wavelength resolution of the order of 0. Inm. This design was altered slightly
and shown capable of displacement measurements and this is described in

Section 3.3. However, it was decided that although meeting many of the
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criteria needed for a successful system it was not an ideal choice due in part to
the power considerations necessary, discussed herein, so alternative systems
are discussed and the final choice of wavelength demodulation system is

analysed in section 3.4.

3.1.1 The Wollaston prism

The Wollaston prism is named after the British chemist and physicist, William
Wollaston (1766-1828) who, aside from making a personal fortune from
malleable platinum and discovering the elements palladium and rhodium, also
contributed to the field of optics by inventing a number of devices. A
Wollaston prism itself is made from two wedges of birefringent materials,
typically calcite (CaC03) or quartz (Si02), cut and glued together in such a

manner that the optic axes of the wedges are perpendicular to each other

As an incident beam enters the first wedge of the prism, the light is split into
two rays, an ordinary and an extraordinary ray. These rays travel at different
speeds inside the birefringent material. Upon entering the second wedge, due
to the perpendicular cut of the optic axes, the situation reverses, that is, the
extraordinary ray becomes the ordinary ray and similarly for the second ray.

This causes a divergence between the two beams and the beams split.
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The net result of this action is that from a single input beam, two orthogonally
polarized beams are outputted from the prism. This is shown in Figure 3 1
below.

Wollaston prism

Figure 3_1: Action of a light beam passing through a Wollaston
prism, where x Is the transverse position of the incident ray and a is

the angle between the two emerging rays.

From Figure 3 1, it can be seen that the optical distance a beam travels
through the different wedges of birefringent material within the Wollaston
prism is dependent on the transverse position of the incident ray across the
face of the prism, x. Due to differing cut of the two wedges (with respect to

the optic axes), an optical path difference is generated between the two
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emergent rays which is proportional to x. This relationship takes the form

shown in Equation 3 | [36],

Aw = ax 3.1

where Aw is the optical path difference between the two emerging rays and a
is the angle between them. It can be seen from the above figure that the value
of a is itself dependant on the value of the internal angle of the Wollaston
prism, o, and the refractive index of the material from which the prism is

constructed. Therefore, Equation 3 1 can be written more accurately in these

terms as shown in Equation 3 2 below:

Aw = 2x[ne(”")-no(")]tan(9) 3.2

where X is the wavelength of the incident light beam and no(A) and ne(A) are
the ordinary and extraordinary refractive indices respectively, which vary
slightly for different values of X Typical values for ne and no are shown below

in Table 3 1:
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Crystal no ne

Calcite (CaC02) 1.658 1.486
Quartz (Si02) 1.544 1.553
Soduim Nitrate (NaNO?) 1.587 1.336
Zinc Chloride (ZnCl2) 1.687 1.713

Table 3_1: Refractive indices for a range of birefringent crystals at a

wavelength of 589.3nm. From Serway (1986).

So, in summary, a Wollaston prism is essentially a polarizing beamsplitter
because it passes both orthogonally polarized components. Input light is split
into two beams of light with angle a between them and an OPD proportional

to the position across the face of the prism.

3.1.2 Using the Wollaston prism in an interferometer

A Wollaston prism can be used as the basis for a polarization interferometer
due to the optical path difference produced in the prism. The arrangement for

such a system is shown in Figure 3 2 below:
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Wollaston Lens Linear
prism. system CCD

Figure 3_2: Typical arrangement for a Wollaston Interferometer

Since the optical path difference produced in the Wollaston prism is dependent
on the transverse position of the incident beam across the face of the prism,
the fringes produced are spatial in nature and hence a charge coupled device
(CCD) can be used to electronically scan the linear fringe pattern produced by

the interferometer.

In the arrangement shown above, two polarizers set at 45 degrees (with respect
to the Wollaston prism optical axes) are used. The first ensures that the light
entering the Wollaston prism contains equal amplitudes of each of the
polarization components. The second polarizer acts as an analyser, allowing
only a fraction of the orthogonally polarized components through so that the

beams at the CCD are polarized in the same direction and hence will interfere.

The other optical component that is often required that is not shown, is a
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system for expanding the beam. It is desirable for a large portion of the prisms
width to be illuminated at once to ensure that the CCD will scan a range of

OPD simultaneously.

The fringe pattern produced has an envelope of the normal “bell shaped”
(almost Gaussian) curve with a maximum fringe visibility at the centre of the
Wollaston prism, becoming less away from the centre as the optical path
difference increases. No fringes are visible away from the centre of the
interference pattern where the optical path difference is greater than the
coherence length of the light source used. It can be seen, from Equation 3 2,
that the exact shape the fringe pattern forms is dependent on the wavelength of
the light source used, and therefore any change in the wavelength will produce
a corresponding change in the fringe pattern, albeit rather small. It is this small
change that enables a Wollaston prism interferometer to decode wavelength-

encoded signals.

In the experiments carried out this in research using this kind of experimental
arrangement, the output from the CCD was read into a computer via a digital
storage adapter, DSA, which converts the analogue signal from the CCD into
an eight-bit digital signal. Once in the computer, signal processing (e.g. in the
form of a Fourier transformation analysis to recover frequency data) can be

used to calculate the frequency of the fringes.
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This type of system has a number of advantages over other interferometers
(e.g. a Michelson or a Mach-Zender) in that the lack of any mechanical
movement greatly reduces the sensitivity to vibration noise. In the context of
research of this thesis, its biggest disadvantage is that it is a bulk optic device
and as such is not readily suitable for inclusion in a fiber-optic based system.
However, for the application as a method detecting changes in wavelength of
fiber optic based sensors, this would not present a great problem since the
fiber would only provide the input light source and would not be integral to

the detection system.

As the above analysis demonstrates, the Wollaston prism interferometer can
be used as a simple spectrometer. The input source is made to interfere with
itself generating an interference pattern in the usual way. The frequency of the
fringes produced will depend on the characteristic parameter of the Wollaston
and the wavelength of the light used. Hence if the wavelength of the light were
to change then the frequency of the fringes would change. The resolution
reported for such a device is about ~3.92nm over a range of 500nm
(Manufacture’s data, 1995). This level of accuracy is not sufficient for the
application in mind using the Bragg grating system. However, the addition of
a second wavelength greatly improves the quality of the system by producing
a combined interference pattern that responds to changes in wavelength of the
signal source with much greater sensitivity. This is discussed in more detail in

Section 3.2.
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3.2 Wavelength change determination using a
Wollaston prism interferometer

Reflected light from a Bragg grating contains measurand information that is
wavelength encoded, requiring an effective system for detecting any change in
wavelength. In this Section, an examination of the suitability and sensitivity of

a Wollaston prism interferometer for this purpose is presented.

Due to reasons that will be highlighted later in this chapter, the Wollaston
prism configuration was not used in the final system. Section 3.4 will discuss

the system that was used and why it was better suited to the application in

question.

3.2.1 Introduction

Fourier-transform spectrometers with an electronic scanning system via a
linear CCD have been previously reported. The lack of any moving parts
enables the device to be vibration insensitive and compact configurations are
possible since no mechanical scanning is necessary. However, in many of
these systems, the width and number of the pixels in the CCD fix the
resolution. Consequently, small changes in the signal wavelength cannot be

detected.
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The inclusion of a second light source of a known wavelength to act as a
reference enables a far higher accuracy to be achieved. In this scheme, the
signal and reference light sources are analysed with a Wollaston
interferometer, the output of which becomes the superposition of the two sets

of interference patterns produced by the two different wavelengths.

The two superimposed interference patterns form a beat pattern that is
characterised by a modulated wavelength, Am and a combined wavelength, Aa.
The modulated wavelength is defined as the period of the envelope of the beat
pattern and the combined wavelength is defined as the period of the fringes
within the beat pattern and is equal to the average fringe width of the two

fringe patterns.

Figure 3_3: An example beatpattern. The fringe width (Aa) is 0.05 and

the modulation (km) is 0.4.

Any change in the wavelength of signal source will produce a relatively large

change in the modulated wavelength. Hence, with the use of suitable filtering
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techniques, much smaller changes can be detected than would otherwise be

possible.

3.2.2 Theoretical background

The experimental arrangement used in this work is shown schematically below
in Figure 3 4, and consists of a Wollaston prism interferometer used in a dual-
source configuration. The first source acts as a reference and operates at a
known wavelength, while the second source is the signal from which any

changes in wavelength, X2 are to be detected.

Signal source Wollaston CCD
prism

i)
Reference source Beam splitter 4 1

Figure 3_4: Arrangement for dual source wavelength-decoding using

Wollaston prism interferometer.

Both beams are linearly polarized at a direction of 45° with respect to the
Wollaston prism optic axis and they are each then divided, by this prism, into
two separate beams with orthogonal polarizations. These components are then

recombined to form an interference pattern, which is then imaged onto a CCD
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via suitable lenses, and a polarizer again set at 45° with respect to the optic
axis of the prism. The second polarizer is used to ensure that the two

components have the same polarization to optimise fringe visibility.

The fringe pattern produced on the CCD by this arrangement is a combination

of the fringe patterns produced by each individual light source. The effective

optical path difference between the two components of each wavelength,

Awi(x) and Aw2(x) respectively are

Aw, (x) = 2x[ne(A,,,)-no(Al)] tan(9)

where x is the transverse distance from the centre of the prism across, ne(A)
and no(A) are the ordinary and extraordinary refractive indices of the prism at

wavelength X'and 9 is the internal angle of the prism used.

Therefore, the intensity formed at the CCD is given by Equation 3 4 below:
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\2 \
" 2rtAW , (x ) a
10i00 2 + exp 4(ne )'-no(X ))tan(9)Aw,(x) oS W, (x)
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where 10i and /(2 are the spatial intensity distributions produced by the signal

beam and reference beam. If it is assumed that these are the same, i.e.

Iq(X) 0(X) "RX) (3.5)
and the coherence lengths are approximately the same, i.e.
ACl ~Ca (3_6)

then Equation (3_4) becomes

\%
X,)- n, Yt MTx N MIXX
I(x) =-T1o(x) 4+expl - sx(ne(X,)- 0, (&)Y tan~(s) Ccos Ccos 1

L, vy oY)

(3.7

Where ?imis the modulated wavelength and Aa is the combined wavelength
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and are given by:

(3_9)
{fre (| )- no(*1 )2 ]- tne(*2 )- no(*2 ) | J}tan(o)

X X[X2 (3.9)
an(\ )Nn oOw)K]+ [ne(”2 ) 1Mo(*2 X Htan (0)

From the above Equations, it can be seen that any changes in the wavelength
of either of the two sources will produce a large change (relative to the
wavelength of either source) in the pattern produced by the system. An
example of the magnitude of the change tat can be achieved is shown in Figure
3 5. With one source acting as a reference, the wavelength of which was
assumed not too change throughout the course of experiments, any change in
the pattern will therefore be due to the signal source. So, in operation, by
measuring the modulated wavelength of the final pattern any changes in the

signal wavelength can be detected.

