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Abstract

Optical fibre sensing techniques are playing an increasingly important
role in applications where precise and non-destructive measurements are
required. Not only are traditional electronically based sensors being
gradually replaced by their optical fibre analogues, but also the classical
optical measuring devices, such as bulk optical interferometers, are being
reconfigured as devices constructed from optical fibre and fibre
components. On the other hand, the availability of different types of light
sources with different spectral distributions, such as light emitting diodes,
single mode and multimode laser diodes, opens up the possibility of widely
use these sources for optical fibre sensor applications.

The main theme of this thesis is a series of investigations of the
characteristics of the output from interferometric systems that use
multimode laser diodes as their low coherence light sources. The
multimode laser diode, developed recently in commercial quantities for
use with the compact disc player, offer high light output levels in a small
emitting area, which makes it the preferred choice for optical fibre sensor

applications.

The discussions began with a general introduction to the thesis. In
chapter 1 the principle of optical sensing by using an interferometer is
introduced and an outline of the basic framework of this thesis can be seen.
Based upon a new classification of the optical fibre sensing techniques, a
general discussion and a review of interferometric systems using low
coherence light sources are shown in chapters 3 and 4 respectively. By using
a new electronic signal processing scheme, a common-mode bulk
interferometer was replaced with its optical fibre analogue, which is

described in chapter 5.

The main characteristics of the output intensity distribution from several
types of interferometric systems which were illuminated by light from
multimode laser diodes were intensively studied both theoretically and
experimentally. The results of the investigation and the possible
applications of using the schemes developed in this work are shown in the
chapters 6 to 9. A general conclusion and suggestions for the future of the

work are presented.



Chapter 1

Introduction to the thesis

Abstract

In this chapter, introductory material and an outline of the basic

framework of this thesis are presented.



1.1. Introduction

Optical fibre sensing techniques (OFST) offer significant advantages in
applications where precise and non-destructive measurements are
required. In the past decade, optical fibre sensor systems have been the
subject of extensive research activity, and a number of such systems have
been developed and reported for different types of applications [1, 2]. As a
result, optical fibre sensing techniques have become one of the fastest
growing areas of technology, and have been used for almost every aspect of

measurement in industry, medicine and domestic environment.

One of the most significant achievements of OFST is that they enable
the classical optical interferometer to be reconfigured as a device
constructed from optical fibres and optical fibre couplers [2]. Thus, the
internal and external alignment problems of the classical optical bulk
interferometer are efficiently eliminated in its optical fibre version.
Furthermore, through the use of the optical fibre components, these
interferometric systems are capable of providing considerable design
versatility, permitting the flexible inter-connection of the various optical
sub-assemblies and, also, preserving most of the useful properties of the
optical fibre, such as physical flexibility and lightness, low material cost,

good electrical insulation and chemical inertness.
1.2. Interferometric optical fibre sensors

Of the numerous optical fibre sensing techniques which have been
demonstrated, interferometric sensors have a high level of sensitivity and
potentially a wide range of engineering applications. Since the working
principle of an interferometric system is chiefly based upon the
measurand-induced changes in the optical phase (or equivalently,
frequency) or an optical path difference (OPD), a number of optical fibre

2



interferometric systems have been constructed in a manner where the
measurand is converted to an optical phase change, or, a change of the

optical phase difference [2,3].

An OFS system operates by measuring a relative optical wave delay
along a fibre sensing area (intrinsic operation), or in a sensing tip (extrinsic
operation). This optical delay may be changed by a measurand to a change
in optical phase. The output from an optical fibre interferometer is

therefore related to this optical phase difference and can be written as
I=lo (1+cos P (1.1)

where I is output intensity, lo is a constant, $is an OPD induced by the

measurand ( a detailed discussion is given in chapter 2).

By using different types of signal recovery techniques, which are
discussed later in section 4.3, a wide range of the optical fibre

interferometric sensor systems have been developed [3, 4].

Amongst these systems, the fibre-based laser Doppler interferometric
systems have been highly developed as an important technique for
example for remote flow measurement [3], and non-contact vibration
measurement [4]. Since these systems are developed for remote dynamic
measurement, they are also known as "optical fibre laser velocimeters" or
"optical fibre anemometers". The main optical schemes developed in this

work relate to applications to these types of systems.

1.3. The optical fibre interferometric system using low

coherence light sources

Amongst optical fibre interferometric systems, the common-mode

configuration, in which the signal light beam and the reference beam



travel along the same fibre, exhibits a unique property of the insensitivity
to environmental perturbation. This is largely due to the fact that any
extraneous phase fluctuation in the fibre is common to both beams, and
therefore, as the signal beam interferes with the reference one, this

unwanted phase fluctuation is cancelled out.

As mentioned above, an optical fibre common-mode system has a high
potential for being used in the difficult environment, however, when it is
used in flow measurement, it is hard to determine where the
measurement is made, i.e., the geometry of the measurement volume is
not easily determined or defined [5]. This problem is caused by the fact that
when a high coherence light beam from the fibre probe penetrates into the
flow, the back-scattered light, which may come from anywhere along the
optical axis near fibre tip, will be collected by the fibre probe and interfere
with the light reflected from its end face. Therefore, the geometry of the
measurement volume where the interaction of the light beam with the
flowing (scattering) particles occurs cannot be determined simply from the
interference patten. Furthermore, the normal classical-type
interferometers that use high coherence light sources have other problems
which result from the optical characteristics of the high coherence light
source. For example, these systems only have a limited unambiguous
operating range, and their operating position will be lost when the

interferometer system is switched off.

In order to overcome the problems induced by the use of a high
coherence light source, a considerable effort has been made to develop a
low coherence light source interferometric system, the so-called "white-
light interferometer" [1, 6]. As a result, interferometers using different
types of low coherence light sources have been investigated and a range of

interferometers with different types of configurations have been
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developed [6, 7, 8, 9]. The main work presented in this thesis is a summary
of these investigations, concentrating on the study of the characteristics of
a multimode laser diode in several types of interferometer configurations

for the optical fibre sensor applications.

1.4. The work reported in this thesis

The work presented in the thesis includes three different sections,
which are: a review section (chapters 2 and 3), an initial study section
(chapter 4) and a report of main research work undertaken (from chapter 5

to chapter 9).

In the review section, a new systematic classification of optical fibre
sensor techniques (OFST) is proposed and presented (chapter 2) [10]. By
using this classification scheme, a fuller overview of the current status of
OFST may be seen. A review of interferometric systems using low
coherence light sources [11] is given in chapter 3. In this review, research
activity in this area is shown, and as a result the main part of the work

shown this thesis may be outlined.

In the section detailing the main research activity of this thesis, initial
work was started with an investigation of a new scheme for measuring the
frequency and displacement of a vibrating object. The aim of that was to
replace an optical bulk arrangement [12] with an common-mode optical
fibre configuration. Such a scheme may be described as “a pseudo-
quadrature recombination scheme" ( the details can be seen in chapter 4)
and represents an electronic analogue to an optical signal processing
scheme [5]. Although this scheme appears extremely simple in this
configuration and may be fabricated at low cost, by comparison to the one

using optical signal processing, it does, however, provide less information
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than that of the latter, i.e., the direction of the motion can not be

determined by using this scheme [13,14].

In order to find a solution to the problem of determining the motion
direction, an investigation of the characteristics of a new type of low
coherence light sources - a multimode laser diode for use in optical
interferometers - was carried out. In chapter 5, the characteristics of a
multimode laser diode in a Michelson interferometer are presented [15,
16]. In chapter 6 and 7, those of a multimode laser diode in a coupled Fabry-
Perot : Michelson interferometer [8] and a coupled dual Michelson
interferometer [17] are shown, respectively. From the results of these
studies, it can be seen that by employing a multimode laser diode as the
light source in an interferometer, it is possible to solve some of the
problems induced by the use of a high coherence light source. For instance,
the geometry of the measurement volume may be determined by using
the "white-light interferometer" scheme, or the '"coherence length
modulation" scheme (chapter 8) [18], and the direction of a motion can be
determined by employing a heterodyne signal processing scheme in a

coupled dual interferometer (chapter 9) [19].

This thesis concludes with a chapter (chapter 10) in which the main
results of this work are summarized. The advantages, and the problems, of
using a multimode laser diode as the light source in an optical
interferometer are shown. The major developmental requirements

needed for using the schemes developed in this work are indicated.
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Chapter 2

The review of optical fibre sensing
techniques based on

a new systematic classification

Abstract:

In this chapter, a new kind of classification for optical fibre sensors has been
introduced. Optical fibre sensors are classified according to the type of fibre
used, the light sources and the modulation schemes respectively on which
they are based. Each of these categories is further sub-sectioned into several
divisions and illustrations from systems developed and reported in the
literature are given, with various sensor designs represented according to

these criteria.



2.1. Introduction

Various optical fibre sensor techniques have been discussed and
reviewed by a number of authors [ 1, 2, 3, 4, 5 | during the last ten years,
during which time the recent explosive growth in the number of papers
published in the field has been observed. A general framework for the
classification and categorisation of such sensor techniques can be seen from

a number of different points of view.

However, the classification rules used to frame the various optical fibre
sensor techniques differ substantially from one author to another. This is
largely due to the different fields in which they are interested, the nature of
the grouping of sensors that they use, and indeed the intended readership
of the paper. For instance, Jackson et al [1] and Jones [2] have classified
sensors according to the use of a coherent or incoherent optical
measurement technique approach. Other reviews have been made on the
basis of different measurands or the use of modulation techniques.
Examples are the use of the optical fibre sensor (OFS) for temperature
measurement by Glenn [4], the use of the optical fibre for chemical
measurement by Harmer [5], and the use of the optical fibre for biomedical
applications by Katzir [6]. Further work has relied upon the basis of
intensity modulation by Medlock [7], as well as, for example, by Grattan, a

focusing upon new developments and trends [8].

Although a basic classification of optical fibre sensors, as merely
"intrinsic" or "extrinsic" has been introduced in a number of publications
[ 1,2, 3], it is somewhat over-simplified for OFS techniques, because such a
classification neither gives a overview of the sensor itself nor detailed
information about the range of activity in the OFS techniques area.

In order to develop a fuller overview of the variety of OFS devices under
study today, it is worthwhile to introduce a new classification of these
techniques. By examining the structure of a typical optical fibre sensor, it
may be seen as logical to classify OFS techniques according to three basic

and separate criteria:

10



(a) source of illumination used
(b) type of fibre employed and
(c) optical modulation scheme employed

Such a classification springs almost instinctively from the nature of the
term optical fibre sensor - the optical source, coupled to a transmitting fibre
to allow the light to undergo transaction or modulation in the sensor

process.

2.2. Classification in Cartesian geometry representation

If a Cartesian co-ordinate representation is used to group these three
"variables", a spatial framework for the classification process can be
employed and different types of sensor can then be fitted to such a

representation, to illustrate their comparative features.

Such a classification for generalised sensors, whether electrical,
mechanical, or otherwise has been discussed by Middlehoek [9], and
Finkelstein [10], but herein it is applied in a rather different way to one

specific class of sensor, rather than to the general family of all sensors.

2.2.1. Source of illumination used

The x-axis of the geometrical space is used to represent light sources
which then may be characterised by their spectral distribution, as shown in
Figure 2.1. There are at least five common and convenient classifications of

light sources that have been reported for use in various types of OFS:

(i) single-mode laser source (e.g. single-mode He-Ne laser, single mode
laser diode)

(ii) two-mode or "a few-mode" light sources (e.g. lasers with various

cavity configurations)

(iii) the N-mode light source (N »2 e.g. the multimode gas lasers , or

multimode laser diodes)

(iv) narrow-band continuous spectrum light source (e.g. the light
emitting diode (LED) or the superluminescent LED)

11



Moddlation

Cohgrgnee

Time
ra

—

s
Fgf lechion Index

i I
- I
r——-ﬂa:h---——tf— |
i |
Waweler qth.-’fr‘e quency | |
=
P s gl = | g
l--alar sation = o] 2 - E
— = - !
=1 o 5 ! o | ]
| -5 w15 a | 2 Fib
Intensity | £, & | 2 s | £ re
| 1 s -
: Merno—mode : ’
Two-mods
| |
| |
Multi-mede _Ji
Marrow - band |

@ Broad-band

Figare 2.1. The schematic classification in a 3-D Carthusian coordinate

SCReme.

12




(v)  the broad-band continuous spectrum light source (e.g. the tungsten

lamp, the mercury lamp, the continuous output xenon lamp).
2.2.2. Type of fibre employed

On the y-axis of the geometrical space, the various fibres that may be
employed are classified by their mode - propagation characteristics. The
number of modes transmitted and the polarization-related characteristics
can be used, on the basis of a division of fibre types into at least five groups,

as shown in Figure 2.1.

i) monomode fibre

ii) polarization - maintaining fibre

(
(
(iii) two - mode fibre
(iv) multimode fibre
(

v) specialized fibres e.g. doped fibres, liquid-core fibres etc.
2.2.3. Optical modulation/sensor techniques

On the z-axis of the space, as shown in Figure 2.1, is illustrated a
characteristic of the OFS based on the parameters of the interaction electric
field, E, given by E=E0 expl[j((ot+27cnLA)], where EO is the amplitude, tothe
optical frequency, n the refractive index of the medium, L the optical path
and Athe wavelength. The modulation of the field can be categorized into

at least seven groups:

(i) intensity modulation

(ii) polarization modulation

(iii) wavelength/frequency modulation
(iv) path modulation

(v) refractive index modulation

(vi) time modulation , and

(vii) coherence length modulation,

The modulation types (iii) to (vi) are also termed as "phase

modulations" because their variation will cause a change of the phase of

13



the light propagating in the optical fibre. It should be pointed out that the
phase of an optical wave is defined with respect to a particular reference
and thus a useful phase modulation for sensing can only be achieved, in
practice, for a light source with fixed and known initial phase conditions.
The random variation in the initial phase over a period of time (the
detector response-time) will result in a degeneration of the interference
output in an interferometer, i.e., the fringe visibility k, which is defined as
(Imax-Imin)/(Imax+Imin)/ will reduce to zero, and thus will make the
detection of the phase modulation particularly difficult. In other words, a
phase modulation sensor can only effectively be operated with the two

optical path differences inside the coherence length of the optical source.

By using this classification system, as illustrated in Figure 2.1, the many
OFS techniques described can more readily be surveyed and examined, and
their relationship one to another be seen. What is more, such a
representation can more clearly indicate those areas where sensor schemes
have already been proposed and/or exploited and its examination may
show both areas of inactivity or those that are underdeveloped and point to
new techniques which further could be exploited, as the technology to

achieve them matures.

It should be noticed that an OFS can employ more than one type of light
source, modulation technique, or fibre at any one time. Such types of OFS
can then be represented by more than one "cubic unit" in the geometrical
space in Figure 2.1. If an OFS "family" is represented by a number of
different "cubic units", such a family may be of a multiplexed type [11],
while if the same cubic unit represents a number of types of OFS, this may
be a distributed type of OFS [12].

2.3. light source - optical characteristics of the OFS family

Light sources can be classified according, for example, to their spectral or
coherence characteristics into at least five groups. Table 2.1 shows the
spectral distribution, coherence length and intensity/wavelength
relationship for a number of such sources. The coherence characteristic of a
light source is a measure of the extent to which a phase relationship is
maintained both across the beam (spatial coherence) and along the beam

(temporal coherence). In an OFS, the spatial coherence of the light wave is
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often not particularly important because of the small cross-sectional area of
the fibre core, but as a contrast, the temporal coherence of the optical
radiation is often extensively considered in selecting the appropriate light
source for a particular sensor. In a multimode fibre, the spatial coherence of
the modes is lost, whilst in a single mode fibre it is, by definition,
preserved. A useful indicator of the temporal coherence is the coherence
length of the source or the resulting fringe visibility of interference fringe
in a detection interferometer, the relationship between the coherence

length and the spectral width of the light source being written as [13]:

Where Lc is the coherence length, X is the wavelength of light and AX is
the spectral width of light source.

2.3.1. Monomode light sources

Many types of single mode laser or laser diode belong to this group of
sources. Because their bandwidth is very narrow, their coherence lengths
are usually very long compared to the optical path inside of the OFS itself.
For a suitably chosen He-Ne gas laser, the coherence length is of the order
of a few hundred meters, for example, and a typical spectral width for a
single longitudinal mode in such a laser is about 1 MHz, which
corresponds to a coherence length of the order of a few hundred meters
[13]. For a typical laser diode such as that used in a 'CD' - player, a very
short coherence length is desired and used, to avoid phase sensitive effects
in the reading of data from the optical disc. The spectral width can be
reduced to -100 MHz, resulting in Lc having a value up to a few metres

[14] .
2.3.2. Two-mode light sources

Such light sources can be produced relatively easily for use in an OFS by
for example, driving a single-mode laser diode at two different values of
currents through use of a square wave modulation [15], or, by combining
two or more single-mode lasers which have different wavelengths [16] or
by the use of bandpass filters to obtain a several wavelengths from an LED

[17]. The coherence length obtained in each of these cases is, however,
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much less than that of single-mode laser. Obviously, in the latter two cases,
the coherence lengths of the wavelengths generated will be independent of
each other, and equivalent to those obtained from separate sources.
However, the fringe visibility in a detection interferometer changes
periodically with the change of the optical path difference, as shown in
Table 2.1.

2.3.3. N-mode (multimode) light sources

This group of light sources covers a wide range of multimode solid state
(doped insulator), liquid or gas lasers or the semiconductor laser diode. For
instance, the He-Ne gas laser with a cavity length of 0.5 m has a mode
separation of 4 x 10'* nm and the width of the lasing transition at 633 nm is
typically about 2x10'" nm, with the number of the longitudinal modes in
the laser output being of the order of 4 or 5 [13].

When a single mode laser diode is powered by a drive current under the
threshold for laser action [18], it may conveniently be used as a N-mode
light source as well as the coherence characteristics deteriorate severely
under these circumstances. The coherence characteristics of this type of
light source are not easily described because the interference effects of
multimode light are much more complex than those of light from a
monomode laser. Thus interference fringes will appear in some spatial
regions but not in others. This is due to the superposition of the fringes
which are generated by each longitudinal mode of the device [19]. As a
result of this superposition, those interference regions will occur
periodically along the optical path difference. The concept of a "coherence
region" has been introduced in some papers to explain this and therein,
[19], the coherence characteristics of these sources have been discussed in
greater detail [19,20].

The laser diode is revolutionizing the potential for OFS devices and in
summary the devices range from low coherence length, simple structures
with a width of the lasing transition of 2-5 nm, available at prices from a
few tens of dollars (depending upon power delivered) through distributed
feedback lasers with sub-nanometer linewidths and available at a price that
rules them out of most OFS applications to quantum well devices with the

linewidth performance of a He-Ne laser.
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Other laser devices may be employed in OFS use, e.g. the Ar ion laser or
the He-Cd laser. Both these devices are expensive, physically quite large
and require power supplies which use a considerable level of electrical
input, but they do provide a continuous (and thus capable of modulation)
output in the blue or ultra violet part of the spectrum. This is a region
where LEDs or laser diodes are very weak and for such sensors as those
employing luminescence, where excitation at short wavelengths is
preferable, they are a useful source. In addition early work on distributed
sensors employed these sources, due to their high power (several watts
being routinely available), and favourable non-linear scattering
characteristics. The coherence length of a typical Ar ion laser may be quite
long, comparable to that of the He-Ne laser.

