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ABSTRACT

This thesis presents a novel high-performance approach to time-division-multiplexing
(TDM) fibre Bragg grating (FBG) optical sensors, known as the resonant cavity
architecture.

A background theory of FBG optical sensing includes several techniques for
multiplexing sensors. The limitations of current wavelength-division-multiplexing
(WDM) schemes are contrasted against the technological and commercial advantage of
TDM. The author’s hypothesis that ‘it should be possible to achieve TDM FBG sensor
interrogation using an electrically switched semiconductor optical amplifier (SOA)’ is
then explained.

Experimental work shows that when electrically switched, a single SOA provides the
combined functions of optical source, amplifier and gate, to TDM closely space low-
reflectivity FBG sensors. Exceptional optical performance is achieved using a
broadband, chirped FBG to cycle the sensor reflection signals in a virtual ‘laser-like’
resonant cavity. Several alternative optical circuit configurations for this resonant
cavity architecture are provided, which enable compatibility with numerous wavelength
detection components. An analysis of cavity signal evolution, an evaluation of sensor
crosstalk and preliminary work to demonstrate operation with sensors less than one
metre apart using a dual-pulse WDM / TDM hybrid, are also included.

Research and development of a commercially viable optical sensor interrogator based
on the resonant cavity architecture forms the remainder of this thesis. A fully
programmable SOA drive system allows interrogation of sensor arrays 10km long with
a spatial resolution of 8cm and a variable gain system provides dynamic compensation
for fluctuating system losses. Ratiometric filter- and diffractive-element spectrometer-
based wavelength measurement systems are developed and analysed for different
commercial applications. The ratiometric design provides a low-cost solution that has
picometre resolution and low noise using 4% reflective sensors, but is less tolerant to
variation in system loss. The spectrometer design is more expensive, but delivers
exceptional performance with picometre resolution, low noise and tolerance to 13dB
system loss variation.

Finally, this thesis details the interrogator’s peripheral components, its compliance for
operation in harsh industrial environments and several examples of commercial
applications where it has been deployed. Applications include laboratory instruments,
temperature monitoring systems for oil production, dynamic control for wind-energy
and battery powered, self-contained sub-sea strain monitoring.
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1 INTRODUCTION

1.1 Fibre Bragg grating based optical fibre sensing

1.1.1 The developinent of optical fibre technology

Over the past 25 years optical fibre has established itself as the most efficient, cost
effective and versatile transport medium for data signals. Examples of applications that
now employ optical fibre technology include instrumentation for non-invasive
diagnosis and treatment in medicine, fly-by-light control systems for the latest
generation of aircraft, laser delivery systems for use in material machining and
instrumentation for distributed astronomical research. However, by far the greatest
sector to commercially drive and apply optical fibre technology to-date has been

telecommunications [1].

The ever-increasing bandwidth required to satisfy a continued market demand for new
telecommunications services has ensured a sustained. academic and commercial
investment into the development of new optical fibre technology. The application of
this technology within telecommunications now ranges from the delivery of data, voice
and video signals between continents using multi-million dollar silica-based fibre
systems, through to the distribution of clock signals across printed circuit boards using
multimode polymer cabling at a cost of a few dollars. The result of this exponential
success for the technology has meant that components for the generation and detection
of optical signals, for signal conditioning, amplification, attenuation, routing, coupling,

gating, switching and diagnostics have now reached a high level of maturity.

1.1.2 Optical fibre sensing

Optical fibre sensing (OFS) is one of the sectors to benefit from the numerous
technological advances that have occurred as a result of telecommunications [2]. For
more than fifteen years the area has received considerable research interest and has

grown to cover a vast range of technical disciplines, applications and systems.

Some of the proposed benefits of using optical fibre based measurement technology
arise from the host fibre itself. The fibre is manufactured from low attenuation glass, it
provides a close material match for embedding into a large variety of composites, is
chemically inert, has good electrical insulating properties and it is not affected by, nor
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does it generate, electromagnetic interference; all features that make it an ideal

transport medium for low loss, remote, passive sensing.

The fibre is, however, only a small part of a complete optical system and the optical
sensors themselves can also provide numerous key advantages. A number of optical
sensor transducer types exist, of which each is sensitive to particular ranges of physical
or chemical measurands and of which each is able to deliver the measured output using

a different physical approach.

Many simple, and often low-cost, optical sensor systems provide measurement using
intensity-based techniques. Typical configurations utilise light from an optical source
that is guided into one end of an optical fibre, such that it passes through the optical
sensor and onto a photosensitive detector located at the far end of the fibre. The optical
sensor is constructed such that it provides a level of optical signal attenuation that is
proportional to the magnitude of the measured disturbance. Through calibration of the
sensor and source, and by measurement of the intensity of the light received at the
detector, an optical method of remotely assessing the value of the measurand

experienced by the sensor, is then achieved.

Other common optical sensor systems utilise interference based measurement
principles. In these configurations a coherent light signal is often split into two optical
paths, one of which is subjected to an external measurand such that the effective optical
path length experienced by the light is affected. Recombining the two optical signals at
the far end of the system allows interference to occur, the extent of which can be used
to assess the magnitude of the path-length disturbance, and hence determine the value

of the external measured.

Unfortunately however, despite the simplicity of these and many other optical sensing
approaches, difficulties can arise with regard to sensitivity, long-term stability,
accuracy and manufacturability. In particular, intensity based systems can often suffer
from fluctuation in the optical source output power, which can be misinterpreted at the
photodetector as a change in the measured disturbance. Similarly small temperature
changes or vibrations can often manifest as undesired path-length errors in

interferometric systems, the result of which is a reduction in the measurement accuracy.
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1.1.3 Fibre Bragg gratings

It is partially as a result of these errors and shortcomings of interferometric- and
intensity-based relative-measurement optical sensor techniques that one of the largest
sections of the diverse optical sensing arena, that has remained active for over ten
years, is dedicated to the research and development of transducers and systems based

around the absolute-measurement advantage of fibre Bragg gratings (FBGs).