The accuracy and range of any changes in the wavelength of the signal source
which can be measured depends on a number of factors, but the main
conditions are the resolution of the CCD and the difference between the

wavelengths of the two sources.
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3.2.2.1 Computer-based simulation

A computer-based simulation of the system used in the experiments outlined
below was written to validate the results obtained experimentally. The
simulation was based on the equations given in the theoretical discussion

above.

The variation of the modulated wavelength as a function of the signal
wavelength change can be obtained from the computer simulation using
reference and signal wavelength of 671 and 785nm respectively. The result is

shown in the graph below.

Signal wavelength (nm)

Figure 3_5: Variation of the modulated wavelength of the combined

interference pattern as a function of signal wavelength change.
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These results, shown in Figure 3 5, indicate that the average variation of the
modulated wavelength is about 104 times larger than that of the signal
wavelength. Hence, by measuring the change of modulated wavelength a very
small corresponding change in the signal wavelength can be determined. For
example, a total change of > pm in XMrepresents a signal wavelength variation
of 0.0lnm (for wavelength around 825nm) or 0.lnm around 870nm.
Obviously, the measurable range of the system is limited due to the size of
CCD, whilst the resolution is limited by the size of the individual CCD

elements.

3.2.3 Experimental method

For the experiment a Wollaston prism with an internal angle of 0.5 degrees
was used (which has a width of ~lcm). The CCD (manufactured by
Hamamatsu) had 1024 pixels with a centre-to-centre spacing of 24pm. The
reference and signal sources of light were generated using LED at 785nm and

810nm (Lc= 50pm and 135pm respectively).
The wavelength of the signal LED was altered by varying the driving current,

over a short range this provides a linear variation of wavelength. The

wavelength of the reference source was assumed to remain constant over the
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period of time the experiments were carried out.

The output from the CCD was read into a computer via a digital storage
adapter. The resulting data consisted of a large amount of noise produced by
the pulse nature of the CCD. This noise was removed by using a fast Fourier
transform algorithm to transpose the signal into the frequency domain. The
high and low frequency noise can then be removed by windowing on the

frequencies of interest (a Hanning window was used).

Figure 3 6, below shows a resulting interferogram obtained experimentally
after the noise has been removed in this manner. The fringes are at the
combined wavelength and the modulated wavelength is clearly visible as the
longer envelope pattern. The combined wavelength (and hence the fringes)
can be removed in the same manner that the CCD pulse noise was removed

above, this leaves the pattern shown in Figure 3 7.
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Figure 3_6: Example of an experimentally obtained interferogram.
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Figure 3_7: Interferogram after signal processing to obtain
modulation wavelength for signal shown in Figure 3 7.

Once the interferogram shown in the above graph has been obtained, the
modulation wavelength is calculated by determining the average distance

between successive peaks (or troughs) of this curve.
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3.3.4 Results and discussion

The results from both theory (solid line) and experiment (points) are shown
below in Figure 3 8 as a graph of variation of signal wavelength as function of
modulated wavelength. Due to the limitation of the tuneable wavelength range
of the LED used in this work, the results obtained from the experiment could
only be compared with theory over a range of 1.5nm where a resolution of

0O.0lnm was obtained.

In essence, recording interference fringes generated by the reference and
signal wavelength sequentially and then combining the two in the computer
using software could derive the modulated wavelength. The proposed scheme
has a number of advantages, such as self-calibration for each measurement.
Further, the measurement of the fringes produced, is essentially an intensity-
based operation and therefore any changes in the detected intensity over time

will not effect the accuracy of the measurements.
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Variation of the signal wavelength(nm)

Figure 38 Graph of modulated wavelength against signal wavelength variation

for theoretical (solid line) and experimental results (points)
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3.3 Displacement measurement interferometer

Displacement measurement is a related area to strain measurement, and it is
ideally suited to implementation using optical sensing techniques. An efficient

system would have a similar range of possible areas of applications.

The Wollaston prism interferometer is combined with a Michelson
interferometer, in a dual interferometer arrangement, to measure the
displacement of one of the mirrors of the Michelson. The system operates

without the use of any polarizers external to the Wollaston interferometers.

As mentioned in the previous section, polarization interferometers (such as the
Wollaston interferometer) operate by splitting incident light by polarization
and introducing an optical path difference (OPD) between the two orthogonal
components of the input beam, which are then recombined to produce fringes
after passing through an analyser (a polarizing element set at 45 degrees). The
spatial nature of the output from these systems means that a charge-coupled-
device (CCD) array can be used to scan the interference pattern generated,
electronically, thereby reducing the susceptibility of the system to noise from
moving parts which may vibrate in the more familiar mechanical scanning

system, often used.

Dual interferometers operate by using two connected interferometers, the first
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being employed as a sensor to detect the changes in the measurand and the
second to monitor the changes in the optical output from the first. Such a
system has a number of advantages over single interferometer devices
including increased range as well as enabling remote sensing via an optical
fibre link. Systems similar to dual interferometers using a Wollaston prism
have been previously discussed [54][55], These systems have sensing
interferometers that introduce an optical path difference between the
orthogonal components of the beam before it passes into the Wollaston prism,

causing the pattern produced to shift relative to the centre fringe packet.

The system described herein utilises a dual interferometer arrangement
consisting of a conventional Michelson as the sensing interferometer, i.e. that
directly experiences the influence of the measurand, and a Wollaston prism as
a receiving interferometer. Although the Michelson splits light by amplitude
and not polarization, output fringes on the Wollaston prism (which are imaged
onto a CCD) can be produced without the use of correcting polarizers either
within the Michelson itself or between it and the Wollaston prism. Such
fringes are shown to consist of two fringe packets, a centre stationary packet
produced by the Wollaston prism, which is independent of any variation in the
Michelson, and a second, which because it is produced by the Wollaston and
Michelson acting in concert, shifts across the CCD in sympathy with any

variation of optical path difference in the Michelson.
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3.3.1 Principle of method

The experimental arrangement used in this work is shown in Figure 3 9. It
comprises a standard Michelson interferometer coupled to a Wollaston

polarisation interferometer via an open-air path.

Light source

Figure 3_9: Experimental arrangement for displacement measurement system.

If good alignment and flat normal mirrors are assumed, then the output from
the Michelson can be thought, in simple terms, as having resulted from two
coherent, parallel, plane sources separated by a distance, L. The optical path
difference (Am) between these two beams is therefore 2L. If one of the mirrors
is attached to a surface whose displacement is to be measured, the changes in

Am can then be related directly to that displacement.

As mentioned above a Wollaston prism interferometer operates by splitting an
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incident light beam by polarisation producing two orthogonally polarised
output beams. These beams have an OPD between them dependant on the
transverse distance from the centre of the Wollaston prism of the incident
beam. Therefore using an analysing polariser and recombining the two
outputs, an interference pattern can be produced. If used as a single
interferometer the output is the familiar bell shaped curve, the centre of which
(i.e. the maximum of the interference pattern) will correspond to the centre of

the Wollaston prism.

With the Michelson preceding however, the Wollaston interferometer can be
thought of as having two collinear, coherent inputs, out of corresponding to an
OPD, Am. Since the Michelson splits the input source by amplitude and not

polarisation, both output beams will contain equal parts of each polarisation.

Both input beams therefore are split into two orthogonally polarised output
beams by the Wollaston prism and an OPD (Aw) is introduced between them.
Therefore the output from the Wollaston prism consists of four beams one
ordinary ray and one extraordinary ray for each of the input beams. They will
be out of phase, with respect to each other, by Am and Aw respectively. This is

shown schematically in Figure 3 10.
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Figure 3_10: Schematic of Wollaston output beams, colinear

beams separated for clarity.

The OPD from the Michelson, Am, will be constant across the Wollaston
prism, and will only vary if the Michelson imbalance changes, whereas Aw
will vary only across the width of the Wollaston prism itself. The combination

of these two OPDs causes the final interference pattern.

The two extraordinary beams (shown in the figure as A and C) are from
differing arms of Michelson and therefore will only interfere and produce
fringes if the value of Am is less than the coherence length of the source used

(Lc). The same situation is true for the two ordinary beams (B and D). If Am is

less than Lc then the resultant interference pattern from all the beams will be

almost impossible to detect due to the Michelson fringes which will occur
right across the CCD. It is therefore important that the system is used beyond

this point, hence a low-coherence length light source is used.
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The beams A and B are from the same arm of the Michelson and will interfere

and produce fringes if the value Aw is less than Lc. The OPD produced by the

Wollaston prism, Aw, between the extraordinary and the ordinary beams,

across the Wollaston prism is given by equation 3 1 above.

Thus the fringes caused by A and B will occur in the centre region of the

output of the Wollaston prism. The same analysis holds true for beams C and

D.

The beams B and C, shown in Figure 3 10, are from differing Michelson arms
but are also separated by the Wollaston (i.e. one is an ordinary beam the other
is an extraordinary beam). Consequently these beams may interfere depending
on the values of Aw and Am. If a position across the Wollaston exists such that
Aw = Am, then fringes will occur at that position. This is the basic premise
under which the system operates. The beams A and D will have an OPD

greater than Am and therefore will not produce interference fringes.

So, in the case where Am > Lc¢ and Am does not equal 0, the interference

pattern on the Wollaston prism (which is imaged onto a CCD) consists of a
central fringe packet and a secondary fringe packet displaced away from the

central packet. The central fringe packet itself is produced at the centre of the

88



Chapter 3: Wavelength demodulation

Wollaston prism, with a width proportional to Lc, and will not move.

The displacement of the secondary fringe packet from the central fringe packet
depends solely on Am. Therefore the distance between the two fringe packets
is directly related to the mirror displacement. In addition, since the central
fringe packet will occur in the same place every time, the need for calibration
before each reading is reduced. Of course, if the imaging optics has changed

then some calibration will be needed.

Obtaining the optimum resolution achievable with the two packets gives an
estimate of the smallest theoretical displacement detectable. Since the width of
the fringe packets is dependent on the coherence length of the source used, it

may be expected that smaller values of Lc will lead to smaller detectable

displacements.

Assuming that the minimum separation between the two fringe packets that
can be detected occurs when the full width half maximum (FWHM) points just
overlap, thus when the separation between the two peaks is given by Lc. This
occurs when Aw = Am, and Am = 2L. Thus under these conditions, the

minimum detectable displacement from the balance position is approximately

Lc/2. Of course, a much smaller relative displacement could be detected, in

which case the centre fringe of the side fringe packet could be tracked and a
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displacement of a half a fringe width would be detectable.

The maximum absolute displacement that can be measured depends on the
physical size ofthe CCD and on the degree of magnification (M) used. Taking
this magnification factor into account, the distance between neighbouring

maxima in the fringe pattern, xf, on the CCD is given by:

Xf- . (3_10)

For light of wavelength, X Therefore the number of fringes visible on the

CCD, n, is given by:

_ CCDvich
Xf

(311

Where CCDwidth is the physical with of the CCD used. The relationship

between n and the OPD is given by:

OPD
n= (3 12)
~T~ -
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where at the peak of the second fringe packet the OPD = Am and in turn, Am =

2L. Thus

1 = « CCDvidh
2M

(3_13)

This theoretical limit for the value of L is very difficult to achieve in practice,
since to do so assumes that the centre fringe for both fringe packets would be
at the extreme ends of the CCD to utilize its full length. However, in doing so
this would make identification as the centre fringe, in the presence of any
noise, difficult, since only half the fringe packet would be visible. A trade off
between fringe visibility and measurement range is evident since smaller
imaging magnifications or larger of values of a both would increase the range

but also reduce the final size of the fringes produced.