2.3.4. Narrow-band continuous spectral light sources

This type of light sources have been widely used for many different
kinds of OFS. The ordinary light emitting diode (LED) or super-radiant
diode (SRD) are examples of this group with importance for OFS use.
[MMustrated schematically in Table 2.1, the width of their output spectrum is
about 20-80 nm [21], and as a consequence their coherence length is of the
order of 50 pm or less [22]. In addition, discharge lamps can produce a series
of spectral lines of varying widths, distributed across the spectrum
according to the energy levels present within the gas itself. The low-
pressure mercury lamp, for example, gives a series of lines from the UV
into the visible spectrum, with however, some difficulty in coupling the
divergent output from such a device into an optical fibre. This is a
significant problem for all lamp sources, although output optical powers
may be such that efficient coupling, whilst preferable, is not essential. A
range of low pressure gas discharge lamps exist, yielding specific special
lines over a wide range of the spectrum. However, there are often
problems with the bulk of the lamp and power supply in OFS applications,
and the need for lamp cooling. Invariably, in cases where the lamp is
inefficient or delivering low optical power at the wavelength of interest,
good optical coupling via a carefully chosen lens combination is required.
This usually will increase the physical bulk of the source and may limit the

application to OFS devices.
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2.3.5. Broad-band continuous spectrum light sources

This group of light sources is well suited to a number of optical fibre
sensor applications, particularly those requiring excitation at wavelengths
of less than -500 run, and especially in the ultra violet part of the spectrum
(X < 350 nm) where solid state sources are largely unavailable and the use
of lasers is uneconomic. Additionally these sources can offer a wide
wavelength spread which is useful for sensors using wavelength -
encoding techniques. Modulation of the light can be achieved using simple
"chopper" techniques (limited to -few kHz) or using an electro-optic
approach but these are usually very inefficient with such sources. As an
example, the millimetre-sized tungsten-halogen incandescent lamp is
available [23], the optical output being in the spectral range from
wavelengths in the near UV and in the visible from about 400 nm
upwards, into the infra red part of the spectrum, where substantial power
can be obtained. Discharge lamps such as the xenon lamp or mercury lamp
(at low or high pressure) are widely employed for emission on either
discrete spectral lines or as a broad band over the region from the vacuum

ultra violet to longer wavelengths.

The coherence lengthes of this group of light sources are usually very
short, e.g. the coherence length of a typical white light source is only 3 or 4
wavelengths. Details of such sources are discussed in a number of familiar
reference texts [14], as their use in conventional analytical instrumentation
has been familiar for many years. However, their mechanical instability
and physical bulk makes them unsuitable for many OFS applications, in
addition to which such lamps are often inexpensive but yield a substantial

percentage of their power output as heat.
2.4. Fibre-structure characteristics of the OFS

Current OFS technology has arisen largely on the basis of optical
components and especially optical fibres made available as a result of the
explosive growth in their use for communications purposes. Whilst the
technology for producing ultra-low-loss monomode fibres has been
developed in recent years to a highly sophisticated level, this same
technology is also applicable to the production of fibres for sensor purposes,
where, however, other fibre characteristics are needed. Thus the OFS

development market is fortunate in being able to call upon relatively cheap
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and readily available technology to produce fibres with specific
characteristics to suit sensing purposes. Whilst fibres produced for
communications purposes are preferred to have as low a sensitivity as
possible to external effects, even ordinary silica fibres are used in many
distributed sensor applications, due to their sensitivity to temperature, for
example through changes in non-linear scattering processes. As these OFS
techniques have developed rapidly, different types of fibre have been
manufactured and the number of these types will continue to increase to
meet new and special applications. The fibres considered here are
characterised by the nature of their structure (such as, the core radius,
numerical aperture (NA), polarization performance), and other

considerations.
The numerical aperture (NA) is given by:
NA =Sin0m= (m2-n22)V2 (2.2)
Where m,n2are the refractive indices of the core and cladding

respectively, and Omis the maximum angle of incidence to retain guiding
of light, as shown in Figure 2.2.
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2.4.1. Monomode fibre

Monomode optical fibre is widely used in optical fibre sensors based on
phase modulation to encode the measurand. The main characteristic of a
fibre is determined by its Vebert Number (V), which is defined as V =
(2na/X) (ni2-n22)1/2, where a is the fibre core diameter, X is the wavelength
of light guided in the fibre, and ni and n2 are the refractive indices of fibre
core and the outer cladding respectively. The Vebert number of
monomode fibres is normally less than 2.405. A typical monomode fibre
designed to operate at a wavelength of 633 nm has a value of NA of about
0.10 [24], a core radius of a few micrometers, with a cladding radius of
between 40 to 60 pm [21]. In an ideal fibre which is perfectly circular, when a
linear state is lunched into it, two orthogonal polarization states can be
generated and the polarization state of the guided wave (the HEn mode)
propagates along the fibre unchanged. Unfortunately, in a practical fibre,
such ideal conditions do not exist. As a result of its dominant intrinsic and
any additional extrinsic birefringence, the guided waves at two orthogonal
polarization states will have a phase difference developed between them
after propagating a certain distance along the fibre. The distance over which
a phase difference of 2n occurs is called the beat length (Lb), which can be

written as:

where nx, nyare the effective refractive indices with x and y being the
axes of a non-circularly symmetric fibre core, and X is the free space
wavelength. Typical single-mode fibres have a beat length, Lb, in the
centimetre region, dependent upon physical characteristics [13]. Thus this
kind of fibre can only be used where the polarization state can be neglected

in the sensing operation.
2.4.2. Polarization-maintaining fibre

Many optical fibre sensors rely upon the use of polarization effects, and
the maintenance of the state of polarization of light propagating in fibre is
important. In order to overcome the problem of a variable state of
polarization in a monomode fibre, considerable effort has been expended to

develop polarization - maintaining fibre. This characteristic is induced
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during the manufacturing process, by inducing stresses in the material
itself.

There are two main categories of polarization maintaining fibre (PMF)
available - linear polarization-maintaining fibre (LPMF), and circular
polarzation - maintaining fibre (CPMF). In the former category, only one of
two orthogonal polarizations states (HEXor HEy ) can be maintained at the
output of the fibre whilst, in the CPMF, a round fibre is twisted to produce
a difference between the propagation constants of the clockwise and
counter-clockwise circularly polarised HEn mode. Table 2.2 shows in more
detail the classification of PMF and the subject is discussed in greater detail
by, for example, Okoshi [25].

2.4.3. The two-mode fibre

Fibre allowing the propagation of only a few modes represents a new
kind of fibre, recently developed, which can provide a number of
independent transmission channels in a single strand fibre. A number of
investigations have been carried out to understand better the modal and
the polarization characteristics of these fibres [26, 27]. Although the
multichannel capacity of few-mode fibre has not yet been fully exploited,
due to mode-control problems, two mode fibre has been used in several
types of OFS [28, 29]. It is usual to derive the two modes which are excited
from a single source to ensure a known coherence relationship between
them. It is very difficult to excite and maintain two modes independently.
The two-mode fibre, with a V-number between 2.4 and 3.8 can guide two
spatial modes, the LPio and LPn modes [30]. The polarization and intensity
distribution for a highly elliptical core, two-mode fibre (operated with LPio

and LPn) can be kept unchanging over a wavelength range between 488
nm and 633 nm [31].

2.4.4. Multimode fibre

Multimode optical fibre, with a V number significantly greater than 2.4,
has much larger core sizes and sometimes also much larger refractive
index differences between core and cladding. The number of modes (M)
guided by the fibre is determined from the V number and is given by
4V2/ji. The core diameter of a multimode fibre is usually larger than 50 pm,

which means it has more than 100 times the core cross - sectional area of a
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monomode fibre. This factor is also reflected in the material costs and thus
in the price of the fibre itself. This is especially significant for long lengths
or specialized fibres. A large index difference between core and cladding
yields a large numerical aperture but may be difficult to fabricate. As a
result of the larger core area and a large value of NA, multimode fibre
presents a greater launching efficiency than monomode fibre from an

optical source.

Multimode fibres are often used in an OFS, in applications where high
light intensities are required, particularly in those that employ intensity -
modulation techniques. There is flexibility to use a wide variety of optical
sources, with suitable coupling optics. In many cases, light signals can be
launched into fibres with reasonable efficiency and often incoherent
sources show a high degree of optical power over a usable spectral band, so
inefficient coupling still results in adequate light levels in the optical fibre
for many sensor purposes. Multimode fibre sensors based on coherence

modulation in an OFS have been produced [22, 32].
2.4.5. Specialized fibres

A number of types of special fibres have been made for particular usage
in the field of optical fibre sensors, and are designed with only limited
applicability in optical fibre communications systems. However, the use of
fibre lasers as optical sources and subsequent laser amplifiers as part of an
optical communication systems may bring some specialist fibres into the
communication field. The difference between these and other kinds of fibre
lies mainly in the modified shape of the fibre core or the material from
which it is made. As the varied techniques used in OFS are developing
steadily, the number of special fibres in use are continuing to increase.
However, only a few of the wide variety of specialist fibres are considered

below, to illustrate the broad nature of field.

2.4.5.1. D-shaped fibre

When light is guided along a fibre with "D"- shape core,the result is the
exposure of the evanescent field near the core of fibre. As most of its

cladding on one side of the fibre is removed, the thickness of the material

which is left is very small (as shown in Figure 2.3.), and light modulation
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can be achieved in the evanescent field near the core. The techniques for
manufacturing D-shaped fibre are described by Millar et al [33] and Dyott et
al [34] respectively. One of the main potential uses of the single mode D
shaped fibre is for polarization - holding directional couplers, where the
process of coupling the guiding region, either through etching or by fusion,

should be greatly simplified [35].

Figure 2.3. The cross section of a D-shaped fibre

2.4.5.2. Hollow-section Fibre

Hollow-section fibres are the result of a further development of the D-
shape fibre. They may be produced by making a single longitudinal
aperture at a fixed distance from fibre core. Figure 2.4 shows such an
acrylate-coated metal-glass fibre, with a numerical aperture of about 0.16,
the "cut-off wavelength" for transmission is about 1.25 pm, and the
distance between the core and hollow section is about 3 pm. The
polarization performance of such fibres is good, for example, the extinction
ratio of a 5 cm length of the polarizing fibre is about 40 dB over spectral

region from 1300 to 1600 nm [36], which is useful in sensor applications.



Figure 2.4. Schematic diagram of a composite metal-glass polariser.

2.4.5.3. Fibre doped with rare earths

As an alternative to modifying the shape of the optical fibre, by
modifying the materials from which the fibre is normally fabricated (pure
silica) or adding additional materials, new kinds of specialized fibre have
been developed. Fibres doped with rare earths have a number of special
properties, due to the introduction of these ions e.g. Nd, Eu, Dy, into the
light guiding regions of the fibre. Those properties are exploited to
construct different "in-fibre" sensor devices, to improve the measurement
region of the OFS, or even to form new kinds of devices such as fibre lasers,
fibre amplifiers, a fibre with an increased Verdet number or a fibre showing
an increased Kerr effect and nonlinear optical coefficients. [37]. An
important application has been the distributed temperature sensor with the
rare earth doped fibre which has been developed recently. The sensitivity
reported for it is better than 1°C, over a temperature region from -200 to
+100°C and higher, with a spatial resolution being 3.5 m [38].

2.4.5.4. Liquid core fibre

Liquids have been used as the core material for fibres where special
characteristics of the liquid material have been required for a specific sensor



purpose. Thus the refractive index or scattering properties of the core
material may be tailored to a particular application through the use of a
specially chosen liquid. An important early example is in the work of
Hartog [39] where a fibre filled with an organic liquid with significant
scattering properties was used as the basis of an early distributed
temperature sensor. However, problems exist in the fabrication of long
lengths of such fibre and the possible hazards from the spillage of the core
material. Additionally,such fibres are expensive to fabricate, and not widely

acceptable in industrial installations.
2.5. Sensor - modulation techniques

The modulation techniques employed in optical fibre sensors vary
widely in their measurand function, performance and position in the
sensor system itself. The basic techniques considered here, however, are
those in which the light itself is modulated. This process may conveniently
be categorised into seven groups, according to the parameters of the electric
field or the optical radiation varied. More than one type of modulation
technique may be employed in one sensor, for example, path length
modulation is often associated with the refractive index modulation, and

this is still a dominant mechanism in many optical fibre sensors.
2.5.1. Intensity modulation

Intensity modulation techniques, employed widely in the earliest types
of OFS, show the virtues of simplicity, reliability and achievability at low
cost. The variation of the light intensity at the probe itself indicates the
encoded change of an applied measurand, such as temperature, pressure
[40], acceleration [41], or "on/off" state in a simple switch [42]. Various
schemes to produce this type of intensity modulation have been produced,
classified as, for example, [7]: fibre displacement; shutter modulation;
reflective schemes; fibre loss; evanescent field coupling; absorption; light
scattering; digital encoding and electro-optic modulation, amongst others.
However, a basic drawback is the lack of an accurate reference signal in
many cases, although several internal referencing schemes [43, 44] have
been proposed. This intensity-based approach is not widely used in modern
types of OFS, except for simple switches, although such devices tend to be

comparatively inexpensive.
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2.5.2. Polarization modulation

Polarization modulation is another interesting and very valuable
technique for measurand encoding and signal recovery in many types of
optical fibre sensor. The basic principle of operation is that the relevant
physical quantity to be measured is transduced into a polarization change
through an appropriate interactive effect e.g. the electro- or elasto-optic
effect. The measured field can be inside the fibre (intrinsic sensor) or
outside the fibre (extrinsic sensor) or even both situations may apply in one
system. Historically, these were some of the first modulation schemes to be
developed, and numbers of new sensors based on polarization modulation
have been developed in the last few years. These are, in particular, sensors
for measuring temperature, stress, current, and magnetic field, amongst

others, which have been reported in detail in the literature [45].

2.5.3. Wavelength modulation/encoding

Wavelength modulation/encoding techniques are very valuable as a
means by which a non-intensity dependent measurement may be made
using optical fibres. Wavelength division multiplexing (WDM) has been
discussed by a number of authors [46, 47] and relies on the encoding of the
measurand information in terms of a specific wavelength of light received
from the transducer. This frequently means, in a real sensor, the use of a
broad - band spectrum optical source with the transducer acting as a
wavelength-encoder, depending on its perturbation by an external
parameter. Several displacement/rotation transducers have recently been
developed [48, 49], primarily for testing in the aerospace environment,
using gratings or filters which are mechanically rotated or moved in a
linear fashion to yield the appropriate output.

There are two further kinds of wavelength modulation in common use
in interferometric sensors. The first is the so-called "frequency modulated
continuous wave" technique (FMCW) [50, 51, 52]. In the case of FMCW, a
monomode laser diode in an unbalanced interferometer is driven with a
linear ramping current. Since the wavelength (frequency) of the output is a
function of the variation of the drive current. The variation of wavelength
in the light source causes a phase difference in the output of the
interferometer. Therefore the intensity received from the interferometer
will yield the information on the optical path difference in the

interferometer, and thus the information on the measurand. for the
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second example of the wavelength modulation, The modulation does not
achieved by modulating the light source, but instead, it is achieved either
by the Doppler frequency shifting from a moving body or by using a
frequency modulator such as a Bragg cell in the experimental optical
arrangement. In recent years, a considerable amount of effort has been
expended in the development of such optical fibre systems [54, 55, 56], and
they have become established as important techniques for the fluid flow
measurement, surface velocity measurement [57, 58], and medical

measurement applications [59].

2.5.4. Path modulation

This modulation is one of the most commonly-used modulation
schemes in optical fibre sensors, usually of the interferometric type. The
change of optical path difference may be caused by a physical displacement
or measurands which can be converted to a displacement variation in an
interferometer. When an interferometer is operated in a "zero path length
difference" mode, and the linear displacement range is less than X./4,
corresponding to a value of <200 nm for a typical laser light source.
However, when the displacement is greater than X /2, the fringes will
appear periodically, each fringe representing a X change in optical path
difference, corresponding to a change of 2k rad. By counting the number of
the fringes, the displacement change can be calculated from the simple
equation:

AL =NX/2 (2.4)

where AL is the change of the displacement, N is the number of fringes
counted and X is wavelength of the light source. A number of parameters
can be converted so as to produce a displacement and thus be amenable to
measurement by this sensitive technique. As a result, a very wide range of
sensors based on optical path modulation has been developed. The
measurands vary from distance [60], to vibration [61], to those associated

with a change of displacement, such as pressure [62].

2.5.5. Index modulation

Modulation of the material refractive index and its use for measurement
purposes can be achieved both inside and outside the optical fibre in sensor
use. In the first case, measurands such as temperature or pressure may be

used to vary the index difference between the core and the cladding of a
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tibre, and thus the amount of light "leaking?7 from core to cladding causes a
change in the output light intensity observed. In the second case, an
external sensor element may be employed, for instance, by using a Lithium
Niobate crystal, LiNtx>3, as a temperature sensor. The refractive index of
such a sensor element is modulated by the measurand, and therefore the
optical path within the material is changed. When an interferometer with
a monomode light source is employed to determine this in an optical fibre
sensor, the change of optical path difference can be used to vary the phase
difference of the radiation in the interferometer and thus the output
intensity observed. The fractional change in optical path length in a silica
fibre is given by dn/dT = 10"5K"1 [4], the phase shift by (27tnLA ), which is
approximately 1rad K*1lcm'lfor a wavelength of 633 run, the wavelength of
the He-Ne laser. Other glasses less commonly used for optical fibres will
show different characteristics. An approach using index modulation
outside an optical fibre has been reported by Scheggi et al [63] in a sensor

application.
2.5.6. Time modulation

With the use of coherent light sources, a temporal modulation can be
transduced into a path length modulation through the use of the
relationship:

AL =c At (2.5)

where AL is the optical path length transversed by light during a period
of time At, and c is the speed of light. Therefore time modulation can be
considered to be equivalent to a path length modulation under these

circumstances.

With the use of an incoherent light source, time modulation, also
known as rate modulation, is the form of modulation achieved using a
low frequency applied to the light intensity or to produce pulses of known
temporal duration. Information conveyed in the time domain can be
highly dependent on the measurand using the correct sensor encoding. For
example, the rate information from a rotating object such as a turbine, or in
a vortex-shedding flowmeter or from a rotating shaft, can be delivered to
an optical detector by optical fibre links to detect the optical radiation
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containing the information signal. The detected signal then can be

converted into a digital signal.

A number of OFS techniques have been developed, based on time
modulation, such as a quartz resonator hybrid OFS for displacement
measurement [64] and pressure [65] and temperature sensors [66] based on
fluorescent time decay. By the use of correlation techniques, the rotation of
a shaft can be monitored directly from the light scattered by the shaft [61]. In
such an application the signal received due to the reflection from the shaft
is subjected to autocorrelation, and the rotation rate can be then calculated.
Agreement to within a few percent with a mechanical device was observed

in recent work [61].

2.5.7. Coherence length modulation

"Coherence length" is a term used as a measure of the temporal
coherence of a light source. The "coherence region" of an interferometer
output is the region where phase modulation can be achieved. For example
in a Michelson interferometer, this is less than twice the "coherence
length". The term of "coherence length modulation" used here represents

the modulation of the so-called "white-light interferometer" scheme.

When the optical path difference (OPD) in a interferometer is less than
the coherence length of the light source employed, the fringe visibility [1] of
the output obtained is in the region between 1 to 0, and phase modulation
can be achieved. However, when the OPD is greater than the coherence
length the fringe visibility is zero, and the phase modulation becomes
undetectable. In this latter case, the coherence length modulation
technique can be used to "shift" an unbalanced interferometer into a
"balanced" or a "near balance" region [22, 60]. The basic function of this
modulation is to compensate the large OPD which is observed, in order to
shift the coherence region from its original position to where the phase
modulation can be achieved.

When coherence length modulation is introduced, it is necessary that a
second detector interferometer is employed. The OPDs of the two
interferometers are set to be larger than the coherence length of the light
source, with the difference between them being less than coherence length.

Under this condition, two interferometers give out an interference
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intensity distribution which shows the so-called "fringes of superposition"
[67]. The scheme used in this modulation is sometime called "path-
matched differential-interferometry" or "white-light interferometry" and
has recently been exploited in interferometric fibre optical sensors.