FBGs are entirely passive, in-fibre devices that are manufactured within a host optical
fibre through exposure of the silica core to intense radiation from an ultraviolet laser [3,
4, 5]. In their simplest form they can be considered as miniature in-line mirrors, which
can strongly reflect optical signals over a narrow (user definable) range of wavelengths,
yet cause little attenuation to the transmission of signals at all other wavelengths. This
versatile optical filtering property has meant that FBGs have been very successfully
employed in a range of signal conditioning applications within telecommunications, but
ever since their initial discovery the devices have also been noted for their excellent
sensing properties. An increase of either the ambient temperature or the external strain
that is applied to an FBG will result in a shift of the optical filtering profile of the
device towards longer wavelengths. As such, by illuminating an FBG using a
broadband optical source and measuring the wavelength of the resulting reflection
signal, an assessment of the physical conditions experienced by the device is possible
[6,7]. When operated in this manner FBGs form highly sensitivity, passive, all-optical,
absolute-measurement sensors, which allow remote measurement of temperature or
strain.

Furthermore, FBGs also have the advantage that they can be used to form the basis of
more complex transducers, which provide measurement of other environmental,
physical, chemical and electrical variables. Some examples of applications that have
employed such sensors have included the detection of gases and liquids [8], the
measurement of strain [9], temperature [10], salinity [11] and corrosion [12] and the

analysis of pressure [13], vibration [14], inclination [15] and fluid flow [16].

However, it is not only the diversity of measurands recorded using FBGs that make
them important devices for optical fibre sensing; one of the most fundamental benefits
is their inherent potential for multiplexing. Since FBGs are typically employed as
wavelength selective reflectors, multiple transducers can be independently operated

within a single length of optical fibre. The only requirement for this mode of operation
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is that the wavelength interrogation equipment is able to identify the individual

reflection signals returned from each sensor.

1.1.4 Wavelength-division-multiplexing

Numerous techniques have been proposed that have the potential for multiplexing FBG
sensors within a single fibre, but of these by far the simplest and most commonly
exploited is wavelength-division-multiplexing (WDM) [6, 7], as shown in Figure 1.1.
This approach employs application-specific sensor arrays, which contain FBGs that are
each manufactured to operate within a different wavelength window. The sensors are
typically illuminated from a single continuous wave, broadband optical source, such
that the reflections from all sensors are returned simultaneously to the wavelength
measurement system. Since each of the reflection signals is of distinct wavelength the
identification of individual sensors can occur with relative ease if the correct detection
components are chosen. Such WDM systems can be developed with common bench-

top laboratory equipment and can provide adequate performance for many research

applications.
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Figure 1.1 The general arrangement for a wavelength-division-multiplexed fibre Bragg grating
sensor interrogation system
Unfortunately however, despite the simplicity of the WDM technique, there are a
number of disadvantages that limit its performance and commercial viability. Since
each of the FBGs is required to operate within a distinct optical window, the maximum
number of sensors that can be multiplexed onto a single optical fibre is often fewer than
10; the finite operating bandwidth of both the optical source and the wavelength
measurement components means that a trade-off exists between the measurement range
of each sensor and the total number of sensors that can be used. The requirement for
bespoke array design, such that each FBG is of a unique wavelength (chosen according

to the desired sensor range) also causes considerable increases in costs; sensor yields
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are reduced while the fabrication time is greatly increased as a result of continuous
tooling changes, stock inventories become more complex and delivery lead-times are
increased. Finally, the WDM requirement for individual identification of multiple,
simultaneously received reflection signals places a limit on the variety of wavelength
measurement techniques that can be employed; some of the lower cost, passive
approaches cannot be used [17, 18].

1.1.5 Time-division-multiplexing

As a result of the limitations of the WDM technique, several other approaches have
been proposed for multiplexing FBG sensors, of which time-division-multiplexing
(TDM) is perhaps the most common [6, 7]. In contrast to WDM, which identifies each
of the sensors by their unique wavelength, TDM employs sensors that are all at the
same nominal wavelength and of low reflectivity. Individual sensors are uniquely
identified by measuring the time of flight of the reflections generated from illumination
of the sensors by a pulsed optical source. The sensors at more distance positions in the
sensor array will have reflections that arrive at the wavelength interrogation system

later in time, as shown in Figure 1.2.
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Figure 1.2 The general arrangement for a time-division-multiplexed fibre Bragg grating
interrogation scheme

The TDM approach has a number of key advantages that arise from its use of identical
wavelength, low reflectivity sensors. Firstly, the maximum number of sensors that can
be supported is far higher than for WDM systems, as the bandwidth of the source and
detector do not have to be divided between the sensors. Bespoke sensor array design is
not required as all sensors can operate with the full working range of the system. The
actual cost of array manufacture is therefore significantly cheaper since no tooling

changes are needed and only low reflectivity FBGs are required; such factors remove
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the requirement for expensive manual intervention, allow the use of through-coating
fabrication [19] and greatly increase yield. Large spools of identical sensors can be
manufactured in a single operation and can then be used for many different
installations. This approach exploits economies of scale, enables a reduction in the

diversity of the stock inventory and decreases the project lead-time.