3.3.2 Computer Simulation of system

A simple computer model was devised in order to develop an understanding of
the system performance and to compare its output with the experimental
results. This involved simulating the fringe pattern resulting from the
Wollaston prism where the intensity distribution output from an interferometer

of this type is given by:
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2AV r2kA”
Ccos

VLe) Kk A

L,=1,exp (3_14

where 10 is resultant intensity, Ij is the input light intensity and A is the OPD

between the interferometer output beams. If IntAB is the intensity distribution

for the output beams A and B then the output from the whole system may be

given by:

iTot = IntAB + hitAC + IntAD + IntBC + IntBD + IntCD (3.15)

where Itatis the total intensity distribution.

This basic equation can be used to give a reliable model of the output from the
Wollaston system. Better results can be obtained by computing a (used to
calculate, A, in Equation 3 14 from the internal angle of the Wollaston prism
used, since this cannot vary with wavelength which a does. This is done using

the following relationship:

a =2.(ne-no).tan(0) (3_16)

In the experimental work detailed below, the Wollaston prism used was such
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that a=0.5° when X- 600nm. This value was also used in the computer

simulation.

An example output of the kind of fringe pattern produced by the experimental
arrangement used is shown in Figure 3 11 as a graph of deviation from the
centre of the Wollaston prism against intensity. The graph was produced using
a computer simulation based on the analysis described above. The different
fringe packets are clearly visible on the figure which shows a full fringe

envelope pattern with Am=100|im, a=0.5° and X= 825nm.

“2.ae  ,  cy A emee d— - ——ammE' w -~ i
-"B.G0 5.03 B.30 1B.30

Displacement (mm).

Figure 3_11: Typical output from computer simulation of

Wollaston prism diplacement measurement system.
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3.3.3 Experimental Results

An experiment was performed to compare the results of the above simulation
using the arrangement shown in Figure 3 9. The source used for the

experiment was a superluminescent diode with A,=825nm and Lc=30pm. The

Wollaston prism employed was manufactured from quartz with oc=0.5° at X=
600nm.. The output fringe pattern was recorded using a CCD with 1024 pixels
with a centre-to-centre spacing of 24pm, connected directly to a PC via an

analogue-to-digital conversion card.

The magnification used in the imaging system can be calculated simply by
comparing the final fringe width (13 CCD pixels were visible per fringe) and
the actual fringe width (calculated using Equation 3 10 with M=I). The final
displacement from the central fringe of the secondary fringe packet was

measured on the CCD and scaled down to account for this magnification.

The results from an experiment are shown in a graph of the Michelson offset
(the amount by which the monitored mirror is displaced from the balance
position) against fringe displacement (the measured distance between the
centre fringes of the centre and side fringe packets) in Figure 3 12. The
experimental data points are shown on the graph along with a straight line

representing the theoretical result from the computer simulation.
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Figure 3_12: Graph of experimental results (points)

and computer simulation(solid line).

It can be seen that the experimental result shows a good linear relationship
between the Michelson offset and the fringe displacement and that the data
agrees with the simulation. It may be seen that the graph show the clear
relationship between the OPD produced in the Michelson interferometer and

the fringe displacement.

The accuracy of the experimental result obtained, was limited to due to the
accuracy of the movement of the Michelson interferometer (or rather, the
movement of the displaced mirror with the interferometer), which was
monitored with a calibrated mechanical micrometer. Also, the light source
used had a spectral bandwidth of 23nm (FWHM) and this range of input
wavelengths will have affected the results obtained to some degree, since a is

dependent on wavelength, and a monochromatic light source was assumed in
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the simulation.

3.3.4 Discussion of displacement measurement
system

The system has no moving parts other than the displacement of the mirror
itself and being a dual interferometer, remote sensing via an optic fibre link
would be feasible. It would be possible to manufacture a remote sensing head
as a genuinely small device since only the elements making up the Michelson
interferometer would be required within it. A Michelson interferometer
consists of a beam splitter and two mirrors (one of which could be physically
attached to the beam splitter). The final dimensions would, of course, depend

on the application but a sensing head less than 2cm square would be feasible.

All fibre Michelson interferometers, where the two arms are made entirely of
optic fibre would also be usable. This would require a different method of
generating a measurand dependant OPD compared to the open air version
shown above, and the most probable solution would be to stretch the optic

fibre in one arm of the interferometer.
The results obtained from the arrangement shown represent absolute

measurements, and the distance between the central and side fringe packets is

directly proportional to the optical path difference imbalance in the two arms
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of the Michelson. Possible areas of measurement application are varied since
any desired effect that could produce an optical path imbalance could be

measured.

An obvious extension of this work is to apply some of the previously reported
techniques of dual wavelength interferometry using dual sources such as that
described in the wavelength demodulation system in Section 3.2. With the
inclusion of a second light source at a slightly different wavelength, the final
interference pattern would be the addition of the output from the two sources,
and would display a fringe beating effect. This would improve the system
stability (because any small change in the wavelength of either of the light
sources would change the fringe-beating pattern and therefore could be
detected and accounted for) and make the identifying of the centre fringe

much easier.
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3.4 WDM system used in experimental arrangement

A variety of physical measurands may be transposed to a phase modulation of
a light wave by the use of a suitable interferometer. This type of system
produces a fringe pattern that either will be temporal (e.g. from a Michelson)
or spatially based (e.g. from a Wollaston). In either case, fractional changes in
the phase of a single fringe can be detected, corresponding to a high-resolution

detection of the measurand itself.

Accurate detection of any changes of Bragg wavelength in the signals
reflected back from the gratings in this type of system is obviously crucial to
its success and in this section the scheme chosen and developed is examined.
In Section 3.4.1 the main reasons for not choosing a scheme based on the
previously presented Wollaston prism interferometer are given. Section 3.4.2
examines some of the other possible systems that could have been chosen and
in Section 3.4.3 the final choice, the Michelson interferometer, is considered

and analyzed.

3.4.1 Practical difficulties in implementing Wollaston
prism interferometric system

As presented in Section 3.2, the Wollaston prism interferometer combined

with a suitable reference source can be used to detect changes in wavelength
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with an impressive level of sensitivity. A resolution of 0.0 Inm in wavelength
terms equates to a strain resolution of ~§|istrain in an extended Bragg grating
which would be sufficient for measurements for a number of civil engineering
applications. However, the Wollaston approach does suffer from a number of

problems that make it unsuitable for the applications considered.

The first, and most important consideration, is the difficulty in using a CCD
detector in conjunction with this type of system where high-speed operation is
important. Linear detection devices like CCD suffer from a time delay as the
accumulated charge on each detection cell is read out in a serial fashion, as

shown schematically in Figure 3 13

Incident light

CCD

Serial output' S

Figure 3_13: Schematic of CCD output sequence

In a time based demultiplexing system, the time taken for the signal
processing scheme to process the detected signal from a single grating governs
the distance by which two gratings can be separated, since at no time can the

returned signals overlap. Therefore, any delays in the signal detection would
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mean that the resolution of the grating spacing in the sensor system is reduced.

There are two delays incurred in the use of a CCD, the data read-out time and
the integration time. The first is the time taken to read out the signal once it
has been detected. In the CCD used in the Wollaston experiments presented
previously, the maximum clock frequency usable was 3MHz and 6 clock
periods were required to read the signal from a single detection element.
Therefore, the complete range of 1024 elements would take over 340ps, far
too long to be produced simply by the optical distance (at maximum a few tens

of meters for an effective sensor system) in the fibre between two gratings.

The above time gap ignores the second time gap which is produced by the
need of the CCD for an integration time period. This presents the second
difficulty with implementing the Wollaston prism interferometer, namely the
power available from the source. The CCD operates by charge accumulation,
where the output signal obtained is proportional to the amount of light
exposure (light intensity X accumulation time), and therefore it is important to
use a bright source if a fast integration time is desired. With the sources
available, and the desire to use ultimately a compact (but comparatively low
power) ELED this was seen as a presenting a further obstacle to an effective

system.

Moreover, the optical signals received back from the gratings will be weak
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and unpolarized. If a Wollaston interferometer arrangement were to be used
effectively, then the pulses would pass through two polarizing elements set at
45° with respect to the optical axes of the prism that would reduce the power
in the signal further. Based on the above, it is for these reasons that the

Wollaston prism was not chosen as the wavelength demodulation scheme in

the final system.

3.4.2 Analysis of other possible choices for a
wavelength demodulation scheme

There are a number of possible alternative schemes that can be employed to
decode the wavelength-encoded signals. One of the most popular solutions is a
wavelength filter based on a Fabry-Perot interferometer [29], The basic

arrangement for a Fabry-Perot is shown below in Figure 3 14.

Input light

R1

R2

Partially transmitting
mirrors

Figure 3_14: Schematic of a Fabry-Perot interferometer.

A Fabry-Perot interferometer usually consists of two plane, mirrored surfaces,
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one of which is only partially reflecting to allow light transmission. These two
mirrors form an optical cavity and multiple reflections inside this cavity
produce an interference pattern dependent on both the mirror separation, d,
and the wavelength of the light source, X The characteristic equation
governing the intensity of the output, 10, from the Fabry-Perot interferometer is

well known and given by [36]:

a2l2 1
IR SR T T3 (3_17)
(I- R)” 1+ (4R/(1-R) )sin((5/2)
where
Or
:_A (2dcos(0)) (3.18)

where a is the input light intensity, R and T are the reflection and transmission
coefficients of the mirrors, 9 is the incident angle of the light and 8 is the

phase difference between two successive output beams.

For the case under consideration, it is assumed that the angle 9 will be 9° and

that the light input will be due to the reflections from the Bragg grating. The
output from the detector for a particular value of d is the sum of the output

intensities for all values of X 1i.e.
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S=1 10(5,R)dX (3_19)

Where S is the signal at the photodetector, and I0is intensity output from the

Fabry-Perot given by Equation 3 17 above.

The system output is, therefore, a convolution of the finesse of the micro-filter
spectral response and the Bragg grating bandwidth. This presents severe
conflicts in system design since a higher finesse will change not only the

resolution attainable, but also the total spectral response available.

To estimate the accuracy to which the Bragg wavelength can be determined
using a Fabry-Perot etalon, in the presence of the inevitable noise, a computer
simulation using the above equations was written. The technique employed is
shown below in Figures 3 15 and 3 16, where in both Figures, the solid line is
the signal produced by the system in the absence of noise while the dotted
lines are the upper and lower values that could be detected allowing for the

presence of noise.