The most commonly used low coherence light sources for such
arrangements are the LED, the super-luminescent diode or multimode
laser diode, in addition to broad-band sources and significant work has
been done recently to develop optical fibre sensors operating by means of
the coherence length modulation. As an example, an OFS for pressure
measurement [22], remote displacement [60, 68], accelerometer [69], and

flow speed [70] have been reported recently.
2.6. Summary

In this chapter a new kind of classification for optical fibre sensors has
been introduced and discussed. The details of each "division" of the
classifications were reviewed and corresponding examples given. Several
points worthy of note emerge, and examples of the different schemes
which have been discussed in the literature are seen in the reference
matrix, Table 2.3.

Most work done in past years, in for example interferometric-based
sensors, has concentrated on two major areas. The first is the "monomode
light source, monomode fibre, and phase modulation" category which is
represented using all types of interferometer. The second is the "broad-
band, continuous spectrum light source, multimode fibre, with intensity
modulation" type which covers many of the incoherent types of OFS

employed.

Few-mode optical fibres and specialized fibres show significant
possibilities for the development of novel types of OFS. However, their
full applications have not yet been seen due to the lack of their availability

at low cost, and this is likely to remain a problem.
Light modulation techniques have been investigated in different fields.

The tendency for the development of sensing techniques is towards a

combination of different modulation schemes together with the mixing of,
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MON
M TWO
0 MUL
N NAP
BRO
MON
P TWO
0 MUL
L NAR
BRO
MON
T TWO
W MUL
0 NAR
BRO
MON
M TWO
U MUL
L NAR
BRO
NOH
S TWO
P MUL
E 1il!AR
BRO
Table 23

INT LEN W/F POL REF TIM

8 6 71 9 2 79 9 6 103
105 8 1
8 9 102
8 5 9 5
8 2
8 7 101 8 4 8 3
9 0
7 8 100
91 9 7
4 0
76
72 9 9 77
9 8 9 4 9 3
104
75
7 3

Examples of different "cubic units" of the OFS space
(numbers refer to references quoted).
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Key for table 2.3

SON: Source

MON: Monomode Light Source
TWO: Twomode Light Source
MUL: Multimode Light Source
NAR: Narrow Band Light Source

BRO: Broad Band Light Source

FIB: Fibre

MON: Monomode Fibre

POL: Polarization Maintaining Fibre

TWO: Twomode Fibre
MUL: Multimode Fibre

SPE: Special Fibre

MOD: Modulation

INT: Intensity Modulation

LEN: Length Modulation

W/E: Wavelength/Frequency Modulation
POL: Polarization Modulation

REF: Refractive Index Modulation

TIM: Time Modulation

COH: Coherence Modulation

for example, optical modulation with electronic modulation, where

appropriate.

It is clear that a considerable body of work has been undertaken to
develop OFS techniques, however, there are still many "blank cubes"
which may be filled inside the OFS "techniques space", and in other words,
this OFS techniques space has not yet been fully exploited. It is not expected
that this space will be filled immediately, if ever, but this may gradually
change as new kinds of light source, optical fibre or sensor approach
emerge. However, it is likely that due to the basic physical mechanism and
for sound commercial reasons many cubes will "remain blank" and
perhaps in only a few areas will there be real commercial success with OFS
techniques, where their unique advantages are seen. However, the field is
very much alive and an increasing number of commercial products are
appearing. This categorisation draws attention to those areas where devices
do not exist and may be a stimulus to new developments with the

emergence of new technology.
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A number of examples have been shown to reveal the other
applications, including the use of low coherence light sources such as the
LED or the multimode laser diode. Such work emphasises the recent
tendency towards the exploitation of these new light sources, which are

both convenient and inexpensive, and operate at low voltages.

Since the use of the "CD-tpye" multimode laser diode in the field of OFS
techniques has emerged only in the last few years, it is necessary fully to
study the coherent characteristics of this low coherence light source in order
to make better use of it in optical fibre sensor applications. The main work
presented in this thesis is the results of such an investigation. From both
theoretical and experimental aspects, the characteristics of a multimode
laser diode in an interferometer were studied. The results show that the
characteristics of a light source showing a "comb-shaped" spectrum in an
interferometer are different from those of the other types of low coherence
light sources, such as the narrow-band continuous spectrum sources and
the broad-band continuous spectrum sources. Therefore, combining the
research results on all these three types of low coherence light sources, a
full overview of the coherence characteristics of the low coherence light

sources can be seen (chapter 3).

In practical sensing applications, a low coherent light source is often
used to illuminate a coupled dual interferometer. The scheme used is
known as "white-light interferometer" or "coherence length modulation"
scheme which is used in this thesis. Based upon the initial results of
studies of a multimode laser diode in an interferometer, a further
investigation of the characteristics of such a light source in several types of
the coupled dual interferometer configurations were carried out. As a
result, it can be seen that the "CD-type" multimode laser diodes are not
only capable of being used as an alternative to the other type of low
coherence light sources for optical fibre sensing applications, but also of
giving attractive advantages of having a small numerical aperture,
emitting high optical power and being of low cost. It is those advantages
that make multimode laser diodes especially suitable for their use in optical

fibre sensor techniques.
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Chapter 3

Fibre-optic interferometric systems using

low coherence light sources

Abstract:

With the increasing interest in the use of optical fibre interferometer
measurement systems, the importance of the incorporation of low
coherence light sources is becoming of particular significance. In this work,
the optical characteristics of different types of such sources in
interferometers are reviewed and examples are given. Their advantages in
term of increased unambiguous range, immunity to perturbation and high

resolution and dynamic range are discussed.
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3.1 Introduction:

The most frequently used light sources in interferometric systems are
various types of single mode (or narrow-band spectrum), high coherence
laser devices, especially the single mode HeNe lasers. Two fundamental
problems associated with these single mode light source interferometers are
their short unambiguous operating range which is due to the periodic
nature of the output, and the lack of identification of the interference order
when the interferometer is switched on. By contrast, the use of low
coherence light sources in these interferometers can help to overcome
some of the above problems [1, 2, 3], and thus to extend the range and
applicability of these sensors. A considerable amount of research effort has
been expended in the investigation and the development of fibre-optic
interferometric systems using low coherence light sources in recent years [2,
3,4,5].

In this chapter, the optical characteristics of different types of low
coherence light sources are outlined, the basic configuration of the low
coherence interferometer and theoretical consideration related to it are
described. Examples of several types of the fibre-optic interferometric

systems with different types of low coherence light sources are reviewed.
3.2. Optical characteristics of low coherence light sources

3.2.1.  Basic configuration of a white light interferometer and the
classification of light sources

An interferometric system using a low coherence light source is also
known as "the white-light interferometer". Although there are different
types of configuration proposed or developed, the basic arrangement is the
same, and one commonly used is constructed using two interferometers.
The first of them, with a large "static" optical path difference, Li (which is
much greater than the coherence length of source, Lc, i.e.,, Li»Lc), acts as a
sensing interferometer, which converts the measurands into the change of
optical path difference (OPD). The second works as the reference
interferometer, in which the large "static" OPD induced by the first is
compensated with the OPD of the second. Thus, the OPD of the second
interferometer acts as an optical delay line in which the two incoherent

optical signals in the two arms of the first interferometer are brought
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together and become coherent. In this case, although the two values of
OPD, Li and L2, are much greater than the coherence length of the light
source used, the difference between them is less than L¢ i.e, Li» L ¢ L2» Lc
and ILi-L21<Lc. Thus interference fringes can be observed from the
combined output of these interferometers. The fringes produced are known
as "fringes of superposition" [6]. It is these superposed fringes that play a
main role in the use of low coherence interferometric systems.

Dependent on the spectral distribution of the light source itself, these
low coherence sources may be divided into three groups: the broad-band
continuous spectrum, the narrow-band continuous spectrum and the comb
-shaped spectrum group. Due to the fact that the spectral distributions of
these light sources are different, their optical characteristics, especially their
coherence characteristics, are also different. This determines the different

application areas for these light sources.
3.2.2. Broad - band continuous spectrum light sources

Frequently used examples of this group of light sources are the tungsten
lamp, the mercury lamp, and the continuous output xenon lamp. The
spectral distribution in general, black body radiation characteristics, can be
described by Planck's law [7]:

f he \
exp o - (CRY
where

L = spectral radiance

X = wavelength

T = temperature

¢ = speed of light

h = Planck's constant

k = Boltzmann's constant.

Taking a typical tungsten lamp (supplied by RAC) for example, Figure 3.1
shows the typical normalised spectral distribution of this light source
operated at 2850 K. It can be seen that the optical output is in the spectral
range 400 - 2800 nm. Because of this broad-band spectral distribution, the

coherence characteristics of this group of light sources are usually very
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poor, with the coherence length being of a distance equal to a few
wavelengths for a typical white light source [8]. Therefore, the sources in
this group are frequently termed as incoherent. However, in a balanced
interferometer, the interference fringes generated by this type of light
sources have an unique characteristic, i.e., a fixed internal "zero" position
which corresponds to the "balanced position" where the optical path length
in the signal arm is equal to that in the reference arm. This characteristic
may be employed to provide a "position mark" in the interferometric

system, so that the absolute displacement can be measured [9].

Figure 3.1. Normalised spectral distribution of a tungsten lamp
at T=2850 K (Ref. 7).

3.2.3. Narrow-band continuous spectrum light sources

The light emitting diode, or LED, and the superluminescent LED belong
to this group of light source, which is widely used in various fibre-optic
interferometric systems. The radiation from an LED is produced by
spontaneous emission via an electro-luminescent process in the
semiconductor materials. There are at least two types of LED frequently
used: the surface emitting LED and the edge emitting LED. The optical
power of the edge emitting LED, with a beam of typical half-power width of
25° t0 30 ° , is generally a few times lower than that of the surface emitting
LED. However, the radiation coupling efficiency from the edge emitting

LED into the optical fibres is relatively higher than that from the surface
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emitting LED. The spectral distribution of an LED may be described by a
Gaussian spectral distribution [2], which is symmetric about the central

wave number oDand having a half-width Aa, i.e,

(3.2)

where i(o) is the spectral density, and a is wave number. Figure 3.2
shows the normalised emission spectrum for various forward current
values for an GaAlAs LED [10]. The bandwidth of its output spectrum is
much narrower than that of the ordinary white light source, being typically
20-80 nm [11], and as a consequence its coherence length is of the range
from a several micrometers to tens of micrometers [2, 11]. When an LED
device is used in a balanced interferometer, the output interference fringes
still have a fixed internal "zero" position which produces the same result as
is obtained in an interferometer with a white light source. However, due to
the longer coherence length, the output from an interferometer with an
LED source will give a few more interference fringes. The amplitude of
these sinusoidal fringes has its maximum value at the fixed internal "zero"
position where the two values of the OPDs, Li and L2, are the same, and
decreases as the difference of Li and L2 increases. When IL1-L21>L({ the
fringe visibility will become zero, where Lc is the coherence length of the
LED.

IDFIUELENGTH (nm)

Figure 3.2. Normalised AlGaAs - LED emission spectral distribution
for various forward current values (Ref. 7).

48



Superradiant diodes, (SRD) [7] or superluminescent diodes (SLD) [12] are
another widely used narrow-band spectrum light source. In SRD operation,
the lasing action is suppressed or avoided by use of an antireflection (AR)
coating on the emitting facet of the semiconductor and by incorporating a
rear absorbing section. Therefore, the SRD device is able to emit a high
optical power, for example, 22.5 mW in the SRD mode at a very low
injection current, such as 100 mA. The spectral distribution as shown in
Figure 3.3 is about half as broad as for a LED, typically 20 nm. The coherence
length of a SRD device is thus about 50 mm.

80 830 810 850 860 870
UJRUELENGTH (nm)

Figure 3.3 Normalised spectral distribution of a SRD (Ref. 7)

3.2.4. "Comb-shaped” spectrum light sources

This group of light sources includes all types of multimode laser devices
and the multimode laser diode. The spectral distribution of this group of
light sources consists of a series of equally separated single lasing modes,
with each of them having a Lorentzian spectral shape [13, 14], and the
spectral envelope of all the lasing modes may be considered as a Gaussian
distribution [5]. The details of the output characteristics of an interferometer

using such a light source are shown in chapter 5.
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3.3 Basic configurations and their theoretical background

3.3.1 Interferometers using a continuous spectral distribution light
source

For light sources with a continuous spectral distribution, one of the
earliest theories used to analyse the intensity distribution of the optical
output from a coupled dual interferometer ( two Fabry-Perot cavities ) was
given by Fabry and Buisson [15]. Following that analysis, Born and Wolf
discussed the details of the theoretical consideration [6]. According to their
theory, if the light source has unity intensity with a spectral density i(i)(kQ,
then, under the conditions of Li» L ¢, L2» L Cand ILi -L2 I <LG where Li, L2
are the OPDs of two cavities respectively, and Lc is the coherence length of
the light source, the transmitted output intensity, I(t), of the interferometer

is given by:

Ti2T22[1-(Ri R2)2] i(i) (ko)

(1-R12)(1-R2)[1-(RIRD]2  1+B sin2(koe/2) dko (3.5)

where
B = (4RiR2)/(1-RiR2)2
e= [ Li -L2 Iis the difference of the two OPDs.

ko =2tcAX/V2 is the wave number,

AXis the wavelength range about a mean wavelength | )/
R\/ R2 are the reflectivities of the two cavities respectively.
Ti /T2 are the transmissivities of the two cavities respectively.

Therefore, the intensity maxima of these distributions occur when kof£ is
an integral multiple of 2jt, when

e = mXo Im 1=0,1,2,... (3.6)
For a white light source, there is a central white fringe in the position
where Li=L2, with coloured maxima and minima on either side, and

further away there is what appears to the detector to be uniform

illumination.
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3.3.2. Interferometers using a comb-shaped spectral distribution light

source

For light sources with a comb-shaped spectral distribution, a recent
theoretical analysis and experimental investigation were reported [16,17,18].
In the theoretical considerations reported, three assumptions were made,

which are:

(i) each single lasing mode of the multimode laser diode can only

interfere with itself, hence

(ii) different lasing modes, which do not interfere between them, can be

summed from single intensity superposition consideration,

(iii) the total output intensity from the two interferometers is
proportional to the sum of the output of all the 2m+] modes of the

multimode laser diode.

Based on this, the output intensities of several types of dual
interferometer configurations were studied. The details of those work are

shown in chapters 6 to 7.

3.4. Examples of the fibre-optic interferometric systems
with different types of low coherence light sources

3.4.1. Systems with broad-band spectrum light sources

Fibre-optic interferometric systems with broad-band spectrum light
sources have been investigated and developed by several research groups [3,
19,20,21]. The basic working principle of these systems is the use of the
"internal zero position" to determine the variation of the OPD in the

sensing interferometer.

One of the examples of this type of fibre-optic interferometric system was
reported by Bosselmann [3]. In his system, two Michelson interferometers
are connected with a multimode optical fibre, as shown in Figure 3.4. The
internal zero position of the sensing interferometer can be obtained by
adjusting the OPD of the reference interferometer to match that of the
sensing one, i.e., Li=L2- When the OPD of the sensing interferometer is
changed by ALi, which is caused by the measurand to be measured, and ALi
is greater than the coherence length of the light source (i.e.: ALi= IL1-L2 1>LC
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), the output interference fringes or the fringes of the superposition will
disappear. However, by adjusting the OPD of the reference interferometer
to match ALj, i.e., ALi is matched by AL2 (the change of L2), which can be
measured with an additional single mode light sourced interferometer, the
balanced position will be recovered, and ALi is given by AL2 directly. Using
this system, a measuring range of 22 mm with the resolution of 0.00001

mm was reported [3].

Based upon almost the same principle, a trench depth measurement
system was developed by Takada et al [21]. In their system, instead of
employing a "sensing interferometer" to induce the OPD change, the
surface of the cell island and the surface of the trench bottom were used to
reflect the irradiated light, as shown in Figure 3.5. Thus, two kinds of the
reflected waves, with an OPD of twice of the trench depth, d, are produced.
When the coherence length is less than 2d, these two waves are no longer
correlated. Under this condition, as the OPD of the '"reference
interferometer" is scanned, the trench depth of the cell is transformed into
the OPD between the centre of the central interference region and the centre
of one of two sideband interference regions or shifted interference regions.
By using this system, the measurement error was within 0.2 pm for trench
depth of 2 - 5 pm. Because the multimode fibre was used in the system
facilitates wafer arrangement, the system can be introduced into a in-

process measurement system.
3.4.2. Systems with narrow-band spectrum light sources

The dual interferometric system with a LED light source has been
researched and developed for more than one decade. The theoretical
analysis of the system has been described in detail elsewhere [22]. One of the
first proposed systems, which used a tunable reference interferometer to
compensate a passive sensing interferometer, was reported by Cielo [23]. In
this system, as shown in Figure 3.6, two single-mode optic fibre Fabry-Perot
cavities are connected, with one of them being a hydrophone element,
other acting as a reference cavity. When the two OPDs are adjusted
to the same length, the optical output of the system exhibits the superposed
interference fringes. In this system, the detected signal is unaffected by any
phase perturbation in the fibre between the two cavities. This is due to the
detected intensity depending only upon the matching of the spectral
responses of the two cavities.
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Figure 3.4. Schematic optical arrangement of the "white - light
interferometer" (Ref.3).



OPTI CAII HEAD

Figure 3.5. Experimental arrangement of the system used to measure the
trench depth of DRAM'’s capacitor cell (Ref. 25).



REFERENCE REMOTE
CAVITY CAVITY

CONTROL
VOLTAGE

Figure 3.6. Double - cavity configuration: L, light source coupled to
the fibre; R reflectors; D, photodiode; S servocontrol
electronics (Ref. 23).

Another type of coupled dual Fabry-Perot interferometer, which was
used to measure pressure, was reported by Beheim et al [2]. In their system,
shown in Figure 3.7, a diaphragm is used to modulate the mirror
separation of the Fabry-Perot sensing cavity, and the change of this
separation is matched by the OPD of the reference Fabry-Perot cavity, which
is controlled by an electronic servo control unit. The two cavities are linked
with a multimode fibre. The mirror separation of the reference cavity is
determined by measuring the capacitance of its metal-coated mirrors. Using
this system, the pressure range from 0 to 3.8 MPa was obtained. A least-
squares fit for the measured data yields a standard deviation of 3.4 KPa or

0.1 % of full scale in the measurement.

Figure 3.7. Schematic diagram of a pressure sensing instrument (Ref. 2)
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In order to minimise the requirement of the source stability, a low
coherence light source interferometric system using a dual-wavelength
technique was developed and reported by Webb et al [24]. In their system, as
shown in Figure 3.8, an interference filter with a 10 nm passband entered
on 803 nm is placed at the front of one of the detectors. Therefore, by
combining the output with the optical output from the original source,
which has a peak wavelength of 815 nm and a bandwidth of 50 nm, two
outputs were available, corresponding to sources at 815 and 803 nm. By
using the pseudo-heterodyne technique, two electronic carrier frequencies
can be generated at the outputs. By use of this experiment arrangement, a
resolution which corresponds to a mirror displacement of 8.5 nm, with a
dynamic range increased from 47.5 to 900, i.e., a factor of roughly 21, was

achieved.

Figure 3.8. Experimental arrangement using a coherence-tuned,
Synthesised dual - wavelength technique (Ref. 24)

Again, a number of variations of fibre-optic interferometric systems
have been developed or proposed, such as a Mach-Zehnder and a
Michelson coupled interferometer for temperature measurement [20], a

Michelson and a Fabry-Perot coupled interferometer for remote
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displacement measurement [25], and the coupled dual Mach-Zehnder

interferometer for Doppler-shift measurement [26].

Another important characteristic of interferometric systems using LED
light sources is that they can be used with several remote interferometric
sensors in communication system. This is the so called "coherence
multiplexing" scheme. The first reported work on sensor multiplexing
aspects of this scheme was by Al-Chalabi et al [26]. The basic principle of this
scheme can be described as follows, when a low coherence light source is
used to illuminate the sensing interferometers, which have different large
"static" OPDs which are significantly greater than the coherence length, a
reference interferometer may be used selectively to reconstruct the
interference associated with a particular sensor element by appropriately
tuning its OPD to match the "static" OPD of that particular sensor element.
Based upon this simple principle, a number of schemes have been
investigated and proposed. A detailed discussion of these schemes is given
in other published work [27,28,29].