Unfortunately however, despite the advantages of using TDM for multiplexing FBG
sensors onto a single optical fibre, very few demonstration systems have actually been
reported and no commercially viable solutions have existed until now. This lack of
research and development has been due to the difficulty in identifying the individual
reflections from sensors. Since the optical signals travel at over 200 million metres per
second in the fibre, interrogation systems that use low reflectivity sensors spaced at 2m
intervals will produce reflections that are very low in power, are less than 20ns long
and arrive at the wavelength detector just 20ns apart. Very fast gating and sensitive

detectors are therefore required to measure individual sensors without crosstalk.

To-date two primary approaches have been proposed for isolating individual sensor
reflections:

Electronic gating has attempted to separate out signals after they have been converted
into the electrical domain using a photodetector [20]. This approach has the
disadvantage that fewer wavelength measurement techniques can be employed, but at
first sight it appears to provide a low cost and simple solution. Unfortunately, in reality
the technique requires very high-bandwidth, high-gain electronics, which means that it
is fundamentally limited by noise and provides poor performance. Therefore, to-date,
no systems have been demonstrated that utilise electronic gating of closely spaced, low

reflectivity sensors.

Optical gating is a significantly more effective approach and has been demonstrated
with many tens of low reflectivity, closely spaced sensors [21]. By using the
combination of a high extinction-ratio optical modulator and an erbium-doped fibre
amplifier (EDFA) individual reflection signals can be isolated and amplified directly in
the optical domain. This allows wavelength detection using a broad range of
techniques with minimal crosstalk between sensors and results in excellent system

performance. Unfortunately however, commercial viability of the approach is severely
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limited as the EDFA and optical modulator components are bulky, expensive and

electrically inefficient.

1.1.6 The commercial success of FBG based fibre optic sensing

Until now, only a few commercial sensor interrogation systems have been developed
that provide a facility for multiplexing of multiple sensors, and of these all have
employed WDM techniques. They have all required the use of expensive bespoke
sensor arrays, have been limited to a few sensors per fibre and have shown little
development from the original laboratory demonstrations; despite being commercial in
nature, many of the available interrogators have not been designed to operate in harsh
industrial environments. They have often been bulky, fragile and electrically
inefficient and have not been provided with appropriate hardware or software control

and communication interfaces.

Therefore, despite the significant academic achievement that has occurred in FBG
based optical fibre sensing, and in contrast to telecommunications, mass uptake of the
technology has not occurred. Due to the low performance and high cost of the
interrogation equipment, commercial applications have often only delivered modest
economic returns. True commercial investment has remained small and so rather than
developing interrogation equipment, research has largely focused on deploying existing
sensors in new ways, to provide measurement in a wider range of disciplines. The
result of this has been that the arena has been broadened, rather than strengthened and
overall market acceptance has remained relatively poor.

It is therefore pleasing that the work in this thesis has helped to bring a significant
change to the market acceptance for FBG sensing technology and has thus created a
substantially greater commercial uptake. This change has been achieved through the
realisation of a low cost, low power, high performance, environmentally robust, TDM
interrogation system that can operate with low reflectivity, closely spaced FBG sensors.
To-date around 75 of these interrogation systems have been deployed, while the sales
for 2005 are expected to rise exponentially as customers complete their initial

development work and begin deploying devices into their next generation of volume
products.
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1.2 The resonant cavity architecture

This unique interrogation system is based on a novel resonant cavity architecture,
whose conception, experimental verification and development form the basis of this
thesis. The system utilises the high-speed switching capabilities of a semiconductor
optical amplifier (SOA) to perform the combined functions of sensor illumination,
optical gating and optical amplification in a single active component. Through the use
of a broadband reflector, a cyclic optical signal is produced in a resonant ‘laser-like’
cavity around the SOA. This provides a true TDM demultiplexer that delivers an
exceptionally high signal level, a high optical signal to noise ratio (OSNR) and a
minimum crosstalk from large arrays of closely spaced, low reflectivity, identical
‘commodity’ FBG sensors.

To-date two wavelength detection techniques have been successfully researched,
developed and employed with the resonant cavity interrogator. Each provides a
different set of key performance characteristics, to cater for different applications. Use
of the ratiometric wavelength detection technique results in a very low cost, high-speed
interrogation system that has a high resolution with a modest operating range, but is
less able to support a large variation in system loss. The superior diffractive element
spectrometer-based alternative provides an exceptional performance and has been
commercially verified with 160 sensors. It has a large operating range, high resolution,

low noise and good polarisation insensitivity, but is more expensive.

However, as stated within this thesis mass acceptance of fibre sensor technology
requires more than just a superior level of optical performance. Delivery of a product
that is environmentally qualified, industrially robust and compatible with a wide range
of commercial and industrial power and control systems is also essential. By focusing
on the research and development of a core interrogation module that can be deployed in
a wide range of environments, the economies of scale, development efficiency and the
benefit of cross application experience have all been achieved. With only a minimum
of additional engineering effort the product has been deployed in applications as
diverse as battery-power sub-sea strain measurement, for dynamic control in wind

turbines and for distributed temperature monitoring in oil production.

1.3 Thesis overview

The work in this thesis has been carried out whilst working within a commercial

engineering environment and, as such, has been strongly driven by commercial goals.
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Therefore, whilst methodical scientific research has been the key to engineering
success, the development of the most commercially attractive results has taken
precedence over coverage of all avenues of enquiry. In contrast to some research that
covers a broad range of topics, this work is vertically integrated and covers only one
key topic. It extends from the initial hypothesis, through the proof of concept, to the

development of a commercial product with its qualification and final application.