It can be seen that the peak of the curve (and hence the root of the

differentiated curve), could lie between XI and X2. When differentiated, this

will result in an error range in the location of the root, as shown schematically
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in Figure 3 _16.

Figure 3_15: Graph of S against d, illustrating

that the noise limits the accuracy to (X1-X2)

Noise
level

Figure 3_16: Close up of differential curve at root

From this error range, an associated signal to noise ratio, SNR, in the output

can be calculated by knowing the gradient at the root and the values of X 1 and
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Free spectral
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Figures 3_17 & 3_18: Typical outputs from Fabry-Perot. Graph on the

left is for 20pm and on the right is d=50gm.

Convolution results of the output functions for two gratings, combined with
those of the Fabry-Perot micro-filters shown in Figure 3 17 and 3 18, are
presented where the first grating has a value of Ab = 1540nm and the second
has a value of "B*SSOnm. As is shown, in Figures 3 19(a)-(d) below, the
linewidth and in particular the free spectral range of the micro-filter, change
the output spectral response of the system as a whole. This will have a marked
effect on the resolution possible in the presence of noise and on the possible

multiplexing potential of the system.
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Wavelength (nm) Wavelength (nm)

Figure 3_19(a) and (b). "B=1540nm with the above microfilters, (a) is combined with
the micro-filter in Figure 3_14 and (b) with that shown in Figure 3_17.

1549.4 1549.7 1550 1550.3 1550.6
Wavelength (nm) Wavelength (nm)

Figure 3_19(c) and (d). “B=1550nm with the above micro-filters, (a) is combined with
the micro-filter in Figure 3_14 and (b) with that shown in Figure 3_17.

These graphs show how the performance of the system varies as the Fabry-
Perot mirror separation, d, (and therefore the free spectral range) changes,

such as is required to optimize the design of a practical system of this type.

Calculations are undertaken to show the effects of noise and are shown below
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are for different simulated noise levels (N), namely 0.1%, 1% and 10% of the
detected signal, illustrating the root range, X2-X1, the noise level and the SNR

for the system.

-N=0.1%
-N=1%

—A--N=10%

Figure 3_20: X2-X1 against Reflectivity, R

——N=0.1%
—SF-N=1%
—4—N=10%

Figure 3_21: Noise at root against reflectivity, R
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Figure 3 20 shows that as the reflectivity of the microfilter increases, the
resolution limit of the peak decreases resulting in a lower error in the
identifying of the peak of the detected signal. It can also be seen that at lower
noise levels, the choice of micro-filter makes very little difference whilst at the
higher noise levels the ambiguity in the position of the root is much more
marked for lower values of reflectivity. However, in Figure 3 21, it is shown
that the noise level at the root of the differentiated curve increases as the
reflectivity, and hence the finesse, increases. These two effects operate
simultaneously and can be expressed in the graph of signal to noise (SNR)

versus reflectivity (R) shown below.

N=0.1%
N=1%
N=10%

Figure 3_22: Signal to noise as a function of reflectivity, R

Figure 3 22 illustrates the result of the combination of the noise and the

resolution limit.

There are two main sources of noise in a system the effects of which are
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simulated in this section. Firstly, photodetector induced noise (e.g. shot noise
will be present) and secondly there is an uncertainty as a result of the fact that
the value of d cannot be known exactly and thus it will induce some ambiguity

in the measurements.

The main sources of errors in this simulation will come from the numerical
integration and differentiation of the curves. It is not thought that these errors
will have a significant effect upon the results presented. It is worth noting
however that differentiation followed by root hunting is not the only method
that could be used to search for the wavelength peak. Some form of curve
fitting routine may have produced better results, since by this method some of

the effects of the modelled noise could be eliminated.

It can be seen that Fabry-Perot interferometer-based filters with a high finesse
are not necessarily the best design for this particular application. It is true that
there is less ambiguity in the peak detection, but this is balanced by a higher
noise value in the determination of AB This will have an influence on the

optimal design of a grating based sensor system
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3.4.3 Analysis of the scheme chosen, the Michelson
interferometer

Invented by the German born American physicist Albert A. Michelson (1852-
1931), the Michelson interferometer consists of a beamsplitter and two

mirrors. The arrangement is shown below in Figure 3 23.

Input

Modulation waveform

Figure 3_23: Schematic of a Michelson interferometer arrangement.

One beam reaches the detector via the stationary mirror Mr, therefore being
designated the reference beam. The second beam reaches the detector via the
second mirror, Mm. This mirror is adjustable thereby changing the optical
path difference between the two beams. The relative phase of the beams at the
detector will therefore depend on the difference between the two optical paths.
Thus, any changes in the position of Mm can be detected as a change of phase
of the combined signal at the detector. It can be shown that the phase output

from the interferometer is of the form:
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S = Acos(colt + Acp) (3_20)

where o is the scanning angular frequency of the interferometer, A(p is the
phase shift of the interferometer fringes. The relationship between the
wavelength variation of the reflected signal from the grating and the phase
shift output at the interferometer is given by the transfer function for a

Michelson interferometer, which is:

4k L

(321

where O is the phase of the output beam from the Michelson interferometer
and L is the interferometer optical path difference, OPD, and is equal to twice
the distance Dm shown on Figure 3 23. However, from the above equation, it
can also be seen that the phase of the output is also related to the wavelength
of the input source and it is this fact that makes this type of interferometric

sensing, arising from changes in wavelength possible.

If the back-reflection from a Bragg grating is used as the input light beam then

the corresponding change in phase of the output for a given change of Bragg

wavelength is given by:
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(3.22)

Therefore, the sensitivity of the phase change to changes in Bragg wavelength
is dependent upon the arm imbalance of interferometer. In operation, the
Michelson interferometer is repeatedly scanned across a given OPD range
with a sawtooth waveform, producing a sinusoidal temporal fringe pattern in
the usual familiar manner. The number of fringes produced in a single OPD
sweep is dependent on the amplitude of the waveform used, where the
optimum position being reached when exactly one fringe is produced per OPD
sweep which will occur when the OPD is modulated by X/2. The measurand-
induced change in wavelength can then detected as a change of phase of this

fringe pattern.

The phase response to the applied strain may then be determined. The strain
responsivity (i.e. fractional Bragg wavelength change, A7.b/7) is numerically
a factor of 0.74 of the corresponding applied strain, Ae [64], This is due to the

change in refractive index caused by the strain-optic effect. Therefore:

AO - 074 LA (3.23)

It can be seen that the phase sensitivity of the system increases linearly with
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the OPD of the interferometer, and it is for this reason that the processing

interferometer is kept unbalanced.

The value of the OPD is very important because it can change the phase shift
ratio (Acp/AA), which is related to the resolution achievable from the system.
The larger the OPD, the higher the resolution that may be obtained. However,
increasing the OPD will decrease the fringe visibility of the interferometer and
the signal-to-noise ratio of the signal [64], This limit is introduced by the
coherence length of the light source used, where for a Bragg grating reflection,

the coherence length required is related to the Bragg grating parameters by

le=tth — (3_24)

Bandwidth

For a grating at 1550nm with a bandwidth of 0.2nm this gives Lc of ~12mm.
Thus, the choice of OPD should be balanced to reflect both requirements of

achieving a satisfactory fringe visibility and phase shift ratio.

For an OPD of 10mm, the corresponding phase range is -620 radians for a

10% elongation or 100 fringes. If the phase change is 0.01 of a fringe, then

this gives 10,000 resolution points or ljistrain resolution.
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3.5 Summary

Chapter 3 has presented a novel wavelength shift detection scheme that
utilized a Wollaston prism interferometer. The use of a second light source to
act as a reference wavelength enables a resolution of -0.01 nm to be achieved.
However, the Wollaston approach was shown to be unsuitable due to problems
concerning the CCD detector. These problems are likely to be partially solved
in the future, as new versions of CCD that operate faster and with smaller
elements, become available. At such time, the Wollaston prism approach

could then be reconsidered.

As an alternative, an interferometric approach wusing a Michelson
interferometer was presented that has the potential for a high level of accuracy
by transposing the wavelength shift into a change of phase of the

interferometric output.

Once the reflections from the Bragg gratings have passed through the
Michelson interferometer, a demultiplexing system is required to sort the
different signals into separate channels for processing. Chapter 4 examines the
demultiplexing system developed, which uses a series of electrical switches to

separate the signals from different gratings.

114



Chapter 4: OTDR using Bragg gratings

Chapter 4:

Optical time domain
reflectrometry (OTDR)
using Dragg gratings

In this Chapter, the OTDR system that has been developed is presented.
Section 4.1 will introduce the theory by which OTDR operates, Section 4.2
will examine the various components of the system in detail. In Sections 4.4,
4.5 and 4.6 results are presented that demonstrate the system working as
expected. Section 4.7 draws conclusions about the systems potential and

introduces the work presented in Chapter 5 concerning possible further work.

4.1 introduction to optical time domain
reflectrometry

The use of a single Bragg grating as a strain or temperature sensor requires a
system similar to that outlined below in Figure 4 1. With this type of system,

the grating is illuminated continuously by a broadband source and the light
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reflected back along the fibre is converted to an electrical signal by a suitable
detector. Any measurand induced change in wavelength of the detected signal
is calculated using a suitable scheme, such as was described in the previous

chapter.

EDFA

Figure 4_1: Basic Bragg grating sensor system arrangement using

an erbium doped fibre amplifier (EDFA).

The system shown in Figure 4 1 above uses a erbium doped fibre amplifier as
a light source. However, any sufficiently powerful broadband light source can
be used provided it operates at the Bragg wavelength of the grating used.
Monochromatic light sources are unsuitable since the Bragg wavelength of the
grating will change when under strain and if the new Bragg wavelength is
outside the spectral envelope of the source then no light will be received by

the detection system.
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However, this type of system suffers from a number of problems. A portion of
the back reflections will strike the light source which may interfere with its
output (depending on the light source used), however this can be solved by
including an optical isolator in between the light source and coupler. The two
main problems of the system, however, are the cross-sensitivity between
temperature and strain as mentioned in earlier Sections, and the obvious

limitation of only using one grating.

Various methods of differentiating between temperature and strain effects
(both of which will change "B) have been reported as have been discussed in
Section 2.4.4 above. In the strain measurement experiments carried out during
the course of this work, the temperature was assumed to be constant
throughout, therefore any change in ABwill be due to changes in the strain
conditions. In a practical situation one of the approaches outlined in the

literature review would be employed.

Optical time domain reflectrometry is the proposed method by which the

problem of demultiplexing a series of gratings can be solved. The basic system

for an OTDR based arrangement is shown below in Figure 4 2.
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Output channels

Figure 4_2: Basic optical time domain reflectrometry (OTDR)
arrangement.

The broadband light source is chosen to ensure that its spectral envelope will
cover all the Bragg wavelengths of the gratings used. It is modulated either
directly from a light source driver or externally via an optical modulator to
produce a series of pulses that are incident on a series of Bragg gratings via a
coupler. The distance between successive gratings defines the maximum width
of these pulses (if the pulse is too long then reflections from successive
gratings will overlap). The number of gratings defines the time gap between
the pulses produced by the light source. The reflected pulse from the last
grating before must be detected before the reflected pulse from first grating on

the next pulse can be detected.