3.4.3. Systems with a comb-shaped spectrum light source

With the increase of the availability of the multimode laser diode, which
was developed recently in commercial quantities for use with the compact
disc (CD) player, the possibility of wide use of this high-output, multimode,
low-coherence source with small emitting area in optical fibre
interferometric systems becomes very significant. A number of research
groups have reported both theoretical and the experimental results on
work in this area [5, 14, 16, 30, 31]. From these reports, the detail
characteristics of a multimode laser diode in a single interferometer [5] and
a dual coupled interferometer [16] can be seen in both theoretical
simulation and experimental analysis. For application aspects, several
optical fibre interferometric systems were proposed, and the feasibilities of

these proposals have been demonstrated in chapters 8 and 9.

By using a multifunction integrated optical circuit, a miniature laser
vibrometer system was demonstrated by Suchoski et al [30]. In this system,
as shown in Figure 3.9, a pigtailed 830 nm multimode laser diode is used as
the light source. The sensing interferometer consisted of the fibre end and
the surface of the vibrating body is a Fabry - Perot interferometer with a

common - path fibre to deliver and receive the light. The reference
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interferometer, formed with a proton exchanged multifunction integrated
optical circuit and a fibre delay line, is a Mach-Zehnder type, in which one
of two arms is serrodyne modulated by a ramp current at the frequency of
5.35 MHz. Thus, a carrier frequency of 10.5 MHz, which is the second
harmonic of the ramp frequency, can be achieved. Because the phase
modulator is formed inside the reference interferometer, the light coupling
problems that would otherwise be experienced are considerably minimized.

CARRIER AT SERRODYNE MODULATOR

Figure 3.9. The fibre-optic laser vibration sensor using a multifunction
integrated optic circuit for signal processing and common-
path interferometry to provide a phase insensitive fibre-
optic probe (Ref. 30).

3.5. Conclusions

Research and development of fibre-optic interferometric systems with
different types of low coherence light sources have become a very active
during recent years. As a branch of optical fibre interferometry, the
interferometric systems using low coherence light sources are already seen
to exhibit a number of advantages over conventional ones. First, it is
possible to increase the unambiguous range of the interferometric system.
Secondly, the systems are immunity to the perturbation of the transmission
medium (either in free space or in an optic fibre link ), i.e. the outputs of
such systems are high insensitivity to loss variations in the fibre
transmission link. Third, high resolution (1 nm) and dynamic range ( 105
to 106 ) can be achieved [16]. Finally, since the inexpensive low coherence
light sources and multimode fibres used in the system are inexpensive, it is
possible to employ such systems for a variety of measurands at relatively

low cost.
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Chapter 4

An all fibre vibration monitoring scheme
based on
the pseudo-quadrature recombination

heterodyne scheme

Abstract:

An all fibre common-mode interferometer which allows the measurement
of the movement (speed and distance) of a vibrating body is presented. An
electronic signal processing scheme is used, and this is contrasted with the
measurement of velocity through an optical processing technique, which is
however, more complex and expensive to implement. The overall
simplicity of the electronic technique, the low cost of components and the
use of an all-fibre arrangement make this system easy implement where
the limited information is required, and suitable for the monitoring

purposes.
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4.1. Introduction:

In this chapter, a new techmique for measuring frequency and
displacement of & vibrating object is presented. This scheme may be
described as an "electronic pseudo-quadrature recombination” one and is
an electronic analogue to an optical signal processing scheme. Both
schemes are discussed in detail in this chapter. Although this novel
electronic signal processing scheme gives less information than that of the
optical signal processing scheme, extreme simplicity and obvious cheapness
of this new scheme indicates that development for a different market is
potentially desirable.

Section 4.2 of the chapter gives an analysls of the detected signal in an
interferometer used to measure a vibration, and the following section
{section 4.3} gives a summary of the various modulation schemes available
for processing this type of signal. The electronic and optical quadrature
recombination schemes are described in detail in the section 4.4.

The demodulation scheme used for the experimental work 1s detailed in
the section 4.5, and the experimental arrangements and results for both

electronic and optical quadrature recombination schemes are given in the
section 4.6. This chapter is finished with a condusion, section 4.7.

4.2 The analysis of the detected signal:
The schematic experimental arrangement for vibration measurement is

shown on figure 4.1. The vibration characteristic of the moving object, for
example,

Aexp(iowt) Aexp{iot+ 19 ()
-
* -
source

Figure 4.1 Schematic reflections from the fibre end and vibrating body.
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the mirror in figure 4.1., is determined by analysis of the optical signal
returned from the device illuminated. In order to simulate the output of
the interferometer, it is assumed that there are no multireflections between
the end of fibre and the moving mirror. This assumption is made based on
the fact that the reflectivity of the end of the fibre is only 0.04. Light reflected
from the fibre end interferes with that reflected from the moving mirror.

The radiation electric field from the fibre end is given by
Ei = Ai exp(iwt) (4.1)
and from the vibrating object is given by
E2 = A2 explicot + i<({}) ] 4.2)

where Aiand A2 are amplitudes of electric fields. <Qf) is a phase

difference, given by
J>) =2k i\ [ Lq +Ls sin(cost) A (4.3)
<>(f) = o+ <Bssin(cost) (4.4)

where L0 is twice the cavity length at zero displacement, Ls is twice the
maximum magnitude of the displacement measured from either side of Lgq,
X is the wavelength of the light source, and o)s is the frequency of vibration.
<Jo=27mLOA is the static phase difference, and 95 = 27inLsA is the amplitude
of the phase change induced in the interferometer. These radiation fields

enter the detector forming the output intensity I, given by
I = (Ei + E2) (Ei *+ E2¥) (4.5)

where Ei* and E2* are the conjugate values of Ei and E2 respectively. For
simplicity, if it is assumed that Ai = A2, the intensity can then be written as

I=k[1 +cos(<$>{) ] (4.6)

where k is a constant. Substituting equation 4.4 into 4.6, the output current

of the photodiode may be written as the following equation:

Id =e {1 +k ag<t0 + Jssin(cost) |} 4.7)
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where e is a constant and

cos[0o + <€ssin(cost) |

= { @50 Qxt>s) + 2X2n«dt>s) cos(2no)st) |
- sin<>0 [272n4ld>s) sin( (2n+])wst) |} (4.8)

where Jn is the Bessel function of order n. The spectrum of Id can be
considered as one of a phase modulated signal with a zero carrier frequency.
When the interferometer is operating at normal conditions, €0 will
fluctuate randomly in time due to the environmental effects such pressure
and temperature changes, therefore, the amplitude of the Bessel
components will fluctuate in the same way. This signal fluctuation
problem is the so called "tading problem" and can be solved by different
signal processing schemes such as the passive homodyne and quadrature
recombination heterodyne schemes. In this work, only the first harmonic,
sin(cost), is able to be measured, the rest of the high frequencies will be
filtered out in the signal processing.

4.3. Summary of modulation schemes for the detection of a
vibration

There are a number of techniques which can be used to recover the
frequency and amplitude information from the detected signal which is
described by equation 4.7. These techniques are usually classified into two
groups: homodyne and heterodyne signal recovery schemes. A common
feature of the homodyne signal recovery schemes (active homodyne and
passive homodyne) is that the recovery signal is always centred about a zero
carrier frequency, therefore, the directional information contained in the
original signal is lost. In contrast, in the heterodyne signal recovery
schemes, a high frequency carrier is introduced into the light beam, hence,
the output signal from the photodiode is centred about this high frequency
carrier. The directional information can be obtained by comparing the
frequency of the detected signal with that of the carrier frequency, i.e., when
the frequency of the detected signal is less than the carrier frequency, the
object is moving away from the sensor, while the former is greater than the
latter, the object is moving towards the sensor. A fundamental requirement
of the heterodyne signal processing schemes is a high frequency carrier for

the demodulation. The heterodyne schemes can be classified into three
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types: synthetic heterodyne, pseudo-heterodyne and quadrature
recombination heterodyne. The classification depends upon the technique
used to introduce the high frequency carrier. In this section, the principles
of both homodyne and heterodyne signal recovery schemes are outlined

briefly.
4.3.1. Active homodyne

In the scheme of the active homodyne, the interference is always
maintained at its maximum sensitivity point (quadrature point), where the
optical phase difference is 2k (2n+l)/2. This maintenance may be achieved
by two different methods. In the first method [1], a phase modulator is
employed in the reference arm of the interferometer as part of the servo-
teedback loop, by which the quadrature condition between the phases of the
light in each arms of a interferometer is monitored and maintained. While
in the second one [2], the quadrature condition is maintained by changing
the laser driving current, and hence, the wavelength of the solid state laser.
This wavelength variation allows the optical phase difference ) to be
used to maintain the quadrature condition. The modulating signal can be

directly recovered from the feedback signal [3].
4.3.2. Passive homodyne

For the passive homodyne signal processing scheme [4], in addition to
the normal detector output, Ic =e {1 + k as[J>0 + 0s sin(cost) ] }, a second
quadrature output Is=e {1 + k sin[<()o + 0Ssin(cost) ] } is required. The high
frequencies of these two quadrature output signals can be then removed by

filtering. The new signals are given by

Icf = e k sin(0o) Ji §9 sin(o)st) (4.9)
and

Isf = e k an(<e0) Ji (0s) sin(G)st) (4.10)

these signals can be combined to produce an output signal I, which does
not suffer from the fading problem, i.e.:

I=Vt (Icf)2 + dsf)21 = e kJi (0s) sin(cost) (4.11)
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4.3.3. Synthetic heterodyne

In the synthetic heterodyne signal processing scheme [5], a phase
modulator is employed in one arm of the interferometer to shift the
frequency of light in this arm with respect to the frequency of light in
another arm. The output signal, in which the carrier frequency and signal
frequency are added together is capable of being demodulated by an
ordinary phase demodulation technique such as a phase locked loop, or
carrier phase tracing. The conventional Bragg cell may be used as a
frequency or phase modulator device, but unfortunately, due to practical
difficulties, it becomes inefficient to couple light from the fibre to and from
the Bragg cell. Again, the size of the Bragg cell is too large to be compatible
with the dimensions of the fibre. A considerable effort however has been
made to develop new methods for producing a phase modulated carrier in

an optical fibre [6, 7].
4.3.4. Pseudo - heterodyne

The pseudo-heterodyne scheme can be used in an unbalanced
interferometer [8]. Instead of using a phase modulator, the phase carrier is
induced by ramping the absolute frequency of the injected laser light, the
optical output is then a moving fringe pattern which is created by a linear
frequency increase of the laser light frequency. Although the optical output
has a complex spectrum, composed of components at the fundamental and
harmonics of the ramping frequency, it is possible to concentrate most of
the power in the Nth harmonic of the ramp frequency by adjusting the
ramp rate in such a way that the optical output fringe pattern is driven over
N full fringes during each ramp period [9]. By employing a bandpass filter
around the Nth harmonic of the ramp frequency, a strong frequency carrier
is generated. This carrier, after being filtered, is free from the distortion
caused by the high harmonics associated with the ramp fly-back. When the
interferometer output is limited over one complete fringe per cycle, most
optical light power will be concentred in the first harmonic, which gives

out a frequency carrier at the ramp frequency.
4.3.5. Quadrature recombination heterodyne

Another signal processing scheme is that of quadrature recombination

[10], which requires two optical quadrature outputs from two optical
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quadrature channels in an interferometer. These optical outputs are
received by two photodiodes respectively and then multiplied by the
quadrature components of a high frequency electronic carrier. Then two
products are linearly combined to produce a phase modulated signal with

the high frequency carrier [11,12].

In this work, another approach was carried out to process the output
signal from a common-mode optical fibre Fabry-Perot interferometer. This
may be described as a pseudo-quadrature recombination scheme, which
may be considered as an electronic equivalent to the optical quadrature
recombination scheme. The details of this scheme is described in the next

section.

4.4. Theoretical considerations of the two quadrature
recombination schemes

In the pseudo-quadrature recombination scheme, instead of using two
photodiodes to obtain the signals from two optical quadrature channels, the
"quadrature signals" are generated with a wide-band 90° phase shifter [13]
from only one optical channel, i. e., when an optical output signal form an
interferometer is received and converted into an electronic signal by a
photodiode, the electronic signal is then shifted by 90° in phase through
using a wide-band 90° phase shifter, forming another quadrature signal.
Those two signals are then multiplied by the quadrature components of a
high frequency electronic carrier. Then two products are linearly combined
to produce a phase modulated signal with the high frequency carrier.
Unfortunately, the direction information, which is in the form of the phase
relationship between true quadrature signals, cannot be obtained by this
method. This can be seen in the following theoretical explanations:

According to equation 4.4, if §9 is fixed, the sign of <)) may be positive or

negative as the time, t, increases, thus

(i) For the true quadrature signals generated by using the quadrature

recombination scheme:
when <)) >0,

sin[ <) ] =sinI $) I and cos[ §)¢t) ] =cos I )t) 1 (4.12)
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sin[ <Pf)] =-sinI <) 1
and o»s[ <(t)] =cosI <) I (4.13)

Therefore, for true quadrature signals, according to equations 4.12. and
4.13., the sign of cos[ O(t) ] is always positive, and the sign of sin[ 0(t) ]
changes in the same way as ) does. Thus after being processed using a
quadrature recombination scheme mentioned in the section 4.3.5, these two
quadrature output signals, give out a true phase modulated signal with a

carrier frequency of ax, and this can be written as
sin[ £ 10(0 I ] cos(iott) + cost + 10(0 I ] sin(oict)
=sin[ cott+ 10(01] (4.14)
(ii) for the pseudo quadrature signals:

A pair of "quadrature" signals is generated electronically by shifting the
phase of the original signal by 90°- When 0(0 >0,

sin[ 0(0 ] =sin10(01

and cost 0(0 ] =cos 10(t) I (4.15)
but when 0(t)<O,
sin[ O(t) ] = - sin 10(t) I (4.16)

The phase shifter cannot tell the difference between 10(t) I and - 10(t) I,
(therefore, sin 10(t) I and -sin 10(t) I ) and only shifts them by 90° in phase.
The electronic output signal, - 10(t) I, after being phase shifted by 90° will

become:
-sin 10(t) + 900 I =- cos 10(t) I 4.17)

Note the difference between signs of the cosine terms in equations 4.13
and 4.17. It is this difference that causes the different results between the

true and pseudo- quadrature recombination schemes.

By using the quadrature recombination processing scheme, i.e., after

inducing a carrier the frequency co(/ and the two products being linearly
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combined, the output signal in the pseudo- quadrature recombination

scheme is then given by

Isinl<(>(t)l cos(coct) + cos 14(t) I sin(coct)
=tsin[ Ot + [<PYI | (4.18)

By comparing equation 4.14. and 4.18., it can be seen that the former
gives out a true frequency modulation signal, while latter gives out only a
signal modulated by the absolute value of the detected signal. This means
that the direction of the movement cannot be determined by the pseudo-
quadrature recombination scheme. Therefore, when a phase-locked loop is
used to demodulate these signals, the former can give the velocity of the
vibrating mirror, while the latter only gives the speed of the vibration.
However, from the results given in Equation 4.18., it can be seen that the
information on frequency and amplitude can be obtained through this
scheme. Another difference between the ture- and pseudo- quadrature
recombination schemes is that, in the former, the fading problem is solved,
whilst in the later, the fading problem still remain due to the presence of

the static phase difference.
4.5. Demodulation scheme

Employing a phase-locked loop (PLL) to demodulate a phase modulated
signal is one of the most common methods used in signal processing. The
basic construction of a phase-locked loop is shown in figure 4.2. There are
three main parts in a phase-locked loop, i.e., a voltage controlled oscillator
(V.C.O.), a phase detector and a low pass filter with an amplifier.

Figure 4.2. Basic construction of a phase-locked loop.
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The function of the V.C.O. is to generate a reference frequency which is
set at the phase carrier frequency by an external resistor-capacitor network
and is controlled by a control voltage from a low pass filter. The V.C.O.
output frequency is fed to the phase detector where it is compared to the
phase of the incoming signal. After comparing the phase angle of these
signals, the phase detector gives out an error voltage which is an average
voltage proportional to the difference in phase angle between the input
frequency and the V.C.O. frequency. The error voltage is then filtered and
amplified by the low pass filter. Finally, the output of the low pass filter is
fed back to the V.C.O., thus completing the loop.

When the phase-locked loop is working in the capture range, the V.C.O.
will change its frequency to reduce the phase difference between the two
signals. If the phase difference is reduced to zero, i.e. the two frequencies are
the same, the loop is said to be "phase-locked". In this condition, the output
signal from the PLL is linearly related to the frequency of the input signal.
Therefore, when the frequency of the input signal changes, the error
voltage from the phase detector will change which will cause the V.C.O.
frequency to follow, or track the input frequency. Then the output from the
low pass filter which is connected with the V.C.O. will be a demodulated

signal.

4.6. Experimental arrangement and results

4.6.1. The pseudo quadrature recombination

A schematic configuration of the experimental arrangement is shown in
figure 4.3., The arrangement can be divided into two physical parts: the
optical part and the electronic processing part. The former is used to deliver
light from the light source to the vibrating mirror and receive the reflected
light from the mirror. The later is used to process the electronic signal
generated from the detector by means of the pseudo quadrature

recombination scheme with a phase locked loop demodulation.

As shown in figure 4.3., a light beam from a HeNe laser (single mode, 4
mW) is launched into one of a four-port optical fibre coupler through a
objective lens ( X 40 ). The light beam inside the fibre is split into two beams
with one of them being damped by the index matching oil and another
becoming the sensing beam. The light reflected from the fibre end interferes
with the one reflected from the moving mirror at the detector. The detector

(BPX65) converts the optical intensity into an electronic signal. Figure 4.4
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shows a typical electronic signal generated by a vibrating mirror, which
responds to equation 4.7. The detected signals is then amplified in the
detector electronic circuit, which is shown in figure 4.5. The two stage

amplifier has a gain of 100 times.

sin (Wet + |0(t) |)

Output signal speed

Figure 4.3 Schematic pseudo-quadrature recombination scheme.
+ Adder
PLL Phase Locked Loop
LPF Low Pass Filter.
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Figure 4.4. A typical electronic output signal generated by a
vibration body.

10K 10K

Signal from
the photodiode

Figure 4.5. The Pre-amplify circuit for the detected signal.
This detected signal is then fed into the wide-band 90° phase shifter to

form a pair of pseudo quadrature signals, which are represented
mathematically by equations from 4.15. to 4.17., and are shown in figure

4.6.

Figure 4.6. A pair of pseudo quadrature signals
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Figure 4.7. shows the Lissajous figure obtained by applying these pseudo
quadrature signals to the X and the Y plates of the oscilloscope. The
thickness of the circle indicates that the process of the phase shifting will
induce a amplitude modulation in these quadrature signals. The
bandwidth of the phase shifter is in the range from 10Hz to 23 kHz with a
error less than 2° (as shown in figure 4.8.). The electronic circuit of the 90°
phase shifter is shown in figure 4.9. The op-amp used in the shifter is type
TLO62 with a unity-gain bandwidth of 1 MHz.

Figure 4.7. The Lissajous figure obtained by applying the pseudo
quadrature signal to the X and Y plates of a oscilloscope.

Figure 4.8. The Band-width of the phase shifter varied from 10 Hz to 23
kHz with a error being less than 2°

72



Figure 4.9. The electronic circuit of the 900 phase shifter.