The structure and the methods used for reporting within this thesis are intentionally
aimed at both an academic and an engineering audience since the novelty of the
invention can be utilised and extended on many levels. Understanding of the core
optical architecture, its levels of performance, the configurations that have been most
successful and those that have proved difficult will all be of great value to an academic
audience, who may wish to extend the design at a fundamental level. Additionally, an
understanding of the reasons and methods employed during the design and
development of the overall engineered product will appeal to readers from a variety of

disciplines, who may wish to deploy, control or enhance the system at a higher level.

Chapter 2 provides a background summary of the extensive research and development
that has been carried out within optical fibre sensing. It highlights the benefits of using
the technology and a history of the development of FBGs. Included are several of the
most common FBG fabrication techniques and a discussion of the advantages that can
be gained from using low reflectivity, identical wavelength devices. Numerous
multiplexing schemes and their benefits and limitations are also introduced, including
several WDM and TDM approaches and a few less common methods. An overview of
the SOA is then provided, with reference to its usual CW mode of operation and some
prior work on utilising the device as an optical switch. Finally the author’s original
hypothesis, ‘that it may be possible to use a semiconductor optical amplifier to time-
division-multiplex fibre Bragg grating sensors’, is introduced.

Chapter 3 concentrates on the numerous ‘proof of concept’ experiments that were
conducted to verify the use of an SOA for multiplexing FBG sensors. Included is the
initial proof that a single device could be used as the optical source, amplifier and gate.
The notion of cycling the pulses to form a resonant cavity is then covered, as are a
number of variations on the architecture that allow extraction of the cavity signal from
a number of locations in the optical circuit. The key characteristics of each scheme are

provided and a discussion is given as to the most appropriate wavelength detection
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technique to use with each variant. Then, following research into the evolution of the
cavity signal and the performance of the system with low reflectivity devices, a more
complex pulsing scheme is introduced that provides a hybrid WDM and TDM
interrogation architecture, which allows for a reduction in the spacing of the sensors.
Finally, the chapter concludes with a discussion of the commercial viability of the
scheme, the application for patent protection of the idea and an analysis of the
components that were considered essential for a commercially viable interrogation

system.

Chapter 4 concentrates on the research and development of the pulsed SOA driver sub-
system. This was the most important part of the interrogator design, as high-speed
delivery of accurately timed, variable length SOA drive pulses was essential to the
commercial success of the product. The chapter begins with a discussion of the
laboratory equipment that was used for the original proof of concept experiments,
which employed sensors that were spaced 65m apart. It then details a series of iterative
research and development steps that finally resulted in the novel driver design. This
final design not only provides accurate timing of the SOA switching profile, but also
dynamically adjusts the gain of the system to allow operation under variable loss

conditions with sensors only one metre apart.

Chapter 5 covers the development of the two wavelength measurement sub-systems.
The first utilises a ratiometric approach and is based around a commercial filter
component, while the second is based on a diffractive element spectrometer. The
chapter describes the bespoke electronics and software that were developed to control
and interface each of these detection methods into the remainder of the system. An
analysis of the performance of the final interrogation solution was then carried out to
assess the commercial viability of each approach. The results show that the ratiometric
technique provides a low cost solution with a good level of performance under stable
conditions, but that limitations are experienced with increased cavity loss. The
diffractive element spectrometer is shown to provide excellent performance for a wider

variety of applications.

Chapter 6 provides coverage of the hardware and software interface components
developed to enable deployment of the interrogator in a wide range of industrial
applications. Details are also included regarding the environmental performance

criteria to which the system was designed and the results of the qualification tests that
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were conducted to verify compliance. Finally, an overview is provided of a range of

applications where the resonant cavity interrogator has been deployed, with a selection

of results.

Finally, chapter 7 summarises the significance of the work that is contained in this

thesis and suggests possible areas for future study, while chapter 8 provides a listing of

the publications that have arisen as a result of this research.
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2 BACKGROUND

2.1 Chapter overview

From a research and commercial perspective, the area of optical fibre sensing is both
broad and deep. Therefore, it is not the intention of this chapter to detail all aspects of
the topic, but rather to provide a background that covers those parts of fibre optic
sensing that have had greatest influence on the conception, research, development and

commercialisation of the resonant cavity fibre sensor interrogator.

The chapter begins with an overview of fibre Bragg gratings (FBG), since variants of
these devices formed signal conditioning components and individual sensor elements in
the interrogator system. The mode of operation, the unique application advantages and
the intrinsic sensitivity to temperature and strain offered by these devices is covered, as

are modelling techniques and methods of fabrication often used in manufacture.

Several common methods of interrogating FBGs are also discussed, including simple
passive techniques appropriate for single sensor systems and more complex options
capable of operating with multiple sensors. Primary multiplexing schemes are then
discussed, with focus given to the advantages, disadvantages and level of commercial

opportunity cxploited- from each technique.

An outline of the operation and general application of semiconductor optical amplifiers
(SOA) is then provided. This includes reference to research conducted on application
of these devices as optical switches. Finally the author’s original hypothesis is given,
since it formed the conception of this whole body of work; that it may be possible to

exploit the switching property of an SOA to provide time-division-multiplexing (TDM)
of FBG sensors.