This will produce a series of reflected pulses (one from each grating), for each

incident light pulse. The time interval between pulses is directly proportional
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to the distance between successive gratings. Therefore by timing the gap
between the light source emitting a pulse and the time a reflected pulse is
detected, and knowing the gap between the gratings, the returned signal from

individual gratings can be identified.

After the pulses have been detected and converted to an electrical signal (with
any necessary amplification), the signal from individual gratings must be
sorted into separate channels for processing. If the sensing elements are not
too far apart, then the pulses will be too fast to be read directly into a computer
and sorted by suitable software analysis. For example, if the gratings are 20m
apart, then the reflected pulses would be ~100ns apart, too fast for most PC
based analogue-to-digital conversion). Therefore, this sorting must be done at

a hardware level.

The method chosen to do this was to create a binary tree using two pole
switches. By synchronizing the timing of the switch operations with the arrival
of the pulses, the various outputs from the binary tree will be open for the
arrival of a pulse from a single grating. This approach gives a final system

arrangement shown the Figure 4 3 below.
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Bragg gratings

Figure 4_3: System schematic showing output channels.

The individual components of the system outlined above will be discussed in

more detail in the next section.

A similar tree arrangement to demultiplex the sensors into separate channels
has been demonstrated [35]. However, in this case the tree was in the optical
domain and constructed from optic fibre couplers with each sensor on a
different fibre. The main drawback of the system as reported is the complexity
of the network which requires, for x sensors, (x-1) fiber couplers and x/2
detectors. It is obvious that including the tree arrangement after the optical
pulses have been converted into electrical signals requires a much simpler

optical network.
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4.2. Examination of various components of the
system

The electronic demultiplexing system proposed herein is based on the basic
OTDR arrangement as outlined above in Section 4.1 combined with the
interferometric demodulation system outlined in Section 3.4. In the following

section the various elements of the system will be examined in more detail.

4.2.1 Erbium doped fibre amplifier light source

The light source chosen for this type of system has to fulfil two main criteria,
namely power and bandwidth. The bandwidth of the source used is important
because this is the ultimate factor that limits how many gratings can be used in
series on the single fibre (assuming that the gratings used are fabricated such
that each operates at a different Bragg wavelength). This limitation is assumed
because each grating will reflect a large proportion of the light at a particular
wavelength (i.e. the Bragg wavelength for that grating) and hence following

gratings further down the fibre cannot use that wavelength.

The alternative case, where XBi = /W is possible and systems involving both

WDM and TDM have been reported that use gratings at the same wavelength
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in series [5], However, this does present two problems (namely spectral
overshadowing and multiple reflections) and these are discussed as further

work in Sections 5.1.1 and 5.1.2 respectively.

Given that the Bragg wavelengths for individual gratings are going to change,
as the strain conditions of the fibre changes, it is necessary to separate the

grating spectrally by a value in the region of 2nm.

The other light source criteria is power, high power sources are preferable
because the reflected signal from a Bragg grating will have a very narrow
linewidth and therefore may only have 1% of the power incident on the grating.
Detecting the reflected signal (especially when the incident light is pulsed) can,

therefore, be tricky with low power light sources.

The light source chosen to fit these criteria was an Argon ion laser (A=514nm)
pumping an 8m section of erbium doped florescent source (doped to 500ppm)
EDFS. This arrangement has the advantages of having a reasonably wide
bandwidth and high power (1-IOmW). The main drawback, however, is that
neither the EDFS, nor the Argon ion laser are suited to being modulated. An
alternative system for pulsing the light was therefore necessary which would
modulate the light external to the source itself. The modulation system used is

shown below in Figure 4 4.
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EDFA °Ptical

Modulation signal

Figure 4_4: Laser modulation system used.

The optical isolator stops any unwanted back reflections from the rest of

system returning to the EDFS.

The optical amplitude modulator (manufactured by GEC-Marconi) pulses the
light according to the input received from the electronic demultiplexing system
outlined in the next section. The commercial amplitude modulator used
operates (in simple terms) by using a Mach-Zender interferometric architecture.
Input light is split into two parts and these propagate through the device via
separate paths. The electrical control signal changes the local refractive index,
via the electro-optic effect, in such a way so that one beam is retarded by up to
a wavelength whilst the second is advanced by the same amount. The two

beams are then recombined at the output and transmitted back into the fibre if
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they are in phase, and lost as high-order interference modes if not.

The amplitude modulator is polarization dependent and hence a polarizer and a
polarization controller are needed to ensure the amplitude modulators optimum
performance. The polarizer controller consists of a length of single mode fibre
wound around three loops, these loops are free to rotate slightly, changing the
angle between them. This causes the fibre to twist and hence the polarization

orientation of the light relative to the fibre axis is changed.

If the modulator does not perform correctly (which maybe caused by an
incorrect signal voltage or if the polarization of the input light is misaligned)
some light would pass through the modulator during the off period of the
desired light source modulation. If this does occur the Bragg gratings will be
continuously illuminated which will produce a large amount of crosstalk

between the separate channels.

4.2.2 Electronic demultiplexing system

It is obvious from what has been discussed so far that in any system based on
OTDR it is important that the returning pulses from the Bragg gratings are
synchronised with the operation of the demultiplexing system. To ensure this an

electronic control system was devised based largely on FAST TTL logic chips.
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In the system shown schematically in Figure 4 5, a clock pulse in generated

and all the operations are synchronised with it.

Figure 4_5: Schematic of the demultiplexing system.

It can be seen from the above figure that the electronic system breaks down
into a number of separate parts, each of which is described below. Many of
these circuits use Pal (Programmable Array Logic) integrated circuits and these

are outlined below.

Pals contain a series of AND gates, NOT gates and D type latches
interconnected with user programmable links. A Pal program is written (using a
computer program called Palasm) which defines the inputs and outputs that the
device will have and also defines the relationship between them using a number
of Boolean logic equations. This program is written onto the integrated circuit

using a suitable programmer.
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The main advantage in using these devices is that the program a Pal is running
can be changed simply by overwriting it with a new version. This flexibility can
be used so that the specifications of the circuit can be changed without having
to rebuild the whole. The main disadvantage lies in the propagation delay
(~8ns) which occurs due to the signal having to pass through a number of logic
gates. However, any delay that does occur will be constant and therefore can

be allowed for within the laser-go pulse delay system.

4.2.2.1 External electronic clock

This produces a square wave at 20MHz using a TTL compatible quartz crystal
oscillator module (manufactured by AEL crystals). The output signal was gated
through a TTL Schmitt trigger. This ensures the output signal has sufficient
power to drive the necessary inputs (TTL outputs generally have sufficient
power to be connected to ten TTL inputs) and the Schmitt trigger ensures fast
rising and falling edges. This clock signal is sent to all the other components in
the scheme and is used to synchronise all the other systems. This clock module
defines the speed at which the whole system will run and therefore the spatial
resolution at which the gratings can be placed and still be demultiplexed
successfully. If we assume that a single output channel will be open for one
complete clock period (i.e. the time gap between successive rising edges of the

clock signal), then the spatial resolution will be equal to the round trip covered
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in that time, i.e.:

c 1

145 Clockfay
Sm 41

Where Sg is the distance between successive gratings, c is the speed of light in

a vacuum and Clockfieg is the frequency of the electrical clock.

4.2.2.2 The GaAs switch controls

The GaAs switches used to separate the signals from the gratings into
individual channels are controlled electronically and therefore require an input
control voltage to determine which of the two output channels is open. This

control signal is generated by the following method.

In the binary tree arrangement, each of the eight output channels is given its

own unique binary code based on the route through the tree. This is shown

below, in Figure 4 6:
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Figure 4_6: Schematic of the switch matrix

Therefore, the basis of the control signal generation is a 4-bit counter (74F163)
which steps through the eight channels from 0000 to 0111. The input to the
counter is the external clock signal after it has been gated with the ‘READY’
signal (RC) from Pal 1 and the TCLASER GO’ signal (LSG) from the laser go
pulse generation board. This gating process, using two D type latches (74F74)
and an AND gate (74F08) produces an internal clock signal which consists of a
square wave which continues while the RC signal from Pal 1 is high. The Pal is
programmed to change RC from high to low at a binary signal of 1000 so that
the internal clock produced looks like the trace shown in Figure 4 7 which

shows the timings of the main sections of the electronics system.
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JPARITImIJTITAAT njUAATTArLTTI1IMaJU TJ  Clock signal

—A

Tl Laser Go
n n Delayed Laser Go
jnjnjnjnjn_rLn n_  internal clock

The three least
significant bits from
the four-bit counter

Reference number of
open channel

Figure 4_7: Timing diagram of electronic demultiplexing system. A pulse of light is
emitted at the first ‘Laser_Go’ pulse. The switch matrix starts operations on the
second (delayed) pulse.

The internal clock has one pulse per output channel (and, therefore, per
grating). This signal is then used as the count input for the counter. The output
from the 74F163 is therefore a 4-bit binary signal that steps from 0000 to 0111
in time with the external clock. This signal is placed onto a latch (74F374) to

improve the stability of the system.

Once the counter has stepped through all the channels and RC is low, the
system then waits until the next ‘LASER GO’ signal is received when the
counter having been reset to 0000 starts again. Usually, it is desirable that the
delay between the 0111 channel closing and the 0000 channel opening is the

same as the delay between successive channels in the middle of the sequence.
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However, with the system outlined above this need not be the case and if larger
delays were needed (e.g. to allow other parts of a larger system enough time to
reset fully or if accurate triggering is required) then this could be produced

using the laser go pulse generator board outlined in the next section.

The electronic GaAs switches require two complimentary signals with voltages
of OV and -5V so the TTL signal produced by the above method have to be
converted to this format before it can be passed to the switches themselves.

This is done using a digitally controlled analogue switch (74HCT4053).

A 74HCT4053 is a triple, two pole switch and in this arrangement is used
‘backwards’ (i.e. 2 inputs, 1 output). Two of the three switches are required
for each pair of control signals. To produce the complimentary pairs required
the inputs are tied -5V or OV in opposite ways. The TTL signal (from the
counter) opens one of the input too output routes within the 74HCT4053,

therefore the outputs are set at -5v or OV depending on the state of the TTL

signal.

4.2.2.3 Laser_Go pulse generation

To ensure that all the various components of the electronic system start at the

same time, a single pulse is used as a ‘GO’ signal. This pulse is passed to the
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light source modulator, instructing it to fire, and to the electronic control
system generation, via a delay, instructing the system to begin operations. The
pulse is based on the external clock and is generated by a counter (74F163 was
used again) that counts pulses from the clock and when it reaches a certain

value it will reset and produce a single pulse.

A delay is necessary between the time the laser pulses and the time the switch
control circuitry begins its operations, to allow for the time taken by the pulse
of light to travel along the fibre, reflect back from the Bragg grating and return

to the detector.