The pseudo quadrature signals are then multiplied with sin(coct) and
cos(o)ct) respectively, (shown in figure 4.10.), the later being generated by a 1
MHz oscillator and a 90° phase shifter at the frequency of 1 MHz
respectively. The electronic circuit of the oscillator and the 90° phase shifter
is shown in figure 4.11. The products (shown in figure 4.12.) are added
together forming a signal modulated by the absolute value of the signal J>(t),
which corresponds to equation 4.18. The electronic circuit of the amplifiers
and the adder are shown in figures 4.13 and 4.14 respectively. The
multipliers used in the arrangement are type MC14951 with a 3.0 dB
bandwidth of 3 MHz. The op-amps used to build the oscillator and the
phase shifter are type 741S.

HAAAAAAAAA

VW w Vvvvy

Figure 4.10. The quadrature high frequency carrier signals.

Figure 412 The products of the high frequency carrier signals with the
pseudo quadrature signals.
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10k

Figure 4.11. The electronic circuit ofa 1 MHz oscillator and a 90° phase
shifter at the frequency of TMHz.



Figure 4.13. The electronic circuit of the multiplier.

1k

Finally, the phase-locked loop is used to demodulated this pseudo
quadrature recombination signal. Because the directions of motion are not
detected, the movement of the vibrating mirror at two opposite directions
are treated equally in this arrangement. Therefore, the output frequency
from the phase locked loop is twice of the vibration frequency. Since the
amplitude of the output from the phase locked loop is proportional to the
frequency difference between the input detected signal and one generated in
the V.C.O., the vibration speed is proportional to the amplitude of the
output signal of the phase locked loop. By integrating this output signal the
amplitude of the vibration may be obtained. This means that apart from the
direction of the motion, the fundamental frequency and the amplitude of
vibration may be determined by the pseudo quadrature recombination
scheme. The comparison between the input signal (the signal used to drive
the mirror vibrating) and the output signal from the phase locked loop is
shown in figure 4.15.a,b. It can be seen that the frequency of the output
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signal is twice of the input vibration frequency, and the value of the output
signal is proportional to the vibration speed. The electronic circuit of the
phase locked loop is shown in Figure 4.16. The phase locked loop chip used
is NE564, with a locked range and a capture range being about 70% of fDand
30% of fGrespectively, where fGis the central frequency of V.C.O. In this
experiment, the central frequency of V.C.O. was set at 1150.928 kHz, the
capture range was 632.045 kHz (from 851.079 to 1483.124 kHz). Figure 4.17.
shows the experimental results of the variation of the demodulated output
voltage as a function of the output frequency of the V.C.O..

Figure 4.15. a: Output signal from the phase locked loop in the pseudo
quadrature recombination scheme,
b: Input signal used to drive the mirror vibrating.

4.6.2. The true quadrature recombination scheme

In order to compare the results between the pseudo and the true
quadrature recombination schemes, a optical arrangement was built to
produce a pair of true quadrature signals. Figure 4.18 shows the schematic
configuration of the experimental arrangement. The polarisations of the
light beams at different positions are shown in figure 4.18. The 90° phase
difference between the two beams with two polarisations is introduced by a
quarter wavelength plate. The polariser 1 and polariser 2, shown in figure
4.18., are used to select the light beam with different polarisations. The
quadrature signals are then converted into electronic signals by two
detectors respectively. These detected signals are shown in figure 4.19.
Figure 4.20. shows the Lissajous figure obtained by applying these
quadrature signals to the X and the Y plates of the oscilloscope. In contrast
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Figure 4.16. The electronic circuit of the phase locked loop.



Figure 4.17.

( 1150.920KHZ )

Experimental results of the demodulated output voltage v the
VCO output frequency.



Mirror 1

H—H Shaker

Laser
BS P
Mirror2
v/ 4
Function
P2 Generator
BS
PI | Photo
Detector
COSO0 (t) 1 sin0O(t)
Oscillator 90 phase
1 MHZ shifter
* sinWct * cos Wet
COSO0(t) * sinWct £ sin0(t) * cosWct
+
£
P L L
L PF

‘PT 1]

sin (Wet + 0(t))

Figure 4.18. Schematic configuration of the true quadrature recombination
scheme.
P: Polariser
BS: Beam Splitter

X/4: Quarter wave plate
+: Adder

PLL: Phase Locked Loop
LPF: Low Pass Filter.
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Figtue 4.19. A pair of true quadrature signals.

Figure 4.20. The Lissajous figure obtained by applying the true quadrature
signal to the X and Y plates of a oscilloscope.
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to the previous electronic scheme, the figure shown on the oscilloscope are
truly circular instead of a tracing of oscillation shown in figure 4.7. As
shown in figure 4.18., a oscillator and a 90° phase shifter are used to induce
the quadrature carrier signals with a frequency at 1 MHz (figure 4.10.). The
products of the detected quadrature signals with the quadrature carrier
signals are shown in figure 4.21. The combination of these products is given
by equation 4.14.. The output signal from the phase locked loop (figure
4.22a.) shows that the frequency, amplitude and direction of a vibration are
recovered through the true quadrature recombination scheme. This result
may be compared to the result of the pseudo quadrature recombination

scheme where direction has been lost, as shown in figure 4.15.

Figure 4.21. Products of a pair of true quadrature signals with a pair of
quadrature high frequency carrier signals.
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Figure 4.22. a: Output signal from the phase locked loop in the true

quadrature recombination scheme,
b: Input signal used to drive the mirror vibrating.

4.7. Conclusion

By comparing the configurations and the results of the pseudo and true

quadrature recombination schemes, the following conclusions can be

drawn:

@ -

As the pseudo quadrature signals do not have the phase information
which can be used to determine the direction of the moving body, the
pseudo quadrature recombination scheme can only be used to measure
the speed of a vibrating body instead of the velocity. The latter can be
measured by the true quadrature recombination scheme.

The pseudo quadrature recombination scheme shows extreme
simplicity in the configuration by virtue of the all fibre interferometer
and direct electronic processing, comparing to the true quadrature

recombination scheme.

The work reported here only demonstrates the results of two type
quadrature recombination schemes in principle, rather than a detailed

study of the range of velocity /speed which can be measured.
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Chapter 5

An investigation of the characteristics of

laser diodes for interferometric sensor use

Abstract:

Multimode laser diodes may be used as one of the low coherence light
sources in such applications that the measurement range of interferometric
fibre optic sensors needs to be extended. In order to determine the
operational characteristics of these devices, the characteristics of two
commercial multimode laser diodes were investigated. Reasonable trends
in the comparison between the theoretical and experimental results were
seen. Both results show that the spectral envelope of a multimode laser
diode determines the profile of the each interference region, and the fine
spectral structures within this envelope modifies the spatial periodic
distribution of the interference regions and their peak values. This is the
consequence of one being the Fourier transform of the other. As a result,
the measurement volume of this type of interferometric system will be
limited to inside the interference region of the interferometer and may be

defined by determining the order of the interference region.
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5.1. Introduction:

One of the most commonly used light source in an interferometer is the
single mode , high coherence laser device, for example the He-Ne laser. The
two fundamental problems associated with a single mode laser light
sourced interferometer is the short unambiguous operating range which is
limited by the periodic nature of the optical transfer function [1, 2], and the
lack of identification of the order of interference when the interferometer is
switched on. By contrast, the use of low coherence length light source such
as the LED [3] or even a white lamp [4] in the interferometer can help to

overcome some of these problems.

One of the drawbacks, for practical applications of an LED, is its large
emitting area, and thus light is not easily coupled into an optical fibre.
However, the availability of the multimode laser diode, developed recently
in commercial quantities for use with the compact disc player, open up the
possibility of the wider use of this high output, multimode, low coherence
source with a small emitting area, in this application. High light output
levels may be achieved as the diode is operating in its normal lasing mode,

typically 3 to 5 mW.

In this chapter, the coherence properties of two multimode laser diode
light sources are presented. Both are GaAlAs index guided laser diodes.
Because they are inexpensive and in volume production, the potential of
employing these devices in the optical fibre sensing system is very high.

5.2. Experimental arrangement:

The optical configuration employed to investigate the characteristics of
these laser diodes in an interferometer is shown in figure 5.1. This
represents a basic Michelson interferometer with the imbalance in one arm
provided by an oscillator-driven vibrator attached to mirror M2, operating
at a known frequency of 200 Hz. The micrometer shown in figure 5.1 was
adjusted to allow the mirror Mi to scan along the optic axis of the system in
this dynamic case study. The pattern of the familiar Doppler-shifted
interference fringes produced in such an interferometer when the optical
path difference 2AL' (twice the mirror scan distance) between the two
interferometric arms in the Michelson interferometer arrangement is
within the coherence ranges of the light source, is shown by figure 5.2. The
peak-to-peak value of this detected signal against the change of the
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micrometer was recorded. The photodiode and the detector amplifier
circuit used in this arrangement are the same as those used in the

experiment mentioned in the chapter 4.

Oscilloscope
Figure 5.1. Schematic arrangement of a Michelson interferometer.
10 ms
> <
- »
time

Figure 5.2. Interference signal recorded on the photodiode in the

interferometer.
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5.3. The theoretical analysis:
5.3.1. The theoretical model of a multimode laser diode:

In order to analyse the characteristics of a multimode laser diode, a
theoretical model is established based on following assumption: the spectral
envelope of the multimode laser diode is a Gaussian distribution and the
spectral shape of a single lasing mode may be considered to be a Lorentzian
one [7, 8] where the normalised signal intensity is Sj(o) and, with the wave
number G = 1A j, this may be written as [9]

28'q/c

5.1
~ (5'a)2 + 4(a-0j)2 1)

The total radiation electric field E for all the modes is then described as

+m
+ icot do (5-2)
j=-m
where m is the order of the lasing modes,

Ag is the difference between adjacent model wave numbers,
8g 1is the envelope full width of all modes,

o is the wave number,

G is the wave number of the jth lasing mode,

8'g is the spectral width of the lasing mode,

® is the frequency of light, and

c is the velocity of light.

This is illustrated by figure 5.3.

5.3.2. The theoretical simulation of the optical output of the

interferometer
In order to simulate the optical output of the Michelson interferometer

configuration, which is shown in figure 5.1, a mathematical model was

developed, based on the assumptions mentioned in 3.3.2.
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Figure 5.3. Schematic output spectral characteristics of the “CD-type" laser
diode used in this work.

For rays normal to the mirrors of the Michelson interferometer, the
phase difference, 4>, between the beams reflected from mirror Mj and

mirror M2 is given by:
bl =2n (2AL'A) = 2tcoL (5.3)

where @ = 1A (the wave number) and 2AL, is the optical path difference
introduced by the Michelson interferometer, given by L.

The radiation electrical fields, which are generated by the jth lasing

mode, and are reflected from the two mirrors may be written as

(Aa> 2
Eji =VSj(a) exp -K + i(Dt (54)
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'Aa' 2 | _
Ej2 =VSj(o) exp -M + icot + i27taL (5.5

where the additional factor in the expression for Ej2 is due to the phase
difference €

The resulting intensity , dlj, of an element of the jth mode is given by
dlj = (Eji + E}2) (Eji + Ej2) *

FAa 2 cos(270NL) | da (5.6)

Thus for one full mode, this can be integrated to given Jj

+o

r. ( AaA 2 _
lj = ; Sj(a) exp -271 M J[2+2cos(27tG]L) ] da (5.7)

The solution of this integral gives both a term not changing with the
optical path difference L, and one with a dependence on that quantity,

denoted by Ij’, where

10O
( AaA , :
['=2ex 2k 54 JSj(a) cos(2rcajL) da
. exp(-5'aL/2) cos(27tajL) (5.8)
+00
25'a/Tc

as cos(27tal)) da

_c(8’a)2 + 4c(a-aj)2.

5a|L
—VS cos(2jiajL) exp (5.9)

Now considering all the intensity in all modes, I has a value given as:
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2 cos(27tO]L)
j=-m
+m
((A0\2 .
271 T~ cos(27iO]L) (5.10)
V -
j=-m

It can be seen from this intensity function that as the total output from
the multimode laser diode is proportional to the sum of all the outputs of
the 2m+1 modes of the laser diode, therefore, the interfered optical output
is a kind of superposition fringes [10]. These superposed fringes appear
periodically as the optical path difference L is varied, forming a constructive

interference pattern.

Constructive interference for a particular value of L occurs when the
path difference between adjacent sets of laser modes is a multiple of 2n, i.e,,
27tajL=2N7t, or 2jr(2AL")/(A.0 HAA) = 2N7t, where AL' is mirror scanned
distance, N is an integer, and the integer j denotes the order of the mode.
For example, the difference between the phase angle of the fundamental
laser line and its first shifted line is 27i(2AL')[ 1A 0- 1 /(X0+AX) | = 2n, thus

=2AL = — 11
L=2AL = = (5.11)

5.4. Experimental results and comparison

5.4.1. Experimental results

Results are presented on the characteristics of the interferometer with the
displacement of the mirror M2 provided by the vibrator, representing a
displacement which would be induced in a practical fibre optic
interferometer sensor by the action of the measurand. Conversion of effects
such as a small vibration or pressure changes, etc., to a measurable
displacement are relatively easy to achieve by adjustment of the mechanical

configuration of the sensors to give the movement of the mirror.

As the mirror Mi is scanned along the optic axis , the peak amplitudes of
the Doppler-shifted interference fringes produced for both multimode laser

diodes are obtained, and results are illustrated by figure 5.4(a) for the Sony
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diode (SONY, SLD104AU) and figure 5.4(b) for the Sharp diode (SHARP,
LTO023). These figures show that, as the mirror scans along the optic axis,
there are periodic regions in which constructive interference occurs.
Maximum output from the detector occurs when the two optical paths in
the interferometer have exactly equal lengths. This so-called zero-order
region is labelled on figures 5.4(a) and 5.4(b), and results are given for both
diodes as the optical path difference in the interferometer is adjusted. Only
one direction of the adjustment is shown in figure 5.4, but there is a certain
symmetry of output as the path difference changes in either positive or
negative direction, lying to either side of the zero-order region. In figure
5.4(a), there a systematic error after the third order interference region. This
may be explained that after the third region was recorded, the alignment of
the experimental arrangement was slightly changed by some unexpected

source.

order number
13 12 1 10 9 8 7 6 5 4 3 2 1 0

AL , mirror scan distancei mm)

Figure 5.4(a). Intensity of signal representing the peaks of the Doppler
shifted interference fringes. SONY laser diode: driving
currents: 57 and 46 mA.
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order number
5 4 3 2 1 0

AL, mirror scan distancei mm)

Figure 5.4(b). Intensity of signal representing the peaks of the Doppler
shifted interference fringes. SHARP laser diode: driving
currents: 65, 60 and 57 mA.

Figure 5.5 illustrates details of the maximum constructive interference
region i.e., zero-order region. This figure shows the manner in which the
output in this zero-order region typically reduces with the current applied
to the laser diode being reduced over a drive-current region of 50 mA - 65
mA. The output is shown over the range of mirror scan distance, AL The
results are shown for one of the devices, the Sharp LT023 MDO laser diode.
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signal intensity (arbitrary unit)

15

15.5 16
AL, mirror scan distance(mm)

Figure 5.5. Intensity of "zero - order" interference region for SHARP laser
diode, drive current 50, 55, 60 and 65 mA.

95



signal intensity (arbitrary unit)

Figures 5.6(a) and 5.6(b) show detailed plots of light output intensity
when the mirror scan distance AL' covers the zero- and first-order regions.
Particularly noteworthy in these results is the much smaller region of AL
over which an output is seen for these orders of the Sony laser diode
(figure 5.6a) and the Sharp diode (figure 5.6b) in the same driven-current
conditions. It can be seen, from these figures, that the output is 0.84 mm
for the Sony device and 1.07 mm for the Sharp. These spacings, AL, can be
calculated from equation 5.11, i.e., AL = X02/AX, where XQis the centre line
of the radiating wavelength and AX is the difference between adjacent

modal wavelengths supported by the laser diode.

order number
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15 t 16 17
AL . mirror scan distance(mm)

Figure 5.6 (b). Intensity of signal representing the zero and first order
regions. SHARP laser diode: driving current: 55 mA.

5.4.2. Comparison between the experimental and the theoretical results

The theoretical intensity was calculated using a simple computer
programme according to equation 5.10. Results are plotted in figure 5.7(a)
for the case of m =7, AX=0.3 nm, 8X =4 nm, Xq =780 nm and 8'X = 0.15 nm,
which are typical of the Sony laser diode, where AX, 8X, and 8 X are related

to the inverse of Ao, 80, and S'o, respectively.

Figure 5.7(a) shows a plot of the peak amplitudes of each interference
order as a function of the optical path difference change, AL It can be seen
that constructive interference occurs only over a narrow region and not
over the broad range. This compares closely with figure 5.4(a) which is the
experimental results obtained for the Sony diode. For example, the ratios of
the first four peaks is 100:73:57:38 in figure 5.7(a) and 100:77:58:42 in figure
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5.4(a) (normalised to the zero-order peak in each case), which reflects the

experimental situation. However, the theoretical prediction shows that the

Figure 5.7.(a). Calculated signal intensity of peaks of Doppler shifted
interference fringes. SONY diode: 0.15 nm.
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order number

0o 1 2 3 4 5 6 7 8 0

Figure 5.7.(b). Calculated signal intensity of peaks of Doppler shifted
interference fringes. SONY diode: 0.05 nm.



intensity has reduced to <3% of the zero-order peak by the 10th position,
whereas experimentally this does not occur. This may partially be
explained by the assumption of 8'X = 0.15 nm which was obtained from an
approximate measurement from manufacturer's published data [ ]. If that is
decreased to a value of 8'A = 0.05 mm, the resulting pattern is shown in
figure 5.7(b). In this figure, the pattern extends beyond the 10th order.
However, the trend is clearly revealed by the theoretical data for the

assumed value of 8N = (0.15 nm.

It can be seen that the intensity distribute of each interfered region in the
optical output from the interferometer is not the same with most of the
energy being concentrated on the zero-order region. This result can be
explained by the two facts: first, the envelope of all peaks of the interference
regions is a exponential function of the optical path difference, with its half-
width being inversely proportional to the half-spectal-width of the single
lasing mode. Thus as the optical path difference increases, the peak values
in the higher order regions will drop exponentially. Second, in the practical
interferometer, the light beams are not perfectly collimated, and the
mirrors are not perfectly normal to the light beams, those facts will bring

down the interfered intensities in the high order regions as well.

Figure 5.8 shows detailed computed plots of the shape of the regions of
constructive interference shown as the zero- and first-order on figure 5.7(a).
This can be compared to the equivalent experimental results of figure 5.6(a)
where the zero- and first-orders were obtained for the Sony diode. The
experimental separation between the orders, AL, is in very good agreement,
with a value of 0.83 mm experimentally and 0.84 mm theoretically.
However, the half-width of the theoretical interference region is much
greater than that of the experimental system at 0.22 mm as compared to 0.02
mm in the zero-order region and 0.04 mm in the first-order region. This is
in part due to the fact that, in the theoretical model, the energy is
distributed into only 15 modes for ease of calculation whereas
experimentally there are many more modes present. Also, the value 8 A
(corresponding to 8a in figure 5.3) is an approximation at 4 nm and the
half-width of the zero- and first-order regions are dependent on this
parameter. However, these results show a good agreement in the

separation of the constructive interference regions.
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order number

Figure 5.8. Calculated signal intensity representing the zero and first
order interference regions for SONY laser diode.

5.5. The optical fibre version of the experimental arrangement

In order to verify the feasibility of using a multimode laser diode in a
practical optical fibre interferometric sensor, an optical fibre version of the
experimental arrangement was built, shown in figure 5.9. The optical
output of the fibre interferometer was recorded and compared with that of

the open path arrangement shown in figure 5.1.

It can be seen, from figure 5.9, that the beam splitter in figure 5.1 is
replaced by an 2 X 2 optical fibre coupler, and the two arms in the open path
interferometer are replaced by one optical fibre (port 3 of the coupler in
figure 5.9). The multimode laser diode used in this arrangement is ML-
4406, which was more easy to be obtained, manufactured by Mitsubish, with
a optical output of 3 mW at the driven current of 55 mA. In this
experimental arrangement, the vibrating mirror is fixed on the micrometer
shown in figure 5.9, hence, the optical path difference in the interferometer

can adjusted by scanning the micrometer.
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Figure 5.9. The optical fibre version of the experimental arrangement.
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Light beam in the fibre port 3 is divided by the end face of the fibre.
Therefore, the light beam reflected from the fibre end interferes with that
reflected from the vibrating mirror on the photodetector. The output signal
from the photodetector is similar to that obtained from the open path

interferometer shown in figure 5.2.