2.2 Fibre Bragg gratings

Fibre Bragg gratings are now an established technology and have been covered in a
range of review articles [1, 2, 3]. Devices are commercially manufactured in volume
and are used as the basis for a large range of components and modules. The variety of
these devices is extensive and cannot be covered in depth, but the more notable

industrial sector applications are highlighted below. References are also provided for
external sources of detailed information.
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2.2.1

Telecommunications remains the largest industry sector to utilise fibre Bragg
gratings. Filter components range from narrowband devices used in laser
locking and blocking [4, 5], through broadband routing components for
distributed wavelength-division-multiplexing (WDM) [6, 7], to very wide,
arbitrary profile, gain-flatting and equalisation elements for erbium-doped-fibre
amplifiers. Fixed and tuneable chromatic dispersion compensating devices that
use either chirped or etalon gratings have also become highly important for the
provision of very high bit rate (40G bits/s) systems [8, 9, 10], as have pump

rejection and re-circulation filters for distributed amplifiers [11, 12]

The manufacture of efficient industrial-sized fibre-lasers for material cutting
and manufacturing has also become lucrative recently. Gratings with complex
profiles are used to produce distributed mirrors that are capable of operating

with the intense radiation delivered by these high power devices [13]

Microwave photonics utilises gratings for combining, routing, phasing and
demodulation of radar, video and telecommunications signals conveyed over
sub-carrier optically distributed radio systems. The advantages that optical fibre
provides when compared to copper cables means that these systems are now
being employed in an increasing number of commercial and military
applications [14, 15, 16]

Optical sensing and instrumentation is the other increasingly important industry
sector to employ gratings [17, 18]. Applications include the use of gratings as
sensors to directly measure temperature [19] or strain in smart structures [20,
21, 22, 23], as sensors to indirectly measure many other physical, chemical or
electrical quantities [24, 25] or as cavity mirrors for distributed interferometric
measurement of minute vibrations [26] and acoustic disturbances in military

sonar systems [27]

Fibre Bragg grating theory

A fibre Bragg grating is a device that can be formed within the core of a fibre optic

cable through exposure of the silica fibre to a periodic pattern of intense ultra-violet
(UV) radiation. Permanent FBGs were first reported by Hill e al in 1978 [28, 29], and

in their simplest form can be described as a uniform sinusoidal variation in the

refractive index of the fibre core material, along the lengthwise axis n(z),
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n(z)=n,, + c?nl:l -+ Vc::)s(2 K : ZJ] Equation 2.1

where n,,, is the refractive index of the core prior to exposure, dnis the amplitude of

the induced refractive index change, A is the period of the modulation and V is the UV

fringe visibility.

The magnitude of the refractive index perturbation is typically very small (<10™*), but
the number of fringes is large (~2000 per mm for gratings designed to operate at
1550nm). Each of the fringes can be considered as a partial reflector, such that

constructive interference from the many thousands of minute reflections occurs for

light incident on the structure that is close to the Bragg wavelength, 4,
;vg =2 Mg ‘A Equation 2.2

where 7, is the effective refractive index of the fibre core and Ais the period of the

grating structure.

When broadband light is injected into the fibre to illuminate a grating structure, a
narrowband spectral component around the Bragg wavelength will be reflected back to
the source. The remainder of the incident radiation will propagate with minimal
attenuation and will result in a transmitted signal that takes the form of the source, but

with the reflected spectral component removed. This is shown in Figure 2.1.
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_A E Optical coupler
P P )
Optical spectrum Reflected Transmitted
analyser optical signal optical signal
I 1.' Y

Figure 2.1 The basic response of a fibre Bragg grating to incident broadband radiation, showing
the reflected and transmitted optical signals
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It is possible to evaluate the full transmission and reflection profiles of simple uniform
period refractive index Bragg structures using a technique known as coupled mode
theory [30, 31]. The maximum reflectivity (R) occurs at the Bragg wavelength, but its
exact value is governed by a parameter known as the coupling coefficient (x), which is

proportional to the magnitude of the index change, and by the length of the grating
structure (L),

R = tanh?(xL) Equation 2.3

Gratings with increased reflectivity may be obtained by increasing the magnitude of the
refractive index change through increased UV radiance or by creation of longer

structures.

The full-width at half-maximum (FWHM) bandwidth of a grating is defined as the
difference between the two wavelengths, either side of Bragg condition, where
reflectivity falls to half its maximum. This parameter is also related to x and L and so a
trade-off exists between the bandwidth and the reflectivity that can be provided by a
uniform period FBG. Gratings with high peak reflectivity (~100%) have bandwidths
largely determined by the coupling coefficient, such that increased xresults in
increased bandwidth. But, length has the greater influence for low reflectivity FBGs,

such that an increase in L results in a reduction in the FWHM bandwidth.

Due to this cross-relationship limitation, and as a result of improvements made to
manufacturing techniques, modern FBGs are often fabricated with complex, non-
uniform refractive index modulations. This allows tailoring of reflection and
transmission profiles to meet the requirements of specific applications, but the
theoretical modelling and design of these FBGs requires methods of greater complexity
than provided by the basic coupled-mode approach. Chirped gratings, which have a
structure of increased periodicity with length, have been modelled as a set of coupled-

mode equations with phase (¢) and xterms dependent on z [32, 33]. While, for

refractive index structures with combined chirp, tapering and phase shift, other versatile
approaches have concentrated on treatment of the complete grating as a series of
connected, short, uniform structures. Each unit contribution is defined using a transfer
matrix and then all contributions are combined using powerful numerical matrix

multiplication techniques [34,35].
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2.2.2 Manufacturing methods
The first reported FBGs [28, 29] were produced in 1978 from within the fibre core by

launching radiation from an Argon-ion laser into one end of the fibre. The launched
light propagated through the fibre and was partially reflected from the silica-air
boundary at the far end. Interaction of the incident and counter-propagating radiation '
created a standing wave along the length of the fibre. After several minutes of
exposure, strong reflection of the incident light was observed as the properties of the
core material were permanently modified by the presence of the standing wave.
Unfortunately however, these FBGs were of limited practical significance and created
little research interest since the Bragg wavelength was always the same as the

wavelength of the laser used for the exposure.