Using the control mechanism described above, the system is arranged so that
one channel opens as the previous channel closes, also there is no delay
between the last channels closing and the first reopening for the next laser pulse
reflection. This means that the delay required by the system will never be
greater than 50ns since all that is needed is to synchronise the arrival of a pulse
at the detector with the opening of a channel, which will close as the pulse
ends. Of course, this may mean that the returning pulse from the first grating
emerges from the, say, third channel. However, determining which channel is
which is a minor system calibration and providing the clock frequency remains
stable then the pulse from this grating will always emerge from the third

channel.
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There are a number of ways that delays of this magnitude can be incorporated

into the system. Delay-line chips are readily available which can provide delays

up to 100ns in increments of 5ns. However, the simplest method is to insert a

length of optical fibre between the light source modulator and the Bragg

gratings of a suitable length such that the light pulse will be delayed by the

appropriate amount. This method has been used in these experiments.

4.2.3 Detector and high frequency amplifier

Throughout the duration of the project, two different types of optical detector

were used, a PIN photodiode and an avalanche photodiode, APD. A

comparison of these different types of detectors is shown below:

Parameter PIN-110 PIN-415 APD-110 APD-415
Transimpedance 47 5.6 47 5.6
Responsivity 40 4.5 275 50
Bandwidth 140 450 140 450
Spectral noise volts 40 15 50 25
NEP 1.0 3.0 0.18 0.5
Sensitivity 4.2 -34 -48 -42

Table 4_1: Specifications of various photodiodes

(typical values from manufacturers notes).
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Definition of terms, (from Melles Griot handbook).
Responsivity(3i) is the ratio of the photocurrent generated for each watt of

incident light. Depends directly on the quantum efficiency (r|), (probability of

an incident photon generating a charge).

= (inAAV) (4.2)
124x 10~6

Noise Equivalent Power (NEP) is the incident light level which produces a
photocurrent equal to noise level. The signal to noise ratio (SNR) maybe

computed by taking the ratio of the incident optical power to the photodiode

NEP.

NEP.= = (4 3)

where

Sn (/20D + iy oot/ () ar (4_4)
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The NEP is a function of the photodiodes responsivity, the noise of the
photodiode and the associated circuit, and the frequency bandwidth over which

the noise is measured. It is therefore regarded as a good figure of merit.

The 4 photodiodes outlined in Table 4 1 above differ in a number of ways, the
two 110’s have larger transimpedences but lower bandwidths than the 415°s.
The higher transimpedence of the two 110 photodiodes affects the responsivity
generating a correspondingly larger output current for a given incident power.
Obviously, the 110-APD with the extra gain and the higher transimpedence has
the highest responsivity by a large margin. However, it is worth noting that the
responsivity of the APD-415 is larger than either of the two pin diodes even

with the higher bandwidth.

However, noise must also be considered, the two APDs have a far lower NEP

which, as mentioned above, is an important parameter.

Bandwidth is, of course, an important consideration the lower bandwidth
devices may have trouble producing a good output (fast rising edges, etc) for a
signal that is pulsed at 20MHz and faster signals would produce more
problems. So from an applications viewpoint, and in particular in case of future
advancements that may increase the speed, the higher bandwidth devices are to
be preferred. However, a bandwidth of 140MHz is adequate for this system in

its current format.
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For any practical system, cost is an issue that deserves some consideration. All
other things being equal, the cheaper solution is to be preferred. Pin diodes are
considerably cheaper than their APD counterparts, however given the
improved output signal and in particular the improvements in the NEP that the
APD provides, some justification for the cost can be made. It is also worth
noting that the difference in price between PIN and APD detectors is reducing,
as APDs become cheaper. The photodiode chosen for this application was the

APD-110 for the reasons outlined above.
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4.2.4 Testresults from prototype switch array

The initial demultiplexing system developed used a matrix of seven, two pole
switches in binary tree arrangement. Before an improved version was installed
(see next Section) some initial results were taken using this system and are
shown below in Figure 4 8. These show the outputs on two channels when a

single grating is used.

Figure 4_8(a) and (b) : Oscilloscope photographs from two different channels.

(Time and vertical scales as shown)

Figure 4 8 shows the output signal from two different channels of the switch
matrix (neither has had any filtering). The time-scale used is such that the
individual pulses cannot be seen, however, the interference fringes (produced
by the Michelson interferometer) are seen in Figure 4 8(b), but not in (a). The
output signal demonstrated in (b) consists of light that has been reflected back

from the Bragg grating and as such carries measurand information in the form
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of its phase. As mentioned, above the signal consists of a series of pulses with a
sine wave as an overall envelope pattern. Once the signals have been
demultiplexed, the pulses are no longer required so this signal would then be
filtered (using a bandpass filter centered on the frequency of the fringes) to

make phase change detection easier.

The output signal from this system suffered from two problems however.
Firstly, the crosstalk was too high (sometimes as much as 20% of the signal
was detected on the wrong channels). The second problem was that the amount
of noise produced by the switch matrix was too high for practical operation. In
an effort to correct this problem, a four channel switch control board was
printed by Queensgate Instruments (Previous boards were manufactured within
City University) to higher production standards than were achievable at the

University.

4.2.5 Testresults from four-channel system

The four-channel system uses exactly the same method of operation (in terms
of control logic etc.) as the eight-channel device. The four-channel system was

tested using a single grating system (i.e. one Bragg grating, Michelson
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interferometer and APD) and the output signals from the four channels are

shown below in Figure 4 9 in the form of oscilloscope photographs.

J2 J3

N J5
Figure 4_9: Oscilloscope photographs output signal from the four channels J2 - J5.

(Time and vertical scales as shown)

If the system worked perfectly, all the Michelson fringes would appear at only
one channel whilst the other three channels would have a “zero” signal level.

The above pictures show that the system developed works satisfactorily to
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achieve a clear visual distinction between active and inactive channels. To
convert this result into a useable signal, the output from J5 would have to be
bandpass filtered at the fringe frequency (a value of around 300Hz was
typically used for this work). Any phase shift can then be monitored directly

using a system like that described earlier.

As further confirmation of the systems ability to demultiplex signal successfully,
the oscilloscope traces below show a series of pulses for the case where two
gratings are demultiplexed. The distance between the two gratings was just

over 10 meters, as is clear from the pulse propagation times in the system.

DPH O V2R 8 00710 100n$
A
0 HM 0 HEH 0UG100

(A) (B)
Figure 4_10: Oscilloscope photographs showing (A) output directly from APD, and,

(B) output after it has passed through switch matrix.

Figure 4 10(A) shows the signal detected by the APD, with the returning
pulses from two gratings visible (the difference in intensity arises because the

light source had a lower power at the wavelength at which the second grating
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operated). A typical pulse from each grating is marked ‘A’ and B’ as an
example. Figure 4 10(B) shows the output from a single channel, and it is clear
that the signal due to the smaller pulse has been removed from this trace. On
the Figure (B), the region marked T is the pulse from the grating, and ‘ii’ is the
period when this route is closed and is therefore at ground. The small gap in
between the channel opening and the pulse, which appears to be a positive
going pulse and/or noise, is caused by the AC coupling of the amplifier and

does not contribute to the overall noise level significantly.

These figures show conclusively that the proposed system can demultiplex the

returned signal from a series of gratings successfully.

4.2.5 Frequency domain results

By replacing the Michelson interferometer with a wavelength-filter (in this case
a filter based on a Fabry-Perot interferometer) information on the level of
crosstalk can be gained. The following graphs show results from a system test,
whereby the signals from two Bragg gratings separated by a 10m length of
fibre were passed through a Fabry-Perot filter. The filter was ramped so that
the OPD range scanned though included both gratings. The signals were

detected using the APD and a commercial bandpass filter was used to remove
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the excess high-frequency noise caused by the pulses. The results were then

displayed and printed out using a signal analyser.

Figure 4 11 below, shows the combined signals from both gratings, both of
which can be clearly seen. The sawtooth OPD ramp signal is also shown. This
combined signal was demultiplexed using the switch matrix outlined in previous
section, and the signals from different gratings appear at different outputs, as
shown in the following graphs.

RANGE: -11 dBV STATUS: PAUSED
B: TIME ®

Figure 4_11: Combined output containing signals from both gratings (A & B).
Sawtooth signal used as OPD ramp tor the filter is also shown. (Vertical and
horizontal scales as shown).
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HANGE: '-9 dBV STATUS: PAUSED
B: TIME ®

Figure 4_J2: Output channel for the first grating.

Figures 4 12, and 4 13 show that the signal from the gratings has been
successfully demultiplexed. If a significant level of crosstalk, caused by the
electronic demultiplexing system had been present, between the two channels,
then a peak at both Bragg wavelengths would be visible. It is obvious that any
crosstalk present is below the background noise level present within the

system.
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RANGE: -9 dBV STATUS: PAUSED
8: TIME (©

Figure 4_13: Output channel for the second grating.

4.3 Signal to noise ratio (SNR) achieved by the

system

The frequency domain results presented as Figures 4 11, 4 12, and 4 13 in
Section 4.2.5 can be used to estimate the SNR achieved by the system. Figures

of this nature are usually given as decibels, which are defined as:

is ]
SNR =201log10 45
g N (4_5)
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where S and N are the signal and noise levels respectively (in volts). From
Figure 4 11 this gives a SNR of ~-20dB. An estimation of the level of
crosstalk between the two channels can be calculated by comparing the
magnitude of the grating signal present in the channel, with the magnitude of
the signal at the wavelength of the other grating. From Figures 4 12 and 4 13,
the level of crosstalk is of the order —30dB, and therefore can be considered

less than the noise level present.

The change of intensity of the signals between Figure 4 10 and the respective

signals in Figure 4 11 and 4 12 is due to the way in which the signals were

combined (both channel outputs had to be connected to the same filter).
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4.4 CPDsensitivity testing

To determine the performance of the detection and signal processing scheme
ultimately chosen, an experiment was carried out using a single grating under
strain. The grating was attached to the underside of a brass beam
(300x20x2mm), which was supported at both ends by metal pillars. In this
arrangement, a weight placed on top of the beam will strain the beam, and

therefore the grating, in a predictable and reproducible way.

In this experiment the sensitivity of the system to changing the optical path
difference, OPD, of the interferometer was tested using the system shown

below in Figure 4 14.

(APD = Avalanche photodiode and BPF = Band-pass filter)
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The light source was modulated to produce 50ns pulses with a 1:4 mark-space
ratio. The reflections from the gratings were passed through the Michelson
interferometer before being detected by the avalanche photodiode. The
interferometer was ramped with a sawtooth waveform to modulate the OPD (a
frequency of ~330Hz was used). The switch matrix was in place and only the
signal from one of the output channels was used as the input for the bandpass
filter as would be the case in a practical arrangement. The bandpass filter, BPF,
was a commercial device set up such that the center of the pass band matched
the OPD modulation frequency with a bandwidth of ~50Hz. The BPF removes
noise caused by 50Hz mains and the high frequency noise from the signal
pulses. After the BPF the signal is reduced to a sine wave, the phase of which is
dependant on the wavelength of the light returning from the Bragg gratings, as

has been explained in previous sections.