Figure 5.10 shows the detailed plots of light output intensity when the
mirror scan distance AL' cover the zero- and first-order regions. By
comparing the plot shown in figure 5.10 with those shown in figures 5.6(a)
and 5.6(b), it can be seen that the characteristics of the multimode laser
diode studied in the open path interferometer do not change in the optical
fibre one. Therefore, the characteristics of the multimode laser diode in the
interferometer can be employed to develop new types of optical fibre

Sensors.

@)

Figure 5.10. Intensity of signal representing the half zero region, first
and second order interference regions.

5.6. Conclusion

The theoretical results shown support the experimental results when

they indicate that the maximum energy output from these laser diodes will
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be in the zero-order interference region. The rapid decrease of energy
shown in the experimental results when they move to the higher order
regions indicates that the assumption of a Lorentzian distribution of energy
in a single laser lasing mode is a reasonably representation of the physical
laser system. However, the experimental results do show that these types of
laser diodes will be very useful as optical sources in sensors requiring low
coherence, especially for multiplexed systems where high light power

coupled into optical fibre is needed.

Thus a reasonable agreement between theoretical and experimental
results is observed and useful interference regions with a simpler
configuration are seen. The experimental results obtained in this work
using a multimode laser diode as the light source device are not similar to
those obtained previously using a narrow-band continuous spectral light
source such as a LED. Both types of sources have their spectra contained
under a Gaussian-type envelope, but the LED shows a spectral continuum
with a Half-spectrum-width of 20 nm to 80 run [3], therefore, the coherence
length of the LED is about 50 pm. While the spectrum of the multimode
laser diode consists a set of discrete spectral lines (about 20 ), each having a
Lorentzian line shape. The half-spectrum-width of its spectrum is about a
few nanometers, thus the coherence length of the a multimode laser diode
is much longer than that of the LED. Because the spectral structures of two
light sources are not the same, the optical outputs from an interferometer
are different. It is the spectral envelope shape that determines the profile of
the interference region, while the fine spectral structures within this
envelope modifies the spatial distribution of the interference pattern and
the peak values. This is the consequence of one being the Fourier transform
of the other.

The high-resolution range of the devices is illustrated by, for example,
the characteristics of the Sharp device. With a coherence range of above 0.1
mm in the zero-order, this is equivalent to above 250 fringes when light of
0.8 pm wavelength is used in an interferometer of the Michelson type, i.e.,
one fringe per half wavelength (0.4 pm) over the coherence range. It is
obvious, therefore, in the important field of multiplexing in optical fibre

systems, these laser diodes will have considerable application.
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Chapter 6

Coherence length modulation scheme
based on a coupled
Michelson : Fabry-Perot interferometer

using a multimode laser diode

Abstract

In this Chapter, several experimental and theoretical investigations of
the use of multimode laser diodes in a coupled Michelson : Fabry - Perot
interferometer are presented. The results obtained indicate that two "side-
band" or "shifted" interference regions can be generated around the
original interference region through the use of this dual interferometer
configuration. By changing the optical path difference (OPD) or the
thickness of the Fabry-Perot cavity, the position of the "shifted" interference
regions can be adjusted in a controlled and reproducible way. Therefore, the
volume where a measurement may be made using this scheme which is
otherwise limited inside the interference region can be defined by setting
the OPD of the second interferometer. The results obtained show that the
"coherence regions" of such diodes can be varied over a large range of
optical path imbalance of the interferometers allowing the interference

region in fibre optic sensors to be tailored to specific sensor applications.
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6.1. Introduction

As mentioned in chapter 4, if a common-mode optical fibre
interferometer is used to measure flow speed, it is difficult to define the
geometry of the measurement volume. This is largely due to the fact that
if a highly coherent light source is employed in the interferometer, light
scattered back from anywhere along the optical axis will interfere with that
reflected from the fibre end, and thus only from the interference fringes, it
not easy to define the position where the measurement is taken. From the
results shown in chapter 5, it can be seen that if a low coherence light
source is used in a common-mode interferometer configuration, the
interference regions are limited to a certain number of positions along the
optical axis of the interferometer. However, if only one interferometer is
used in this operation, the problem of defining the geometry of the

measurement volume still remains unsolved.

In order to overcome this problem, the coherence length modulation
technique based on a coupled Michelson-Fabry Perot interferometer
configuration was studied. The results show that by employing a second
interferometer, the interference region can be "shifted" along the optical
axis of the first interferometer. In this chapter, the details of this work are
described. The experimental results verify the theoretical prediction from

the mathematical model developed in this work.

In the section 6.2, the principle of coherence length modulation and early
work done are outlined. The experimental arrangement used in this work
is presented in the section 6.3. A theoretical simulation of the
interferometer configuration (shown in figure 6.1.) is presented in section
6.4. Then, by comparing the experimental results with the theoretical ones,
it is shown in section 6.5 that there is a good agreement between these
experimental and theoretical results. This chapter ends with a further
discussion, section 6 6.

6.2. The principle of the coherence length modulation and the
early work

"Coherence region" is a term used to describe a region where phase
modulation can be achieved. The coherence region is limited by the
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Figure 6.1. Schematic optical arrangement of the coupled
Michelson : Fabry-perot interferometer used in
this work.

coherence length. When the optical path difference of the
interferometer is greater than the coherence length of the light source, the
interferometer is working inside a '"non-coherence region". In order to
achieve the phase modulation in this case, a coherence length modulation
technique can be used to "shift" this unbalanced interferometer from the
non-coherence region into the coherence one, where the interferometer is
balanced or near balanced. The basic function of this modulation is to
compensate the large optical path difference between beams in the sensor
interferometer, where this large optical path difference cannot be reduced
due to the limitation of the sensor configuration. For example, when a
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common-mode optical fibre interferometric sensor is employed to measure

the flow speed (figure 6.2.),

Figure 6.2.  Simple fibre -optic laser velocimeter (Ref.l).

the ideal measurement volume should be away from the end of the fibre,
in order to avoid the "stagnant region" caused by the presence of the fibre.
Therefore the optical path difference between the light beam reflected from
a fibre end and the beam reflected from the measurement volume will be
large compared with the coherence length if a low coherence light source
was used. In this case, these two light beams will not interfere with each
other. However, by employing a second interferometer to compensate this
large optical path difference, the working region of the first interferometer
can be shifted from the original incoherent region into the 'coherence

region", and therefore phase modulation can be achieved.

The basic arrangement employed to achieve this modulation is a two-
coupled interferometer, also known as "white-light interferometer" [2] or
"coherence modulated interferometer" [3]. In order to introduce the

coherence length modulation, two requirements should be met:
(@) the optical path differences of the two interferometers (Li, L2) are

greater than the coherence length of the light source (Lc), i.e, Li» L ¢
L2» Lec.
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(b) the difference between these two optical path differences is less than
the coherence length of the light source, i.e,, IL1-L2 I<L{

Under these conditions, this two-coupled interferometer gives an
intensity distribution which is the so-called "fringes of superposition" [4].

The light sources often used in the coherence length modulation are
low-coherence ones such as the light emitting diode devices (LED), white
light sources and multimode laser diodes. The characteristics of an LED in a
dual interferometer were investigated both theoretically and
experimentally by Al-Chalabi et al [5]. The applications of a dual
interferometer with a LED light source were considered with slowly
changing measurands such as pressure [6], position [2] or strain [7]. One of
the two-coupled interferometers is employed as a sensing one to induce the
optical path difference variation caused by the measurand, and the second
interferometer is used as a reference one. When the optical path difference
of the reference interferometer is adjusted to match that of the sensing one,
the superposition fringes appear in the optical output of the reference
interferometer. These fringes can be used as a "position mark" to define the
changed position which is induced by the sensing interferometer. The
separation between the original position and the changed one was
measured by an additional single mode He-Ne laser in the reference
interferometer. With this laser reference, a 22 mm measuring range with

0.00001 mm resolution was reported by T.Bosselmann [2].

The multimode laser diodes investigated in the last chapter may be
employed as another type of low coherence light source. The characteristics
of the optical output from a coupled Michelson : Fabry - Perot
interferometer using a multimode laser diode light source are described in

detail in the following sections.
6.3. The experimental arrangement

Figure 6.1. illustrates the dual interferometer system which was
investigated in this work. As shown in figure 6.1., the first interferometer is
a Michelson one, which may be considered as a sensing interferometer, and
the second reference interferometer is a Fabry-Perot cavity formed by the
two planes of a piece of glass slice. By using this glass-slice cavity, it become
more easy to align the system. In figure 6.1., the mirror Mi is mounted on a

110



micrometer for fine adjustment along the optical axis. The mirror M2 is
attached to a vibrator which is driven at 200 Hz and induces a simulated
input signal. Light from the multimode laser diode is collimated by a X10
objective lens, and the parallel beam is injected into the Michelson
interferometer. The light beam coming out from the Michelson
interferometer is then reflected by the second interferometer cavity, which
is linked with the Michelson interferometer through a beam splitter, and
detected by a high sensitivity Si photodiode/amplifier (EG&E HUV
1100BQ). The detected signal (as shown in figure 6.3) is then displayed on an
oscilloscope. The peak-to-peak value against the variation of the mirror

scanned distance were recorded and plotted out [8].

L >

2ms

Figure 6.3. Interference signal recorded on the photodetector in the
interferometer.

6.4. Theoretical considerations

The simulation of the optical output of the configuration shown in

figure 6.1 was made based on the same assumptions used in section 5.3.2.
For the light beam normal to the mirrors of the Michelson
interferometer, the phase difference, €t, between the beams reflected from

mirror Mi and mirror M2 is given by

=2k (2ALi)/X =2rcoli (6.1)
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where g=1/X (the wave number) and ALi is the mirror scanned distance.
The optical path difference, Lj, introduced by the Michelson interferometer,
given by 2ALj.

The corresponding radiation electric fields, Eji and Ej2, which are
generated by the jth lasing mode of the laser diode, and are reflected from

the two mirrors in the Michelson interferometer, may be written as:

exp(icot) (6.2)
exp][ i(cot + 27cL]O) ] (6.3)
where Ac is the difference between adjacent model wave numbers of

full width 8'c.

50 is the envelope full width of all the modes.

G is the wave number of the jth lasing mode.
These lasing modes are illustrated schematically in figure 5.3.

These radiation fields enter and are reflected within the Fabry-Perot
cavity, undergoing multiple reflections, and so the electric fields of the light
Ejri, Ejr2 thus reflected from the Fabry-Perot cavity, respectively can be

written as

[ 1-exp(i02) Jy[R

(6.4)
¥ [1-Regi<(2)] I

[1-epi<)?) [Ve T

(6.5)
¥/ [1-Repid2)] ~

where R is the reflectivity of the cavity, 02 is the phase difference caused

by the Fabry-Perot cavity and this may be written asQ

02=2k L2GCj (6.6)

112



where ( is the wave number of the radiation and L2 is the optical path
difference caused by the reflection from the cavity itself. Hence the total

radiation electric field for the jth lasing mode of the diode is
Ejr-Ejrl + Ejtf (6.7)

The intensity so represented is given by the product shown below in

equation 6.8 i.e.:
Ijr = (Ejri + Ejr?) (Ejrl * + G2 %) (6.8)

Substitution of equations 6.4 and 6.5 into the above yields an expression
for Ijr as:

B (1 + cos<>i) sin2 AP
. Ao
ijr=2 exp -2n j 50 | (6.9)
1+ B sin2

y

where B = 4R/(1 - R)2 and the intensity, I, in all the 2m+] modes can then

be calculated from the summation below, i.e.

j=+m

I= X I (6.10)

j=m

In order to simulate the optical output from the coupled Michelson:
Fabry-Perot interferometer shown in figure 6.1.,, a calculation was

performed using a computer program on a PC computer.
6.5. Experimental results and comparison with calculation

The configuration of the experiment arrangement is shown in figure 6.1.
The first interferometer used was a Michelson interferometer and the
second one was a Fabry-Perot cavity. The light source used was a
multimode laser diode device ("CD" type, Mitsubishi ML4406) emitting at a
wavelength of 780nm. The situation considered initially is that when the
Michelson interferometer only is used and the optical path difference , L2,

of the Fabry-Perot cavity is set to zero, so that it effectively represents a
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single reflecting surface. As the mirror Mi is scanned by the micrometer
away from the balance position of the Michelson interferometer, (which
corresponds to Li = 0), the fringe visibility reduces and the a.c. signal
received by the detector falls off. As the mirror is scanned through a
distance of 0.05 mm, corresponding to Li =0.1 mm, the a.c. signal drops to
half the peak value, reflecting the width of the "zero-order" region. As Li is
increased, a first order interference region is seen at L] =2.10 mm, as shown
in figure 6.4., and subsequent orders of interference are seen at integer
multiples of this value, as shown in figure 6.5. This result is similar to that
described in the chapter 5, for example, the experimental result shown in
figure 5.6b.

order number

intensity (arbitrary unit)

Signal

AL-|, mirror scan distance (mm)

Figure 6.4 Output signal intensity (arbitrary unit) v AL\ (mm) with no
Fabry - Perot interferometer, showing the first and second order
of the original interference regions.

However, a contrast is seen in the case where L2 is non-zero and the
Fabry-Perot cavity becomes operational. The operation of two
interferometers must then be considered, and two "sideband" regions of

interference can be seen accompanying each central interference order, as is
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shown in figure 6.6. As the thickness of the Fabry-Perot cavity is increased
and the reflective surfaces are drawn apart, the optical path difference, L2,
increases. The effect is shown in figure 6.7, where the separation between
the "sideband" region and the original region is seen to increase. For
example, in figure 6.6, with L2 = 0.435 mm (the cavity thickness between the
two planes of the glass slice is 0.145 mm and the refractive index is 1.5), the
average separation of the sideband from the central band was 0.22 mm,
which would imply an optical path difference of 0.44 mm i.e. twice the
separation. This represents good agreement with the value of L2 used.
Similarly, in figure 6.7, a second situation is illustrated for a cavity
thickness of 0.139 mm. This implies a value of L2 of 0.417 mm, and the
average band separation is given by 0.213 mm, which implies a value of L2

of 0.426 mm. In this second case also, excellent agreement is seen.

Order nhumber

intensity (arbitrary unit)

Signal

AL-|, mirror scan distance (mm)

Figure 6.5. Experimental results of the peak value of signal intensity

(arbitrary unit) v ALj (mm) with no Fabry - Perot
interferometer in operation, showing several orders of the
original interference regions.
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order number

intensity (arbitrary unit)

Signal

AL-j, mirror scan distance (mm)

X4

6.6. Experimental results of the peak value of signal intensity
(arbitrary unit) V A Il (mm) with Fabry-Perot interferometer in
operation, showing sideband regions (AL2=0.435 mm).

o 1

intensity (arbitrary unit)

Signal

AL|, mirror scan distance (mm)
Figure 6.7. Experimental results of the peak value of signal intensity

(arbitrary unit) V ALi (mm) with Fabry-Perot interferometer in
operation, showing sideband regions (AL2 = 0.417mm).
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The phenomenon of the two sideband interference regions can be
understood as follows. In the experimental arrangement shown in figure
6.8., the optical path difference (L2) of the Fabry-Perot cavity is set to be
greater than the coherence length (Lc) of the light source. Mirror Mi in the
Michelson interferometer is scanned from the left side of the balance
position, O, to the right side. When mirror Mi is scanned to the position A
in figure 6 8., the optical path difference (Li) is equal to or nearly equal to
that of the Fabry-Perot cavity on the left side of its balanced position, i.e.,
AO = Li =12, the two conditions of generating superposed fringes, which
are described in section 6.2., are met. Hence the two interferometers are
both in operation and the fringes of superposition appear in the left

sideband region.

If mirror Mi is scanned to the position O, as shown in figure 6.8., where
the optical path difference (Li) of the Michelson interferometer is equal to
zero or near zero, i.e., Li<Lc, only the first interferometer is now in
operation whilst the Fabry-Perot cavity is not because its optical path
difference is larger than the coherence length, i.e., L2>LC Therefore, the
output interference fringes are generated by the Michelson interferometer

only and, appear in the original central interference region.

As the mirror Mi is scanned on the right side of the balanced point to
reach the position B, where the two optical path differences are the same or
nearly the same, i.e., OB = Li =L2, the superposed fringes generated by both
interferometers appear in the right sideband region.

Therefore, all the central interference regions are generated by the
Michelson interferometer only, while all the sideband regions are
generated by both the Michelson interferometer and Fabry-Perot cavity.

In a simulation of a real sensing application, a proposed interferometric
optical fibre sensor is shown in figure 6.9c. By linking a cavity with a optical
fibre interferometric sensor, the interference region can be effectively
"shifted" from the zero order region which is around the end of the fibre to
a position away from the fibre end, and the position of the shifted region is

controlled by the value of the cavity thickness.
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tU LU

Figure 6.8. lllustration of the positions of the interference regions
when Li is scanned from positions A to B (L2=2nd).

Figure 6.9. shows comparative results of three different types of
interferometers. Figure 6.9a shows an interferometer with a single mode
laser light source, and the interference region of this interferometer cannot
be defined. Figure 6.9b. shows the same interferometer but with a
multimode laser diode light source, where the interference region may be
defined by determining the order of the interfered region. For an
interferometer as shown in figure 6.9c, which is a fibre version of the
coupled interferometer shown in figure 6.1, apart from the original
interference regions, some shifted regions can be seen. The position of these
shifted regions can be controlled by the thickness of the linked cavity.

Utilising the theoretical model discussed earlier, the results shown

experimentally as figures 6.6 and 6.7 were simulated. Two instances of this
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Single
mo de
laser
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Multimode

Figure 6.9.
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MirrorM Micrometef
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The comparison of the output from different types of

interferometers:

(a) a single mode laser light source

(b) a multimode laser light source

(c) a multimode laser light source with a coupled cavity in
operation.
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are where Li is scanned from 0 to 2.75 mm and L2 is set to 0.435 mm and
0.417 mm to reproduce the experimental conditions discussed earlier. In
both cases agreement is seen in which the separation of the sideband from
the centre band is given by the numerical value of L2. The results are

summarised in table 6.1 and illustrated, for the first case, in figure 6.10.
6.6. Discussion

As shown in Table 6.1, excellent agreement is seen between the
experimental and theoretical results obtained. These results indicate that by
changing the thickness of the Fabry-Perot cavity, the position of the
sideband interference regions can be adjusted in a controlled and
reproducible way. One of the purposes of the coherence length modulation

Table 6.1 Comparison of theoretical & experimental results for
separation of sideband from centreband

Average Average
Cavity Optical Path Separation Implied Separation
Thickness  Differences, of Sidebands Optical Path of Sidebands

12 from Difference from

Centrebands Centrebands
(mm) (mm) (mm) (mm) (mm)
0.145 0.435 0.220 0.440 0.435
0.139 0.417 0.213 0.426 0.417

is to shift the interference region (sensing interferometer operating region)
into the measurement volume, and the results reported here show a good
agreement both theoretically and experimentally on the position of the

shifted regions.

In spite of the close agreement on the position of the sidebands when the
theoretical and experimental results are compared, the theoretical results
do not explain the comparative intensities of the central peak and the
sidebands. These figures, normalised to the peak value of the central band

of the zero - order region, are shown in Table 6.2.
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Table 6.2 Theoretical & experimental results showing
normalized intensities of central peaks & sideband.