Meltz et al [36] in 1989 reported the first significant breakthrough in fibre Bragg
grating fabrication with the demonstration of the holographic interferometric technique,
as shown in Figure 2.2. This approach allowed creation of FBGs by UV radiation
delivered into the fibre core from the side, through the cladding layer. Most
significantly, the period of the induced fringe pattern was not solely a function of the
writing laser wavelength, but was also dependent on the angle of incidence of the
interfering beams. This angle could be adjusted over a wide range and so the
wavelength of the resulting Bragg reflectors could be freely tailored.

Optical
fibre

Figure 2.2 The holographic interferometric technique for fibre Bragg grating fabrication

The relationship between the laser wavelength 4, , the beam interference angle € and

the resulting period of induced refractive index change A, was shown to be,

- _AU_"__ Equation 2.4
2.5in(0/2)
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Unfortunately limitations of the technique included the requirement for a laser with
high spatial and temporal coherence to allow longer grating exposure time and greater
exposure length, and the disadvantage of inherent self-chirping of the grating structure,

which resulted from an uneven exposure due to the beam shape.

Despite these limitations, research interest continued and in 1990 Kashyap et al [37]
demonstrated the first FBGs designed for operation around 1550nm. This significant
step opened the opportunity for design and manufacture of in-fibre grating components
for use in telecommunication systems that operated in this window. This caused a
dramatic increase in academic and commercial research as companies battled to service
this high revenue market.

In 1993 Hill et al [38] reported a new technique for grating fabrication using a phase
mask. The phase mask was constructed from a flat, UV transparent, silica substrate
into which a periodic pattern of corrugations was etched using photolithography. UV
radiation incident on the mask was diffracted by the pattern of corrugations into two
primary orders, as shown in Figure 2.3. By placing the phase mask in near contact with
the fibre, interference between the primary orders produced a periodic pattern within

the fibre, which in turn created a refractive index perturbation similar to that produced

using other techniques.

Phase

mask . +1 diffraction
| © order

APMI :'-
Cylindrical lens 13- -1 diffraction

Optical [{]  order
fibre [

Figure 2.3 The phase mask technique for fibre Bragg grating fabrication

The phase mask approach had a number of significant advantages. The temporal and
spatial coherence requirements of the UV laser were less stringent, while the period of
the photo-induced pattern (A) was wholly dependant on the period of the mask
corrugations (A p,, ) and not the wavelength of the writing beam or the angle of any

mirrors,
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A= Equation 2.5

Additionally, since diffraction of the incident UV beam occurred at all points on the
mask, researchers quickly demonstrated that the mask and fibre could be laterally
translated relative to the beam to create gratings with lengths limited only by the mask
size and not the beam width [39, 40]. Complex chirped, phase shifted and apodised
profiles could also all be produced in the phase mask pattern, for direct reproduction
into each grating [41, 42, 43]. These factors allowed a significant improvement in the
mass production of gratings with high parameter repeatability. Later additions to this
technology included the ‘dither’ method of producing arbitrarily apodised gratings and

the direct writing technique for the manufacture of very long gratings.

However, an unfortunate side effect of all of these side-writing techniques was a
requirement to remove the outer protective polymer coating from the fibre to expose
the bare silica to the UV radiation. Removal was required as the coating was opaque
and so absorbed radiation at the usual writing wavelengths around 244nm. Removal,
grating exposure and subsequent recoating of the protective polymer layer was time-
consuming and therefore expensive, and could significantly reduce the mechanical
strength of the fibre. This increased the risk of breakage during manufacture and of
premature failure in the field. The first alternative to removal of the coating was
demonstrated by Dong et al [44] and Askins et al [45, 46], who showed that simple,
low reflectivity sensors could be produced prior to the initial application of the

protective coating, by writing directly on the draw-tower during the fibre manufacture

process.

A second more versatile and commercially viable alternative to coating removal was
demonstrated in 1997 by Starodubov et al [47, 48] and other researchers [49]. They
showed that gratings could be written through the fibre coating using longer
wavelength near-UV radiation at 334nm. Their techniques eliminated the requirement
for coating removal and so reduced manufacturing cost and improved yield.
Unfortunately however, due to the reduced photosensitivity of silica at longer
wavelengths, highly reflective gratings were not easily fabricated in standard fibre, so

more expensive Boron or Germanium doped speciality fibres were used.
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2.2.3 Sensitivity to temperature and strain

The Bragg wavelength of a fibre Bragg grating is inherently sensitive to changes in the
external temperature and strain exerted on the device. A variation in either, or both, of
these parameters manifests as a change to the Bragg condition, that in turn results in a
shift in the wavelength of the reflected and transmitted optical filter signals.

This sensitivity to external physical disturbance is exploited in most of the application
areas in which FBGs afe employed. For example, in telecommunications temperature
and strain tuning are often used to set or adjust the operating region of components and
modules, while in fibre lasers the operating wavelength may be adjusted by tuning the
strain on an FBG.

In optical sensing, this inherent sensitivity of the Bragg wavelength to external force
forms the fundamental reason for choosing FBGs as sensors. Remote monitoring of the
reflected or transmitted optical signals from an FBG sensor, via the optical fibre
cabling, allows direct, self-referenced measurement of the physical forces experienced
by the sensor. This topic is well established and covered by a range of review articles
[4, 18, 50, 51, 52].

The actual changes to the fibre grating Bragg condition, as a function of temperature
and strain, arise as the result of both direct and indirect physical effects on the grating
structure, according to the following relationship [4]:

dn)
, =
Adg=2-n-A {1_[-"2_]-[}312—V-(P"—I—PIZ)]}-&'+ tr+—-ci!L -AT Equation 2.6

where Al;is the shift in the Bragg wavelength for an applied straine or temperature
change AT. P, and P, are known as the components of the fibre optic strain tensor,

vis the Poisson’s ratio, a is the coefficient of thermal expansion of the material, nis
the effective refractive index of the fibre core and A is the period of the refractive index

perturbation.
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2
The term (—%—)[Pn —v-(B, +P,)] is known as the effective photoelastic coefficient

(Pe) and has a typical value of ~0.22 for standard telecommunications grade single-
mode optical fibre.