The phase change was recorded using a digital signal analyser that was
triggered using the TTL output of the function generator. The fringe movement
caused by the change of strain state (weight on - weight off) was measured by
following by the peak of the fringe and converting this to a phase change. This

was repeated for a range of OPD values of the Michelson interferometer.
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As can be seen from Figure 4 14, the light source (in this case an ELED) is
modulated using a signal from the switch control electronics. The
demultiplexed signal was then filtered using a band-pass filter to extract the
fundamental frequency of the interference fringe pattern (equal to the frequency
of the ramp modulation of the Michelson interferometer). The results are

shown as a graph of increasing OPD against phase difference, on Figure 4.15.

Figure 4.15: Graph of optical path difference against phase difference.

The linear response of this graph shows that the system is working as expected,
i.e., changes in the state of strain of the brass beam can be detected with a
pulsed illumination and after demodulation using the GaAs switches. The
sensitivity of the system can be improved by increasing the OPD of the

interferometer.

At higher values of OPD the fringe visibility will be reduced due to the

coherence length of the input light source where, a reduced fringe visibility will

adversely effect the signal-to-noise ratio of the system because the noise
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inherent in the system will remain. The reflected light from a grating will have a
coherence length of the order ~12mm (for a spectral bandwidth of 0.2nm and
?iB=1550nm), so this measurement could be extended beyond the region

shown.

4.5. Strain measurements using demultiplexed

Sensors

To characterise the system, strain and temperature measurements were taken using
the time-domain demultiplexing approach combined with the Michelson

interferometric phase detection scheme outlined in previous sections.

For demonstration purposes the experiments used two gratings in series separated
by a IOmeter length of fibre. The Bragg wavelength of the gratings used were
1529m and 1531nm respectively. The 1529nm wavelength grating was strained,

whilst the 153 Inm was kept free.

The system used is shown above as Figure 4 14, where the broadband source used
was an ELED, producing ~100pW of output power at a centre wavelength of

1526nm with a ~70nm spectral width, when the supply current was 100mA.

The decision to change the light source to the ELED from the EDFS that was used

for the earlier work was made for a number of reasons. The ELED is considerably
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easier to use, since it can be modulated directly using a suitable driver without the
need for the external modulator. It is smaller and cheaper, making it a more suitable
choice for a practical system. The disadvantages with these devices are that they are
considerably lower power, and the maximum speed of modulation is less. The final

decision to swap light sources was, in a sense, forced when the external modulator

broke.

The light was coupled into and out of the optic fibre via fibre-pigtails attached the
light source and the detector respectively. The fibre used for this experiment (and
all experiments in this presented in this work) was standard 1550nm single-mode

fibre (9/ 125pm).

The integer period (27t) of phase shift was recorded by a bi-directional hardware
counter. The +1 or -1 counting pulse was produced by a logic circuit in which the
value of the original sine wave signal and a corresponding 90° phase shifted cosine

signal were used to create the counting pulse at the crossing point of integer period.

The grating under test was attached to two ends of the test bench: one fixed, while
the other could move along a slide when a driving micrometer was rotated. Thus a
known level of strain was produced by stretching the fibre, and hence the grating,

directly. The second grating was kept free of tension to use as a reference.
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The results are shown below in Figure 4 16.

Figure 4_16: Phase shift for two gratings when a strain is applied to the first.

It is clear from Figure 4 16 that the level of crosstalk between the channels is very
low because the phase of the free grating shows no change as a result of the
changes in the first. From the experimental results, it can be calculated that
approximately 2.65pstrain corresponds to one degree of phase shift, or, the phase
shift responsivity to strain (Acp/Ae) is about 0.37 °Vif. This corresponds to

wavelength shifts of 1.59 x 10nm/pe for the 1529nm wavelength grating used.

In ideal conditions, the above graph would be linear, the slight deviation is due to

the mechanical movement of the micrometer used to apply strain. This can be

removed by calibrating with a more stable system.
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4.6 Temperature measurements using demultiplexed

Sensors

Bragg gratings are responsive to temperature as well as strain and therefore can be
used as temperature sensors. To show the systems possible use in such an
application a similar experiment to the above strain measurement was carried out
using a water bath to change the temperature of the fibre. Figure 4 17 shows the
effect of temperature on the same grating used in the strain test (1529nm
wavelength) when it was heated from room temperature to 75°C. Compared with
the strain-phase graph, the temperature-phase curve in Figure 4 17 shows a similar
linear response. The responsivity of temperature to phase shift is about 2.8° per °C,
which corresponds to wavelength shifts of 1.19 x 10: nm/°C for the 1529nm

wavelength grating.

Figure 4_17 Phase shift response to changes in temperature from the room

temperature to 75 (°C) in a water bath.
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Results from the temperature experiments similar to that shown above would be
probably needed even for sensors system used purely for detecting strain. This
would be necessary for calibration purposes. The method of strain / temperature
discrimination by using two colocated Bragg gratings, would be an example of

when this information would be needed.

4.7 Summary

In this Chapter the concept of TDM has been introduced and applied to the
problem of demultiplexing a series of Bragg gratings. A time-domain based
sensor system has been developed that utilizes a series of GaAs switches to
separate the signal pulses for analysis. The electronic control system
synchronises laser pulses with the switch operation so that the arrival of the

reflected pulses coincides with the correct channel.

The system has been evaluated and is capable of multiplexing a number of
sensors with a SNR of the order of 20dB, with negligible channel crosstalk.
When combined with the interferometric wavelength shift detection, a strain
sensitivity of 1.59x10"3nm/pm and a temperature sensitivity of 1.119x10'

2nm/°C was demonstrated.

In the final Chapter these results are discussed along with avenues for future

work and problem that may be associated with expanding the system.
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Discussion of results

The results presented above in Chapter 4 demonstrate that the TDM approach,
when combined with interferometric demodulation, can be successfully applied
to this type of application. The system is capable of detecting the measurand-
encoded changes in wavelength from individual Bragg gratings sensing
elements and demultiplexing a number of gratings successfully. However, some
problems have been encountered that still have to be overcome to produce an

optimum sensing system.

In Section 5.1 two of these limitations will be examined and possible solutions
will proposed. Improvements to the system that could be made by the addition
of new equipment and component devices that have become available during
the lifetime of the project will be outlined in Section 5.2. Section 5.3 will
review the results of the work presented in light of the aim and objectives

stated earlier.
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5.1 System inherent noise sources

5.1.1 Spectral overshadowing

In order to increase the number of sensors that can be used along a single
optical fibre, it is necessary to fabricate the gratings in such a manner that the
centre wavelengths are not spaced too far apart. However, set them too close
and some spectral overlapping will occur. (The major limiting factor placed
upon the number of sensors usable will be the bandwidth of the light source
used). Indeed, systems using gratings with the same Bragg wavelength

repeatedly along a single fibre have been reported [5],

This type of system (such as that presented in [S]) does present one obvious
complication. That is, more than one grating will operate at a particular
wavelength, either as the result of fabrication, or from a change in measurand

changing the centre wavelength of one sensor to match another.
The work presented in this section attempts to characterize the effect of the

situation where two gratings with similar Bragg wavelengths are placed in

series along a single fibre.
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5.1.1.1 Spectral overshadowing computer simulation

The computer model of the wavelength dependent reflectivity of the Bragg
grating used in the simulation was based on the coupled mode theory
demonstrated by Lam and Garside[31]. The result of this approach can be

summarized as the following equation:

Q2sinh2(SL)
R(L,V> ) for Q2>Ap2  (5_1)
A(32 sinh(SL) + S2cosh2(SL)

0.2sin2(QL)
1 m' A[3-Cl2cos!(QL) for 02 < A2

where R(L, A) is the grating reflectance as a function of wavelength and grating
length; A is the wavelength; L is the grating length; Q is the coupling
coefficient; (3 is the eigen propagation constant; A is the perturbation period;

AO = G- (%t/ A); S=(Q2- Ap) 12 Q = (AIR2- Q2 12

This equation can be used to plot the reflectivity of the gratings, where a

typical example is shown below.
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Wavelength (nm)

Figure 5_1: Typical output from the model for a single grating.

For the case where two gratings are placed in series, two effects change the
detected signal from the second grating compared to the typical curve, above.
Firstly, the intensity of light that reaches the second grating from the source
will be reduced by the amount that is reflected by the first. Secondly, a portion
of the light reflected by the second grating is reflected back away from the
detector by the first grating. Due to the nature of the Bragg gratings behavior,

both these effects will be wavelength dependent.

Knowing the reflectivity of the grating at a particular wavelength (from the

above equation), it is obvious that the simulation can be formalized as:

Int,W =Int(OR,
Int2(A) = Int0T,2R 2

Int,(?i) = IntOTPR ,R 2 (52)
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where Inti and Int2 are the computed intensities from the first and second
gratings respectively, IntOis the input intensity from the light source and R,, R2,
Tj and T2are the reflection and transmission coefficients of the first and second

gratings respectively where

Tn=1-Rn (5.3)

If the Bragg wavelengths of the two gratings are close together then multiple
reflections between them will cause signal interference effects and thus noise at
this wavelength, this is explained further in the next section. These harmonics
will be small compared to the main detected signal from the gratings and for
the simulation results presented herein only the first harmonic, Int2 is

considered.

The light source is assumed to have a bandwidth sufficiently wide enough so
that the two gratings will be illuminated equally, this is valid since most
practical light sources will have a bandwidth at least 30nm compared to the
bandwidth of the Bragg gratings reflection which will be about 0.2nm. The
distance between the two gratings is assumed to be greater than the coherence
length of the light source used, again this is valid when the bandwidth of the

source used is considered.
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The effect of this interaction on the signal received from the second grating is

shown on Figures 5 2 and 5 3 below for two different grating strengths.

In a WDM system the wavelength separation is such that the two reflection
spectra will not overlap at any time, in a TDM this overlapping is ignored since

the two signals can be separated in the time domain.

1 = 1st grating
2 = 2nd grating
3 = 1st harmonic

Wavelength (nm)

Figure 5_2: Graph of the individual responses from 2 gratings and the first harmonic.

Figure 5 2 shows wavelength spectra for two gratings (An = 0.0001 &
L=1.0cm, which gives a reflectivity -85% which can be seen in curve 1), 7.B=

1549.7 for the first grating and 1550nm for the second.

The spectral output from the first grating is exactly as would be expected,

however the spectrum from the second grating has been greatly deformed. It

can be seen that curve from the second gratings has considerably less power
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within it (the remainder has been reflected back by the first grating), and the

centre of the wavelength curve has moved away from 1550nm.

The reduced amplitude of the second curve will have a negative effect on the
system performance in terms of signal to noise, however the movement of the
center of the curve is a more important source of noise in this type of system. It
can be seen in the above graph, that the peak of the second grating has shifted
by over 50pm simply by the presence of the first. This will be detected as
crosstalk between the two channels and will limit the strain resolution

achievable.