Zero Order First Order

Experiment

(intensity)

Central band 100 32
sideband (left) 54 10
sideband (right) 46 11

Theory
(intensity)

Central band 100 98
sideband (left) 50 49
sideband (right) 50 49

This discrepancy may partially be explained by the fact that the shape
the lasing mode itself is not fully taken into account in the theoretical
model. If this is included, the peak values of the interference regions will
drop, with an exponential envelope profile, which means that the peak
value of the first order interference region in figure 6.10 will be less than

that which would be shown by using a more accurate theoretical model.

Further, from an experimental point of view, any misalignment of the
mirrors will reduce the peak intensities of the shifted interference regions
and even a small misalignment can cause them to shrink to zero. This

illustrates the importance of the parallelism of the two faces.

Finally, the reflectivity, R, of the Fabry-Perot cavity is also an important
factor. Figure 6.11. shows a calculation of the relative intensities of the first

sideband to the zero-order region as a function of the cavity reflectivity, R.

Thus good agreement between theory and experiment is observed and
useful interference regions with the optical configuration employed are
seen. The experimental results obtained in this work using a multimode
laser diode as the light source device are not similar to those obtained
previously using a narrow-band continuous spectral light source such as an
LED. Both types of sources have their spectra contained under a Gaussian-

type envelope, but the LED shows a spectral continuum. It is this spectrum
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intensity (arbitrary unit)

Signal

AL-|, mirror scan distance (mm)

Figure 6.10. Theoretical results of the peak value of signal intensity

3 <o

I3 &n

(arbitrary unit) v ALi (mm) with the Fabry - Perot cavity
operational ( the zero and first order interference regions),

showing sideband regions (ALz = 0.435 mm).

1.0-
a
0.8 - a
o
a
0.6 - a
O
0.4-
a

a

0.2- 1 1 1 1 > 1 1
0.0 0.2 0.4 0.6 0.8

Reflectivity, R

Figure 6.11. The simulated relative intensities of the first sideband to the

zero-order region as a function of the cavity reflectivity, R
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that limits the interference region. Only one interference region can be
generated by the LED, while the spectrum of the multimode laser diode
consists of a set of discrete spectral lines (—20), each having a Lorentzian line
shape. The interference pattern of this light source is a comb shaped one,
forming a set of interference regions. Because the spectral structures of two
light sources are not the same, the outputs from the coupled interferometer
are different. It is the spectral envelope shape that determines the profile of
the interference region, while the fine spectral structures within this
envelope modifies the spatial distribution of the interference pattern and
the peak value. This is the consequence of one being the Fourier transform
of the other. Therefore, the principal difference between the use of the two
sources is that the multimode laser diode gives an output pattern with
periodic interference regions and each region is companioned with two
sideband regions on either side, whilst the interference pattern generated by
an LED is a single original interference region accompanying with two
sideband regions [9].
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Chapter 7

Coherence length modulation scheme
based on a dual Michelson interferometer

using a multimode laser diode

Abstract:

The use of a multimode laser diode in a dual Michelson interferometer
arrangement is investigated, both theoretically and experimentally, using
"coherence length modulation". A reproducible way of "shifting"
interference regions is considered for the potential use of the scheme in
optical sensors. The measurement volume of the sensor can be determined
and shifted along the optical axis of the optical system. Since the second
interferometer can be used to induce a carrier frequency signal, a
heterodyne signal processing scheme can be employed to recover the
sensing signal, and therefore, in the case of a dynamically changing

measurand, the direction of the movement can be determined.
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7.1. Introduction

In Chapter 6, the "coherence length modulation” scheme based on a
coupled Michelson-Fabry Perot interferometer was introduced, and the
characteristics of a multimode laser diode in this dual interferometer were
described. It can be seen that by introducing the second interferometer, the
working region of the first interferometer can be effectively shifted over a
designed distance along the optical axis [1], and thus the measurement

volume of the first interferometer can be shifted.

However, there are still two problems needed to be solved. The first is
that the shifted distance, which is equal to half of the optical path difference
of the second Fabry-Perot cavity [1], is fixed when the cavity is selected. The
second is that the direction of the moving body or flow cannot be

determined.

There are two possible methods to solve the first problem: one is by using
a scannable Fabry-Perot cavity to change the optical path difference, and
therefore, the position of the measurement volume. Another is to use a
Michelson interferometer with one arm being scanned. This will introduce
the variation of the optical path difference. The second problem can be
solved by means of introducing a carrier frequency into the light beam as a
reference frequency. This is the well-known heterodyne signal recovery

scheme.

In order to change the shifted distance of the interference regions and to
introduce the heterodyne signal recovery scheme, a coupled Michelson :
Michelson interferometer experimental arrangement, shown in figure 7.1,
was used to investigate the characteristics of a multimode laser diode in a
dual Michelson interferometer. The theoretical and experimental results
are described in this chapter. It can be seen that a more detailed study is
obtained from this arrangement than was from the Michelson : Fabry-Perot
interferometer discussed in Chapter 6. This is due to the fact that the optical
path differences in the coupled Michelson : Michelson interferometers can
be easily adjusted. Also, because the second interferometer can be
modulated by an induced frequency signal, a heterodyne signal processing

technique can be introduced to recover the sensing signal.
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In section 7.2., the experimental arrangement employed in this work is
described. A theoretical simulation of the dual interferometer shown in
figure 7.1 is detailed in section 7.3. The experimental results are presented
and discussed in section 7.4. Possible applications are suggested in the

conclusion, section 7.5.

Figure 7.1. Schematic optical arrangement of the dual coupled
Michelson interferometer used in this work.
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7.2. Experimental arrangement

In figure 7.1., which shows the optical configuration employed in this
work, the micrometers 1 and 2 were used to vary the optical path
differences in the two Michelson interferometers. The oscillator 1 provides
an input signal by vibrating the mirror M2 which was attached to it. The
second oscillator 2, associated with the second interferometer, was used to
introduce a different frequency signal which can be considered as a carrier
in the heterodyne demodulation technique. The light source employed in
the arrangement is a multimode laser diode (SONY LT023) with a central
wavelength of 780 nm. The driving current of the laser diode is 43.4 mA.
The detector used in the experiment arrangement is a high sensitivity
photodiode (HUV-1100BQ), manufactured by EG&G.

7.3. Theoretical considerations

In order to simulate the optical output of the dual coupled Michelson
interferometer configuration, which is shown in figure 7.1, a mathematical

model was developed, based on the assumptions used in section 5.3.2.

For light beams normal to the mirrors of the first Michelson
interferometer, the optical path difference, 0i, between the beams reflected

from mirrors Mi and M2 is given by

2ALi
(7.1)

where = 1Aj (the wave number of the jth lasing mode) and ALi is the
mirror scan distance, Li is the optical path difference introduced by the first
interferometer. When the oscillator 2 is driven at the frequency of «s, Li

can be written as:
Li=L10 + Lis sin(cost) (7.2)

where L10 is the "static" optical path difference, and Lis is twice the
amplitude of the vibration of the mirror M2. In the experiments, some part
of the light energy, assumed for ease of calculation to be about 50%, emitted
from the light source is reflected back to the light source which is due to the
use of the beam splitter. This part of light energy can be omitted because it
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does not contribute to the detected signal. The amplitudes of the radiation
electric fields are Aq/2, where Ao is the half of the amplitude of the electric
field emitted from the light source. The corresponding radiation electric
fields Eji and Ej2 from the two light beams in the first Michelson

interferometer are given by:

exp(icot) (7.3)
exp(icot + ig>) (7.4)
where Ao is the difference between adjacent model wave numbers of

full width 8'o.

80 1is the envelope full width of all the modes.

g is the wave number of the jth lasing mode.
These laser modes are illustrated schematically in figure 5.2.

These radiation fields enter the second Michelson interferometer and are
divided into two beams, with one yielding an optical phase difference, §2,

introduced by the second interferometer, and given by

2A12
2= 2k X o 2k g jL2 (7.5)

where AL2 is the mirror scan distance, and L2 = 2AL2 is the optical path
difference of the second interferometer. When the oscillator 2 is driven at

the frequency (I}, L2 can be written as:
L2 =1L120 + Lar sin((Dxt) (7.6)

where L20 is the "static" optical path difference, and L2r is twice the
amplitude of the vibration on the mirror M4. For the case when there is no
light reflected from the second interferometer back to the first one, the
electric fields received by the detector consist of four terms, which are:
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\
exp(itot) (7.7)

exp(icet + i) (7.8)
/AN r [ AoV Nexp(icot +1i4p) (7.9)
expli(cot + €1+ <R)] (7.10)

Hence the total radiation electric field for the jth lasing mode of the diode
is given by

Ej = Fji + 2 + Ep + Fj4 (7.11)
and the intensity is given by the product shown below
§ = (Eji + E2 + E3 + E4) (Eji* + Ej2* + §3* + E4*) (7.12)

Substitution of equations 7.7. to 7.10. into the above 7.12. yields an
expression for kj as

[=lo+Il +12+13+14 (7.13)
where
(Ao\2
To =24~exp -2« (7.14)
/Saj
2/\
Il = cos(J>i)ex (7.15)
fA 0% i.A&\2
12 = cns(<|)2)exd -2n R (7.16)
via4y y ooy ]
"Aq2> . rAo’ 2
]3=l 8 Jcosml + Plexp -1 (7.17)
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and

' 2
4= Ag2) exd ZQ‘M\ J (7.18)

For all the 2m+] modes, the total output of the detector is proportional to
the total intensity, I, given by

+m
i= X0 (7.19)
JFm

or
+m +Hm +Hm +m +m

1= Xlo + Ei1+ Z 2+ X 13+ XU (7.20)
j:_m j:_m j:_m j:_m j:_m

The total intensity is given by the above five terms, representing the
superposition of fringes. The first one gives only a DC term, while the
others, under the different conditions, will give a different type of
contribution to the interference patterns. For example, under the condition

of L2 being fixed and Li being scanned, the third summation in equation

+Hm
720, Xl12, which is generated by the second interferometer only, will
j=-m
4m
become a DC term, and the 2nd summation, ]£1i, which represents the
j=-m

superposition fringes generated by the first interferometer only, gives the

so-called original interference regions. The 4th and the 5th summations,
+m 4m

I3and ” I4, which represent the superposed fringes generated by both
j:_m j=_m
interferometers, give the shifted interference regions on both the left side
and the right side of the original interference regions generated by the first

interferometer.

It is these shifted reference regions that play the main roles in the
coherence length modulation. Experiments were carried out and results are
shown illustrating the performance of coherence length modulation using

this dual coupled Michelson interferometer.
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7.4. Experimental results and discussion

A number of experiments were carried out to study the performance of
the coherence length modulation of the multimode laser diode under
different conditions. In the experiments, the mirror M2 in the first
interferometer is driven at a frequency of 150 Hz by the oscillator 1,
inducing a simulated input signal. The amplitude of the output signal,
shown in figure 7.2, varies as the change of the mirror scan distance ALi or
the optical path difference L\, when the dual interferometer is set within

the interference regions.

The conditions to generate the superposed fringes, described in chapter 6,
are that the optical path differences (Li, L2) of the two interferometers are
larger than the coherence length (Lc) of the light source used, i.e.,, Li» L,
L2>>Lc, and the difference between these two optical path differences is less
than the coherence length, i.e., ILi - L2 I<LC Therefore, when the optical
path difference of the first interferometer is changed by the scanning mirror
M2, the superposed fringes appear when the dual interferometer is working
under these conditions (i.e. Li>>L¢, L2» L Cand iLj - L2 I<LC) and do not
appear when the dual interferometer does not meet these conditions. The
output signal detected against the change of the optical path difference of
the interferometer is recorded and plotted in figures 7.4 to 7.8.

Figure 7.2. Output signal generated by vibration of mirror M2, (vertical
scale: arbitrary unit).
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order number

Signal intensity (arbitrary unit)

AL-i, mirror scan distance (mm)

Figure 7.3. Experimental results of the peak value of signal intensity
(arbitrary unit) v. ALj (mm) with AL2 set to zero.

Initially, AL2 was set equal to zero, i.e., $=0. The 3rd summation in
equation 7.20 becomes a DC term, and the 2nd, 4th and 5th summations
represent the superposed intensity generated by the first interferometer.
Therefore the output signal amplitude varies as the change of ALi,
achieved by scanning with micrometer 1. Figure 7.3 shows detailed plots of
optical output intensities when the mirror Mi scans a distance ALi covered
the zero, first and second original interference regions, which corresponds
to the second, fourth and fifth summations in equation 7.20.

The optical path difference, L2, of the second interferometer was then set
equal to 0.3 mm. The mirror scan distance ALi is varied by adjusting the
micrometer 1. Two "sideband" interference regions appearing about the
original regions can be seen (figure 7.4), which illustrates the same
phenomenon discussed in the chapter 6. In this case, both interferometers
are in operation, and the intensity of the optical output is represented by
the 2nd, 4th and 5th summations in equation 7.20. Figure 7.5 illustrates the
details of the contributions from each summation. As shown in figure 7.5
the second interferometer is set at AL2 = 2d, while the first interferometer is

scanned from the left side of the balanced point, O, to the right side. The

summation I] gives the original interference regions; I3
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order number

0 1 2

Signal intensity (arbitrary unit)

Figure 7.4. Experimental results of the peak value of signal intensity
(arbitrary unit) v. ALi (mm) with AL2 set to 0.3 mm.

Figure 7.5.  The illustration of the interference regions with AL2 = 2d and
ALi is scanned, t
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and * I4 give the left and right shifted regions respectively. The total
intensity pattern is the one that each original interference region is
accompanied by two shifted regions. This is the same result described in the

section 6.5.

However, when ALj was fixed while AL2 was changed by the micrometer
2, the signal induced by the vibrating mirror in the first interferometer
cannot be detected in the original interference regions. It can however be
detected in the two sideband or shifted interference regions, which are
responding to the 4th and 5th summations in equation 7.20., i.e. » I3 and
A 14, as shown in figure 7.6. The separation between each pair of the shifted
interference regions was equal to ALi. figures 7.6 and 7.7 show the output
intensities obtained when ALi was set equal to 0.2 mm and 0.4 mm
respectively. Figure 7.8 shows the intensity contributions of the 4th and 5th
summations in equation 7.20. In this case, the 2nd summation becomes a
DC term due to Li=d>Lc, while the 3rd summation becomes a DC term as
well, as' there is no induced vibrating signal in the second interferometer.
These results illustrate the fact that the superposed fringes inside the

original interference regions were generated by the first

order number

0 1 2

Figure 7.6. Experimental results of the peak value of signal intensity
(arbitrary unit) v. AL2 (mm) with ALi set to 0.2 mm.
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Signal intensity (arbitrary unit)

order number

1 2

Figure 7.7. Experimental results of the peak value of signal intensity

Figure 7.5.

(arbitrary unit) v ALj (mm) with ALz set to 0.4 mm.

The illustration of the interference regions with ALj = 2d and
ALz Is scanned, t
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Figure 7.9. Experimental results of two sets of the peak value of the
interference regions (arbitrary unit) v. ALz (mm), with ALj set
ecjual to 10 mm.

interferometer only, and the two sideband regions were the result of the
interaction between coupled interferometers. It is clear that the positions of
the shifted interference regions can be easily designed by setting the "offset"
optical path difference in one of the two interferometers. Figure 7.9 shows a
plot of two sets of peak amplitudes of the shifted interference regions with
Li set to 10 mm. It should be noted that the greatest intensity is
concentrated on the two central regions, and this means that the dominant

measurement region can be easily defined.

Figure 7.10 shows the peak value of the interference region shifted from
the zero order region changes as a function of the "offset" optical path
difference or the shifted distance, which illustrates that this shifted distance

can be as large as a few millimetres.
In order to investigate the possibility of using a heterodyne signal

recovery technique, oscillator 2 is used to drive mirror M4 at an arbitrary
frequency, chosen to be 200 Hz, while Li is set to 0.2 mm and M2 is vibrating

137



at a frequency of 125 Hz. Figures 7.11 and 7.12 show the output signals when
the first and the second interferometer are operating separately.

Signal intensity (arbitrary unit)

Figure 7.10. Experimental results of the peak value of the interference
regions (arbitrary unit) shifted from the zero order v the
optical path difference induced by the interferometer.

2-5ms

Figure 7.11. Optical interference signal recorded on the photodiode in the
first interferometer (Vertical scale: arbitrary unit).
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dms

Figure 7.12. Optical interference signal recorded on the photodiode in the
second interferometer (Vertical scale: arbitrary unit).

order number

-1 0 ¢!

Signal intensity (arbitrary unit)

Ai_2 , mirror scan distance (mm)

Figure 7.13. Experimental results of the peak value of signal intensity
(arbitrary unit) v. AL2 (mm) with ALj set to 0.2 mm, and the
first oscillator working at a frequency of 125 Hz, the second one
at 200 Hz.

Figure 7.13 illustrates the details of the zero and first order interference
regions (both negative and positive, lying on either side of the zero order

region). The difference between the results shown in figure 7.4 and in
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tigure 7.13 is that the former illustrates the same output signal (figure 7.2)
for all the original and the shifted interference regions, i.e., the output
signal received in all the interferometer regions is generated by the
vibration of M2 only; whilst in the second one, the output signal caused by
the vibration of M2 only appears in the original interference regions, and in
the shifted regions, the signal shows a phase modulation (figure 7.14)
which is generated by the vibrations of M2 and M4.

dms

Figure 7.14. Optical interference signal recorded on the photodiode in the
shifted regions (Vertical scale: arbitrary unit).

7.5. Conclusion

From the experiment results shown above, it can be seen that:

(@) the superposed fringes in the original interference regions are
generated by the first interferometer only, which respond to the second

summation in equation 7.20.

(b) the superposed fringes in the shifted interference regions are the
results of the interaction between the two coupled interferometers,
and therefore, those fringes carry information on the optical path
differences in both interferometers.

(c) a heterodyne signal can be achieved in the shifted interference regions

by introducing a high carrier frequency signal in the second

interferometer.
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the characteristics of the multimode laser diode in the coupled
Michelson interferometers may be exploited to develop a different
kind of sensors for flow speed or distance measurement. However,
care must be taken to avoid using the original interference region as a
shifted region, where the heterodyne signal will become unstable. This
can be explained by the fact that if a shifted region is overlapped with
an original region, the coherence lengths of the both two
interferometers are less than the that of the multimode diode, i.e.,
Li<Lc and L2<LC thus both interferometers are in the operating region,
the sensitivity of the whole system will be double of that of a single
interferometer. A slight disturbance from outside will cause a signal

change.

The performance of coherence length modulation of a multimode laser

diode in a dual Michelson interferometer configuration was presented,

both experimentally and in terms of a theoretical analysis. A repeatable and

controllable way of "shifting" interference regions to a designated region

can be achieved through the use of the coherence length modulation

technique [2]. The possibility of employing an ordinary heterodyne

demodulation method was shown, and the further application of this

scheme are described in the chapter 8 and 9.
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Chapter 8

Proposes for an optical fibre sensor for
velocity and vibration measurement

Abstract

In this chapter, an arrangement for a new sensing scheme using the
coherence length modulation of a multimode laser diode is proposed and
described. The optical fibre sensor based upon this scheme can be used for
velocity and vibration measurement. The basic optical configuration used
in this scheme is a dual Michelson interferometer which has already been
described in the chapter 7. By the use of a Bragg cell in the second
interferometer, a carrier frequency was induced into one light beam.
Therefore, a heterodyne output signal from this dual interferometer can be
generated. The measurement of flow movement or mechanical vibration

can then be determined through the use of conventional electronic

techniques.
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8.1. Introduction

Based upon the results obtained on the dual Michelson interferometer, a
new sensing scheme can be developed to built an optical fibre sensor which
may be used in flow or vibration measurements. In Section 8.2, the basic
configuration and the theoretical analysis of this optical fibre sensor
proposed are described. The "proof-of-principle" studies on using this
sensor in flow and vibration measurements are presented in Sections 8.3
and 8.4. This chapter ends with the conclusion section 8.5.