Some experimental measurements of the actual strain and temperature response of FBG
sensors (written in standard telecommunications fibre) have also been conducted, with

normalised results found to be as follows:

.._1_ . 04y =0.78x107¢ ua-l Equation 2.7
s O

L .% =6.67x107%°C! Equation 2.8

Ay OT

These results indicate that for typical FBG sensors operating at around 1550nm, a
temperature change of 1°C or a strain change of 8pe will both result in a Bragg
wavelength shift of around 10pm. Therefore, by converse, these results also imply that
for an optical measurement system that has a wavelength measurement resolution of

1pm, temperature discrimination to 0.1°C or strain detection of <lpe can be expected.

However, a high sensitivity to both temperature and strain are not the only desirable
properties of FBGs when used as sensors. Optical fibre sensing using fibre Bragg
grating sensors has many other distinct advantages over the electrical and mechanical
alternatives, which include:

¢ Optical fibre is mainly manufactured for use in long-haul telecommunications
systems. It is therefore the ideal transmission medium for low loss, long
distance remote sensing

* A single fibre can provide the power to the remote FBG transducer and return

the optically encoded result

e Often many FBG sensors can be multiplexed onto a single fibre
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Manufactured from the insulating materials of polymer and glass, optical fibre
provides inherent electrical isolation between the FBG transducers and the

interrogation instrument

In a multiplexed sensor system, the FBG sensors are also electrically isolated

from one another

Since all signals are transmitted optically no electrical interference is generated
and crosstalk to other optical fibres or electrical systems does not occur. This
allows many fibres to run in close proximity to one another and with other
sensitive electrical systems (such as radio receivers, heart pacemakers or aircraft
avionics). It-also makes unauthorised ‘tapping’ of sensitive information, or
malicious tampering of sensor data very difficult. It has been suggested that

this latter issue may be valuable in long distance remote sensing systems

Optical signals are not subject to electrical interference. This is essential in
power generation systems where distributed sensors are placed in contact with

high voltage, high current power lines, without interference

Optical transducers do not use electrical power and do not pose the risk of

creating sparks. This makes them ideal for use in oil and gas production

Optical fibre and in-fibre optical transducers can be manufactured without any
metallic content. This makes them ideal for use in structures that are at risk
from lightening strikes (e.g. optical strain sensors in wind turbine blades), for
use in high electric fields (e.g. current sensors in electrical generating and
distribution equipment) or for use in high magnetic fields (e.g. magnetic

resonance imaging scanners)

Glass is chemically inert to all but the most volatile of acids. Fibre transducers
are therefore ideal for inert operation in bio-medical applications (e.g.
intravenous temperature sensing) or industrial process control (e.g. chemical
concentration sensing, fluid level detection, temperature sensing or pressure
sensing). Additionally, embedding fibres into structures does not affect the

chemical properties of the host material

Optical fibre provides a close physical match to many composite materials and

so embedding does not adversely effect the overall structural strength
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2.24

FBGs are in-fibre devices so no connectors are required between the

transmission medium and the sensor
Having a diameter of only 250pum optical fibre is small and unobtrusive

Optical fibre and components are designed to meet stringent environmental
performance criteria required by telecommunications systems; often

guaranteeing maintenance free operation for 25 years

Standard telecommunications grade fibre is low cost (7 pence/metre in 2km

lengths)

Sensitivity to other physical, chemical and electrical measurands

In addition to their direct high sensitivity to temperature and strain, FBGs are also

frequently employed as the final measurement element within specially designed

mechanical or chemical transducer systems, such to provide assessment of a diverse

range of other measurands. The use of such mechanical and chemical transducer

systems includes:

Measurement of acoustic disturbance for civil and naval sonar applications

using pairs of FBGs to form Fabry-Perot cavities [27]

Measurement and analysis of strain induced vibration in numerous industrial
and medical applications [26, 53, 54]

Measurement of pressure, through either the measurement of strain on a
diaphragm or by detection of peak splitting in a specially formed ‘side-hole’
fibre; these are often used for the monitoring of oil in pipelines and sub-sea
reserves [55, 24]

Measurement of water depth and flow direction by measurement of pressure

and hence strain, for use in remote river management

Measurement of fluid flow rate by detection of ultrasonic strain vibrations in a
pipeline [56]

Measurement of inclination by measurement of strain on a cantilever pendulum
[57]

Measurement of torsion using FBGs in high-birefringence fibre [58]
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e Measurement of shear forces through measurement of strain in an angularly
embedded FBG sensor [59]

e Detection of fuel leaks in industrial pipelines and installations by measurement
of the strain induced in a fibre that has been coated with an hydro-carbon

absorptive material [25, 60]

e Measurement of salinity by measurement of the strain induced in a fibre coated

with an absorptive hydrogel material [61]

2.2.5 Overcoming the dual sensitivity to temperature and strain

Since FBGs are sensitive to both temperature and strain it is difficult isolate the effects
of each; it is not always clear if a change in the Bragg wavelength is the result of actual
strain experienced by a structure or simply a change in the ambient temperature. To
date most commercial applications rely on additional strain-free FBG sensors to
provide temperature referencing, but a diversity of other solutions have been reported.