This problem can be partially rectified by using gratings with lower reflectivity.
A reasonable arrangement was modeled using weaker gratings (which would be
produced where An = 0.00003 & 0.000045, largest first, which gives a

maximum reflectivity of 20% for the first grating and 40% for the second).

-1=1st Grating
-2=2nd Grating
-3=1st harmonic

Figure 5_3: The same situation as Figure 5_2, but with weaker gratings.

159



Chapter 5: Discussion of results

Even with the weaker gratings, the deviation from the expected value of the
peak of the second gratings is present. The magnitude of this deviation can be
plotted as a function of the Bragg wavelength of the first grating; this is shown

below in Figure 5 4.

1549.9 1549.95 1550 1550.05 1550.1
Wavelength of first grating.(nm)

Figure 5_4: Deviation from expected value of wavelength peak against
Bragg wavelength of first grating.

The shape of the curve shown in Figure 5 4 remains the same for different
gratings strengths but the magnitude changes. For example, with reflectivities
of 85% for both gratings gives a maximum deviation of just under 50pm. For
comparison, a typical value of strain sensitivity that has been reported, using a

Bragg grating system, would be -1.0 pm/ptstrain.

This deviation would be received as crosstalk between the two gratings, since

any change in the Bragg wavelength of the first grating would produce a small

change in the second.
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The method used in the simulation, for finding the peak of the wavelength
curve, was to numerically differentiate it and then search for the zero-
crossover. In practice, other techniques (such curve fitting) are equally valid

and could bring a somewhat different result.

Other than using low reflectivity gratings, there appears to be no simple way by
which this problem can be overcome. For systems where accuracy is important,
the problem will have to be minimized by using gratings that have a very small
bandwidth which will enable the gratings to be reasonably close together

spectrally without interfering with each other.

The fabrication of gratings with bandwidths as low as 0.029nm have been
reported [45], These were fabricated by scanning the phase mask used along
the fibre and thus producing a grating length of the order of 50mm. This phase
mask scanning means that the depth of modulation of the refractive index is not
as strong as other methods but this is compensated by the increased length. The
final reflectivity produced was of the order of 70%. Presumably, though this is
not explicit, a similar grating could be made with a reduced reflectivity and a

similar (if not better) bandwidth.

161



Chapter 5.Discussion of results
5.1.2 Multiple reflections between gratings

A second problem that would be caused by placing gratings that operate at the
same wavelength in series is that of multiple reflections. Obviously only those
reflections that reach the detector will contribute to the noise level. The use of a
time-domain based multiplexing system will eliminate most of these unwanted
reflections because most will have traveled different path lengths to that of the

signal being analyzed and hence will arrive at the detector at different times.

However, not all the noise will be eliminated by this, some reflections will have
traveled via routes that are the same length as the grating signal. Therefore these
signals will arrive at the detector simultaneously. This will increase the noise

detected for a particular channel. This situation is illustrated in Figure 5 5 below:

This type of noise is similar to that described for a series of Fabry-Perot sensing
elements [25]. If first-order multiple reflections, MRj, are defined as those that are
reflected 3 times and return to the detector at the same time as the signal from the
sensor in question then it is clear that for sensor number p (where the sensors are

numbered from 0 to P-1. P therefore being the total number of sensors):
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MRI1=Xi = (p-0+(p-2)+... +1 (5.5)

i=0

Which can be rewritten as

MR, P (I; -1) (5 6)

Bra ratings
Light source 999 g

| Dutput
channel

Signal from fifth grating

Example routes for
first-order multiple
reflections

Figure 5_5: Three example routes (from a total of six) for first order

multiple reflections for grating number four.
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It is obvious that from this Equation 5 5 that this problem becomes more severe as

for higher values of p, as the graph below demonstrates.

Figure 5_6: Number of first-order crosstalk pulses received for each sensor.

The strength of these crosstalk pulses is dependent on the reflection coefficients of
the gratings used. If the all gratings have a reflection coefficient of R, then each
crosstalk pulse will be a factor RZ(1-R)2 weaker than the primary signal pulse.
Therefore, if a series of gratings are used with similar Bragg wavelengths, it is
important to make them weak to avoid the signal being swamped by noise caused

by these multiple reflections.

The situation can be improved slightly by staggering the values of R such that the
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first gratings have a low reflection coefficient (e.g. 10%) with successive gratings
getting progressively stronger (15%, 20% etc). This will mean that the signal will

be reflected from a stronger grating than the multiple reflected noise pulse.

In the above referenced paper [25], it was also noted that this type of noise (i.e.
that which is produced by multiple reflections) would continue after the last signal
pulse has been received. A delay between successive light source pulses to allow

for this maybe needed to compensate.

5.2 Possible improvements to the demultiplexing

system

In many ways, the optical strain sensor system developed and demonstrated in the
above Sections can only be considered a prototype version. It has proved the
theory and the results taken have demonstrated that it could be used as the basis

for a practicable system for a strain measurement application.

However, as with any prototype system, a number of improvements could now be

attempted to increase the system overall effectiveness. These improvements stem
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from two main sources, new or alternative equipment now available and
improvements in either strain or spatial resolution of the sensors themselves. These

two areas will be discussed in the following sections.

5.2.1 Improvements in resolution

To improve the spatial resolution of the sensors, it will be necessary to run the
controlling electronics at a higher speed because the returning signals from the

gratings will be closer together.

The majority of the electrical components used in the system were chosen for the
their ability to operate at higher speeds than was used in the experimental
demonstrations outlined above. FAST TTL, which formed the basis of much of the
controlling system, can typically operate at frequencies in excess of 100MHz,
whilst the GaAs switches are specified with a top rating of 1GHz. This is not true
for all the components used however. There will be three main areas where
increasing the speed of operation may prove problematic. These are: the detector
and high-frequency amplifier, the switch control signal generation and the light

source driver.
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The detector and the associated amplifier need a bandwidth that is high enough to
detect the pulses returning from the gratings and amplify the signal enough so that
the rest of the signal processing can operate. A typical ‘rule of thumb’ to ensure
fast enough rise times would be to design a system with a frequency response
approximately 10x higher than the frequency of the arriving pulses. Trans-
impedance amplifications in excess of 107 are often needed and constructing
devices of this nature with a high bandwidth is not a trivial task. Low-noise, high-
bandwidth devices are available but these generally have a low gain level, therefore

the only solution would be to place a number of such devices in series.

The timing of the switch control signal can be generated using TTL, however the
GaAs switches require control signals to be of the form Ov / -5v. The
manufacture’s application notes for the switches list three methods of performing
this conversion. The first, the scheme chosen for this project, uses HCT4053, TTL
compatible CMOS switches with a rated top frequency of 160MHz. The second
method uses the manufacture’s custom built driver IC, this has a top speed of
40MHz (which seems odd considering it’s driving a 1GHz rated switch!) and as
such does not seem to be an ideal choice. The third is to float the switch at +5v
with respect the rest of the system, the TTL pulses will then appear to the switches

to be Ov/ -5v albeit in the opposite sense. The main problem with this approach is
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that the ground signal for the switches will be a +5v presumably from a power

supply unit and will therefore, not be as stable as a good earth connection.

To improve the spatial resolution of the sensors it will be necessary to produce
shorter pulses of light. High frequency laser diodes are available, but these devices
can present problems. Diodes have a ‘turn on’ or threshold voltage that is above
Ov (typically 0.7v), so to avoid a lag time, drivers are run with a bias voltage that is
just below this threshold. However, this can mean that the light is not completely
turned off during the ‘off period of the desired light modulation, which can cause

a substantial noise signal that would be detected as crosstalk.

5.2.2 New equipment

During the lifetime of this project, a number of potentially useful pieces of
equipment have become more readily available. Of these, the most interesting

include different types of switches and more powerful light sources.

A super-luminescent diode, SLD, is now available with a center wavelength of
1550nm. It has a rated optical power output of up to ImW. This extra power will

enable weaker gratings to be used (which will reduce the noise sources outlined in
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Section 5.1); alternatively less amplification will be needed after the detector which

will reduce the amount of noise contributed to final system from the amplifier.

Erbium-doped fiber amplifiers light sources are now available as packaged devices
that include a pumping laser and an optical modulator as integral components.
These devices have a large power output and a spectral bandwidth of the order
~100nm, larger than can be expected from laser diode. Larger bandwidth light
sources have the advantage that more sensors can be placed in series without the
need to use the same Bragg wavelength more than once. However, at present this
device does have the disadvantage of being rather costly in comparison to the SLD

mentioned above.

GaAs switches are becoming more popular and various configurations that can be
used to create different switch matrix topologies are available. A I-input, 4-output
switch could reduce the number of switches needed for a set number of output

channels.

5.3 Discussion of aims and ohlectives

The aims and objectives of this project were outlined in Section 1.3. They
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consisted essentially of an investigation into the suitability of Bragg gratings as
strain sensors and the development of a system capable of accurate strain
measurements using a series of Bragg gratings as a quasi-distributed network of
sensors. With this is mind, it can be seen that the work presented achieves these

aims.

The Wollaston prism based wavelength demodulation system achieves an adequate
wavelength resolution (0.0l nm equivalent to a strain resolution of ~8pm). The
arrangement developed uses a second light source as a reference wavelength which
reduces the need for calibration. The nature of the Wollaston prism would enable a
relatively small device to be constructed with no moving parts. This system is
limited however, by the quality of the CCD used both in terms of speed of
operation and element size. The speed of operation limits sensor spatial resolution
achievable, whilst the element size determines the smallest wavelength change
resolvable. When better CCD detectors are available, this arrangement will be

worth reconsidering.

The demultiplexing system enables a number of gratings to be used as sensing

elements when placed in series. The SNR achieved was of the order of 20dB and

the crosstalk between output channels was less than the noise level. Using an
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interferometric wavelength-shift detection system based on a Michelson
interferometer allows a measurement sensitivity of 1.59x10"3nmv|Lim and

1.119x102nm/°C.

The sensitivity figures given above suggest the main problem with the system as it
stands will be cross-sensitivity. As mentioned in earlier sections, there is no way of
differentiating between changes in wavelength due to strain and those due to
temperature. The method used in the strain experiments in this work was to simply
to assume the temperature remained constant, for all the gratings, for the duration
of the experiment. For laboratory work, this is a valid assumption, however for a
‘real’ system a more stable arrangement is required. The literature review in
Chapter 2 highlighted some of the methods that have been reported which attempt
to solve this problem, the most practical of which generally requires additional
sensors. In a situation where gratings are attached to a substrate, the changes in
strain of which is to be monitored, a second grating can be attached in the same
area but in a manner such that it does not experience the changes in the strain
conditions of the substrate. This second grating acts as a temperature reference
and can be in series with the former. The TDM system presented would be suitable
to demultiplex the signals from each and the calculation of the actual strain

conditions can then be carried out.
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The system was designed to be as flexible as possible to allow for future
expansions and/or improvements and Chapter 5 has discussed some of the methods
by which this could be achieved. One of the potential advantages of a TDM system
is the possibility of using Bragg gratings at the same wavelength and the problems

associated with this have been examined in detail.
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