8.2. The basic configuration of the proposed OFS and its
theoretical background

8.2.1. The basic configuration of the proposed OFS

Figure 8.1. shows the optical configuration of the proposed optical fibre
sensor, which is actually a coupled dual Michelson interferometer. In the
first fibre interferometer, light reflected from the fibre end interferes with
that reflected from moving objects which can be either scattering particles
in flow measurement or a vibrating surface in a vibration measurement.
Because the reflectivity of the fibre end is very small, about 4% of the
injected optical intensity, the multiple reflections between the fibre end and
moving object are very weak, and thus, this element may be considered as a

Michelson interferometer.

Since a common mode design was employed in this configuration, i.e.,
both reference and signal beams travel the same optical path, the problem
of phase perturbation induced by environmental effects such as
temperature and pressure changes can be considerably minimised. In order
to obtain directional information on the moving target, a Bragg cell is
employed to induce a carrier frequency or a reference frequency into one of
the light beams in the second interferometer, forming a heterodyne signal
at the output of the sensor. Another function of the Bragg cell is to serve as
a beam splitter.

In order to verify the basic operating concepts of the proposed optical
tfibre sensor, an optical experimental system was constructed and shown in
figure 8.2. This is a bulk-optic-component version of the proposed optical

fibre sensor shown in figure 8.1.
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Figure 8.1. Schematic optical arrangement, using optical fibres, proposed in
this work.
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Figure 8.2 Schematic optical arrangement of the coupled Michelson
Bragg cell interferometer used in this work.

As shown in figure 8.2, the first interferometer, the Michelson sensing
interferometer, is used to introduce the signal simulating the sensing effect,
and the second interferometer, consisting of a Bragg cell, a beam splitter and
a mirror, is employed as a recovery interferometer to introduce an off-set

imbalance (4.25 mm) and a modulation at the frequency of 110 MHz in one
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arm. The mirror, Mi in the first interferometer can be scanned by a
micrometer, while the mirror M2 attached to a loud speaker is driven by an
oscillator with a sawtooth waveform at the frequency of 400 Hz, which is
shown in figure 8.3. A multimode laser diode (SONY LT023, the central
wavelength is 780 nm) was used as the light source, having a coherence
length of about 200 pm in the zero order of the interference region. The
optical output of the Michelson interferometer was coupled to the Bragg
cell interferometer. The output signal is then detected by a high speed
avalanche photo diode (APD) detector (Antel). The electronic signal from
the detector was analysed with a spectrum analyser.

Figure 8.3. Electrical input signal to the oscillator driving mirror M 2 (Period
of waveform is 2.5 ms).

8.2.2. The theoretical analysis

A simulation of the optical output characteristics of the configuration
shown in figure 8.2. was made by constructing a mathematical model
which is based on the assumptions discussed earlier in section 5.3.2.

For the beams normal to the mirrors of the first interferometer, the
phase difference, 93, between the beams reflected from mirror Mi and M2 is
given by:

§1=2 (2ALi )Aj =2« ojLi (8.3)
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where G, is the wave number of the jth lasing mode, i.e., G = 1/Xj and 2ALj
is the optical path difference introduced by the first interferometer, given by
Li.

When a signal from or simulating a sensor input is applied to mirror M2,
inducing a vibration at a frequency of as, Li can be written as:

Li = L10 + Lis sin(cost) (8.4)

where L10 is the '"static" optical path difference, and Lis is twice the
amplitude of the vibration of the mirror M2. The electric fields, Eji and Ej2,
generated by the jth lasing mode are reflected by mirrors 1 and 2, and given

by

Ag A
Eji =2~ exp - K(] 572 explicot) (8.5)
8G J ]
p A° 1 Ao™ _ ,
E2-~2 exP -”(J o 2 exp i(cot +2n 65 Li) ] (86)
g
J
where A0/2 is the half amplitude of the incident radiation.

Ao is the difference between adjacent modal wave numbers of
full width s'g .

50 is the envelope full width of all the modes.
G is the wave number of the jth lasing mode.

This was illustrated schematically earlier in figure 5.3.

These radiation fields enter the Bragg cell and two beams emerge, one at
the fundamental optical frequency and the other having a frequency change
due to the effect of the Bragg cell. Hence the optical electric fields received
by the detector consist of four components which are:

-0 ( AgA7

Bi 7 op K., fo exp(iwt) 8.7)
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where ab is the Bragg cell frequency, 02 is the phase difference caused by the

second interferometer and given by
<f)2=27t(2AL2)Aj=2rcOjL2 (8.11)

L2 is the OPD of the second interferometer. Hence the total radiation electric
field for the jth lasing mode of the laser diode is composed of a series of

components i.e.:
§=E] + 2+ E3 + 54 8.12)

and the intensity so represented is given by the product shown below in

equation 8.13,, ie.
= (§i + E2+ 3 + Ej9 (Eji* + 2 *+ {3 *+ E4%) (8.13)

Substitution of equations from 8.7 to 8.10 into the equation 8.13 yields an

expression for Ij, which is:

f=lo+IOI+12+3+14 (8.14)
where
T AR
To=nsaxp -2if-— V (8.15)
Aq2 AgA
=247 cos(<|)jexp 2: (8 (8.16)
\®9y
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[2= ~ cos(ctibt + )exp -2n j So] | (8.17)
Ao2 fAa\2

I3=2g"~ cos(cobt + $2+ i@ 21 (8.18)
Ao\ 2

I4 = %0—2 cos(o)bt + $2- 0i)exp -271 ° (8.19)

For the total output intensity of the all modes of the multimode laser
diode, I, is given by:

+m

1= 1ij (8-20)
j=m

fm +mMm M 4im  tm

or 1= Ilo + III + I 12+ 2> + [y (8.21)
j=m j=m j=m j=m j=m

8.3. An optical fibre sensor used for flow measurement

From the results described in the chapters 6 and 7, it can be seen that the
measurement volume of a dual coupled interferometer with a multimode
laser diode light source can be shifted away from the zero-order interference
region to a specifically designed region. Thus if the fibre version is used in
flow measurement in the liquids, the measurement volume can be shifted
out of the stagnant region caused by the present of the fibre end. Therefore,
optical scattering signals unaffected by this low velocity region can be
detected [1].

By using the experimental arrangement shown in figure 8.2., the "proof-
of-principle" studies on using this sensor in flow measurements can be

carried out.

Equation 821 shows that the optical output of the dual interferometer
consists of five summations, i.e., five groups of superposition fringes.
Under the conditions that AL2 is fixed at the value of AL2 » Lc, and ALi is

scanned, the first summation, I 10/ in the equation 8.21 only gives a DC

signal. As shown in figure 8.4, the second summation I Ii, which has
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Doppler frequency information in its phase, represents the superposed
fringes generated by the first interferometer in its original interference
regions. When AL2 » Lc, it will become a DC signal at the output of the
system. The third summation A I2, which only has a Bragg cell frequency,
does not give any superposed fringes because AL:2 is fixed. The 4th and the
5th summations, I3and I4, which have both the Bragg cell frequency
and the Doppler frequency, give the superposed fringes which are generated
by the two interferometers in the shifted interference regions. It should be
noted that the difference between the 4th and 5th summations implies the
different positions of the shifted interference regions. This difference is
shown in figure 8.4.

Figure 8.4. The illustration of the interference regions with ALz being fixed
and ALj is scanned.

In a practical case, the intensity of the light beam emerging from the fibre
end will reduce as AL] increases, and therefore, the intensities of the
interference fringes in the higher order regions are very low compared with
those in the zero order region. As for the superposed fringes in the shifted
interference regions, only those in the interference region shifted from the
zero order region have a comparable higher intensity. The intensities of the
fringes in the regions shifted from the higher order interference regions
will become even lower. This means, in the practical case, only two groups
of light beams are collected from two interference regions, as shown in
figure 8.5. The first one, with the Doppler frequency in its phase, is scattered
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from the original zero order region and the other one, with both the Bragg
cell frequency and the Doppler frequency in its phase, is scattered from the
region shifted from the original zero order region. Therefore, by using
spectral analysis techniques, these two groups of scattered light beams can

be separated easily.

|
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Figure 8.5. The schematic diagram showing the variation of the detected
optical intensities in the different cases:

(a) Peak values of the output intensity via the variation of ALj in
the open path.

(h) Light intensity emerging from the fibre end drops as ALi
increase.

(c) Peak values of the output intensity via the variation of ALi
from the fibre end, showing that light intensity from the
original zero region and that shifted from the zero region is
the main part of the output signal.
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As mentioned in chapter 7, the position of the shifted region is
determined by the off-set optical path difference in the second
interferometer, and thus the measurement volume of the first
interferometer can be moved into the zero-order shifted interference
region. The position of this region can be scanned by changing the OPD of
the second interferometer.

When the optical path difference of the Michelson interferometer is set
to match that of the Bragg interferometer, the dual interferometer is now
working inside the interference region shifted from the original zero-order
region. When both ALi and AL> are fixed, di and 92 in the equations from
8.15 to 8.19 are not changed, thus the optical output only contains a carrier
at the Bragg frequency (110 MHz). When AL:2 is fixed and ALi is scanned
away from the balance point where ALi = AL> or Li=L2, the output signal
drops to zero as the difference of the two path length differences exceeded
the value of the light source coherence length, i.e., ILi-L21>Lec.
Displacement of one mirror in the Michelson interferometer, through the
use of the micrometer adjustment, produced a change in phase of the
carrier signal (as shown in figure 8.6) relative to the Bragg drive oscillator

signal.

Figure 8.6. Interferometer output signal (low trace) against 100 MHz Bragg
cell drive waveform.

In the experiment studies, both sinusoidal and serrodyne displacement

modulations were applied to one mirror in the Michelson interferometer

shown in figure 8.2. In the former case, a frequency spectrum symmetrical
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about the carrier frequency (Bragg frequency: 110 MHz) was observed. This
result, as shown in figure 8.7, is typical of the sinusoidal modulation and
corresponds to the 5th summation of the equation 8.20. In the latter case,
two predominant Doppler frequency components were observed, placed
asymmetically about the carrier, since the sawtooth displacement ramp has
a fast, but finite flyback period as is shown in figure 8.8. It is clear that by
comparing the frequency of the output with the carrier frequency, the

direction of the movement is ready determined.

Figure 8.7. Interferometer output frequency spectra produced by a
sinusoidal modulation applied to one Michelson interferometer
mirror (100 MHz marker at Bragg cell carrier frequency).

Figure 8.8. Interferometer output frequency spectra produced by a sawtooth
waveform modulation applied to one Michelson interferometer
mirror (100 MHz marker at Bragg cell carrier frequency).
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8.4. An optical fibre sensor used for vibration measurement

In this section a heterodyne vibration sensor using a coherence length
modulation technique is proposed and described. In this scheme, the
difficult of coupling light from a Bragg cell into a fibre, which occurs in an
ordinary heterodyne interferometric system, is relieved by changing the
position of Bragg cell from one arm of the interferometer to the front of
detector. A theoretical analysis and experimental results, both for the single
mode light source and the multimode light source, are presented.

8.4.1. The early work

Based on classical optical fibre interferometer configurations, the
heterodyne signal recovery technique employed in remote vibration
measurement has been reported in a number of papers [2,3,4]. One of the
attractive advantages of this technique is that by using it, the direction of
movement can be determined directly. Unfortunately, the conventional
Bragg cell, used to shift the frequency in one of the arms in an
interferometer, is not a component easily integrated to suit a fibre optic
interferometer. Coupling light from Bragg cell into fibres will give a
problem of optical intensity loss in the coupling.

One of the first approaches of improving the arrangement was used by
Kyuma et al. (as shown in figure 8.9.) [4]. In their experimental
arrangement, the light beam in one arm passes through two beam splitters
and then is coupled into the fibre, while the light beam in another arm is
modulated by the Bragg cell, and then combined with the received signal
light to form the heterodyne signal at the detector. This arrangement can
ease the coupling problems and thus enable a reduction in the probe size.
However, there still exist another problem, i.e.,, the problem of the phase
perturbation, which is introduced from the environmental changes, such
as temperature, pressure and vibration. This problem is largely due to the
separation of the reference arm and the signal arm in the interferometer.

From the results of the study shown above, it can be seen if a heterodyne
vibration sensor is constructed based upon the coherence length
modulation scheme [5], the coupling difficult can be relieved by changing
the position of the Bragg cell from one arm of the interferometer to the
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front of detector, as shown in figure 8.2. In this case, instead of coupling the
light beam from the Bragg cell into fibres, the light beam is coupled from
fibres into the Bragg cell.

Bragg

Fibre

Vibrating
object

Figure 8.9. Schematic optical arrangement (similar to that of Nokes et al [3]
and Kyuma et al [4]).

Since the position of Bragg cell is changed, another problem appears for
the ordinary single mode laser heterodyne interferometer arrangement,
i.e., there are two side-band shifted frequencies around the carrier
frequency. Therefore, the direction of movement cannot be determined.
This was confirmed in the experimental result shown below.

8.4.2. The experimental results

By using the experimental arrangement shown in figure 8.2., a study on
the performance of the sensing system using both single mode and

multimode laser sources was carried out.
According to the theoretical analysis in section 8.2.1., when a single

mode laser is employed in the sensing system, i.e., j=1, there are four optical
intensity components received by the photodiode which can be represented
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by the equations 8.15 to 8.19 for the case of j=1. The intensity components
represented by equations 8.15 and 8.16 describe a DC signal and a phase
modulation signal with a zero carrier frequency respectively, another three
components, shown in equations 8.17 to 8.19, are AC signals with different
frequencies. In the experiment, the performance of a signal mode HeNe
laser in the experimental arrangement was studied. The output from the
spectrum analyser is illustrated by figure 8.10 and shows three frequency
domains around the Bragg cell frequency. The central frequency is due to
the Bragg cell shifting at 110MHz, which corresponds in intensity terms to
the output of equation 8.17; while two sideband signals are generated at
Doppler frequencies introduced by the vibration induced in the mirror M2.
These two frequencies similarly respond to the output of equations 8.18 and
8.19. It is clearly that using the single mode laser in this experimental

arrangement cannot give the direction of vibration.

>— <
K 20kHz

Jopgazh

Figure 8.10. Spectral output of the arrangement, obtained using single mode
He-Ne laser source, showing the central peak frequency and
tow sideband frequencies.

Horizontal scale: 20 kHz per division
Vertical scale: arbitrary unit.

In the case of using a multimode laser diode as the light source in the
same arrangement, i.e.,, j=m, only one of the four groups of superposition
fringes can be obtained as described in equation 8.20. In the experiment, the
micrometer in the first interferometer was used to adjust the value of the
OPD, L], of the first interferometer to match that of the second
interferometer, L2 at the value of 4.25 mm. When the M2 was driven with a
sawtooth waveform illustrated at a frequency of 400 Hz, its movement
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showed velocities in different directions, introducing different Doppler
frequencies. If the mirror movement is towards the beam splitter, the
Doppler frequency shift adds to the Bragg cell frequency and if the mirror is
moving away from the beam splitter, the total frequency shift is reduced to
less than the value of the Bragg frequency. Figure 8.8 shows the spectrum of
the output signal obtained. This contrasts with the output achieved with
the other source where now a range of frequencies is obtained, asymmetric
about the central frequency, whose presence is indicted by the white line on
the photograph. This shows the effect of the sawtooth ramping signal
applied to the moving mirror, and confirms that directional and thus
velocity information can now be obtained by using the arrangement
shown in figure 8.2.

Another significant characteristic of this arrangement is that the
carrier frequency does not come through to the detector, as shown in figure
8.10, and this makes the electronic demodulation much simpler. Thus a
conventional demodulation techniques, such as the use of an inexpensive
integrated circuit device like a phase-locked-loop (PLL) can be used directly
[6].

8.5. Conclusions

In this chapter, a new type of optical fibre sensor based on coherence
length modulation is proposed. The performance of the bulk-optical
component version has shown the possibility of using this new sensor to
measure the flow velocity. The problem in conventional techniques where
the presence of a fibre disturbs the patterns of the fluid may be overcome by
shifting the measurement volume from near the fibre end to a distance
ahead of the fibre end and into the unperturbed flow region. By introducing
a carrier frequency into one light beam of the second interferometer, a
heterodyne output signal may be demodulated by conventional techniques.
This has already been verified in the chapter 7.

A comparison of the performances of a single mode laser and
multimode laser diode in the configuration shown has been demonstrated
both in a simple theoretical analysis and by experiment. By using the
coherence length modulation technique discussed, the problem mentioned
in chapter 4 where the directional information of a movement is lost can be
solved, and the heterodyne signal can be obtained directly from this
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vibration sensing scheme which shows the advantages both of ease of

adjustment and the facility for the direct measurement of vibration.

Additionally the use of a multimode laser diode is both convenient and

inexpensive, by comparison to the employment of a gas laser.

[
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Chapter 9

General Conclusion and Summary
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By analysing the basic characteristics and function of optical fibre sensor
techniques, a new systematic classification of optical fibre sensor techniques
has been introduced. They may be classified according to the types of fibre,
the light sources and the modulation schemes on which they are based.
Taking sensor devices into account, such a general review of and novel
classification for the optical fibre sensors is presented in chapter 2. From
this review, it can be seen that the field of optical fibre interferometric
systems using low coherence light sources has become one of the most
active and important areas. In order to summarise the main characteristics
of these, a detailed review of fibre-optic interferometric systems using low
coherence light sources was shown in chapter 3. It can be seen that by using
these systems, it is possible to achieve a number of advantages in sensor
systems which cannot be obtained using only conventional high coherence

laser sources.

Although the effort has been made to replace the optical bulk
components through employing an electronic processing scheme (chapter
4), the problem of the lack of directional information in interferometric
measurement schemes still occurs. Since a common-mode interferometer
configuration is employed in the electronic processing scheme which was
discussed, the measurement system shows extreme simplicity in the
configuration by virtue of the all fibre interferometer and direct electronic
processing, when comparing it to the interferometric system using optical
bulk components.

When a multimode laser diode is used as an low coherence light source
in an interferometric system, the output intensity of the interferometer
gives the characteristics of a series of constructive interference regions
which cannot be replicated when using other types of low coherence light
sources, such as a LED or a white light lamp (chapter 5). From the
application point of view, it can be seen that this high output power, low
cost, low coherence source with a small emitting area, available in
commercial quantities may be used in the important field of coherence
multiplexing in optical fibre systems.

The optical output from a dual coupled interferometer consists of the
original interference regions, which are generated by the first
interferometer, and the "side-band" interference regions which, when

generated by both interferometers, may be considered as "shifted regions".
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The position of these shifted interference regions can be effectively
controlled by changing the optical path difference of the second
interferometer. The theoretical and experimental results obtained in this
work show that if the shifted interference region is used as a working
region in the measurement, the geometry of the measurement volume

may be defined and designed (chapters 6 and 7).

If an interferometric velocity measurement system consists of a coupled
Michelson : Bragg cell interferometer, a heterodyne signal may be obtained
directly from the output of this interferometric system, and thus the
velocity of a moving object may be detected. The feasibilities of the two
possible applications of this scheme are demonstrated in chapter 8

To summarise, through the theoretical and experimental studies of the
"CD-type" multimode laser diodes discussed in an interferometer or in
several types of coupled dual interferometers, the coherence characteristics
of such a low coherence light source were demonstrated. Through the use
of the "white-light interferometer" or the coherence length modulation
scheme, the possibility of defining the geometry of the measurement
volume in a coupled dual interferometric system was shown. It was also
shown that by using a heterodyne signal recovery scheme in the coherence
length modulation scheme, directional information of a vibration body can
be determined. Although the results presented in this thesis show that
there are some advantages of using a multimode laser diode as a low
coherence light source, the following work still needs to be done in order

for these schemes to be used more efficiently:
(@) Investigation of the characteristics of a multimode light beam inside a
multimode fibre, and therefore, the feasibility of using a multimode fibre to

deliver this low coherence light could be shown.

(b) Calculation and verification of the noise level which may be caused by
noise due to longitude modes and temperature perturbations.

(c) Estimation of the energy budget of the experimental arrangement in
order to optimise the sensor system.
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