These range in both complexity and commercial practicality and include:

e The use of two FBGs of greatly different wavelength (800nm and 1300nm) (and
correspondingly different response to temperature and strain), such that effects

of each can be resolved by solving pairs of simultaneous equations [62]

e The use of two FBGs, each in fibres of different diameter, spliced together such

that the strain response of each is independently resolved [63]

e The combination of an FBG and a long period grating that each have distinctly

different responses to strain and temperature [64]

e The combination of a standard (type Ila) FBG and a type Ia FBG, which each
have different responses to temperature [65, 66]

e A variety of solutions that combine the temperature dependant properties of
rare-earth doped fibres and the properties of FBGs written in them [67, 68, 69]

2.3 Single fibre Bragg grating sensor interrogation techniques

Recovery of the value of the measurand from an FBG based sensor system requires that
the optically encoded signal from the sensor is detected and measured. The exact
nature of encoding the measurement onto the optical signal varies according to the

detection and sensor system employed, but the most common techniques use one or
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more of the following optical parameters: wavelength, amplitude. phase, dispersion or
polarisation. ~ The resolution, accuracy, stability and speed of these optical
measurement systems varies considerably depending on the sensors and interrogation

techniques employed. as does the cost and the complexity of the final implementation.

Some interrogation systems provide support for just one sensor. as shown in Figure 2.4.
These systems are often very simple and claim to be low cost, but unfortunately also

commonly suffer from environmentally instability or have other significant operating

limitations.
Reflection based system
(i) Coupling  Fibre Bragg
= component grating sensor
Optical source —>— =

External parameter
Optical detection being measured
system

Transmission based system
Fibre Bragg
grating sensor

() b—_/LE

-

Optical source ﬁ Optical detection

External parameter ~ SYStemM
being measured

Figure 2.4 The general reflection based and transmission based circuit arrangements for a single
sensor fibre Bragg grating sensor interrogation system

A few reported examples of single-sensor interrogation systems have included:

I. The use of a wavelength matched (overlapping) pair of FBGs, which operate
using a power or intensity measurement technique. In these systems light from
a laser or LED is incident on the sensor FBG, such that it is reflected (or
transmitted) to interact with the separate. second, measurement FBG. The
second FBG is then interactively strained or temperature tuned to match the
wavelength of the sensor device and so minimise (or maximise) the transmitted

optical signal delivered to a single photodiode [70. 71. 72]. as shown in Figure
2.5.



Broadband Q B Sensor fibre
optical - igi?;r’bre Bragg grating
ROlECe Measurement fibre -
Photodiode Bragg grating
detector S*Z = ¢ ﬁ
r External parameter
Feedback v | being measured
Contrpller L <:> Piezoelectric
. | stretcher
Measurement

result

Figure 2.5 A typical single fibre Bragg grating sensor interrogation scheme using matched-grating

detection
2. Other systems have employed in-fibre interferometer interrogation schemes.
These have been noted for very high dynamic resolution, but have also suffered

from significant environmental effects [73. 74, 75], as shown in Figure 2.6.
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= <:> (<10mm) 1s maintained between the arms of the
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== Piezoelectric dependant on pnth the imbalance and the grating
Measurement wavelength. Small changes in sensor wavelength
result Phase monitor and fibre stretcher  are then easily detected as large variations in the
feedback controller power recorded by the two photodiodes

Figure 2.6 A typical single fibre Bragg grating sensor interrogation system using interferometric

detection

Ratiometric and edge-filter wavelength detection approaches have also offered

'

the potential for low cost interrogation systems of modest resolution. but they
have also been shown to suffer from variations in optical loss or source
intensity. or require difficult calibration schemes when used in real-world
applications [76. 77. 78. 79]. A typical example of the ratiometric approach is

shown in Figure 2.7.
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Figure 2.7 A typical single fibre Bragg grating sensor interrogation scheme using ratiometric
detection
4. The use of a polarisation maintaining fibre loop mirror for interferometric
wavelength detection has also been demonstrated. This approach provided a
greater level of environmental stability than other interferometric methods. but

does not appear to have been taken further [80].

5. Further novel schemes have been demonstrated to measure the wavelength of an
optical signal by monitoring the ‘“transparent-current’ in a partially biased laser
diode [81] or through the use of electro-absorption filter components [82]. The
results from these demonstrations were encouraging, but commercial

exploitation seems. as yet. unlikely.

2.4 Wavelength-division-multiplexed fibre Bragg grating sensor

interrogation techniques

One of the greatest advantages of using fibre Bragg gratings as sensors is that they
provide a range of possible options for multiple devices to be independently operated in
a single length of fibre. Extensive research in this field has ensured that numerous
different multiplexing configurations have been reported. However. of these many
variants, most can be categorised into one of two primary forms; those that employ
some form of wavelength-division-multiplexing (WDM) and those of a time-division-
multiplexing (TDM) nature.

The simplest and most widely reported FBG sensor multiplexing technique is WDM.

Using this approach a number of FBG sensors can be written serially into a single
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length of optical fibre. The FBGs are designed such that under zero strain and at room
temperature they each have a different central (Bragg) wavelength. Strain or
temperature applied to each FBG then causes a shift in the Bragg reflection
wavelength, such that the signal from the sensor varies within the devices own
wavelength window, but does not encroach into the operating window of other sensors.
Using this approach the interrogation equipment is required to provide illumination for
each sensor and undertake detection and measurement of the wavelength-encoded

measurands that are returned. Figure 2.8 shows the general arrangement for such a
WDM based FBG sensor system.
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Figure 2.8 The general arrangement for a wavelength-division-multiplexed fibre Bragg grating

sensor interrogation system

Examples of reported WDM based fibre optic sensor systems have included:

1. Numerous configurations that have employed fibre or bulk Fabry-Perot (FP)
filters. These interrogation systems typically operated the FP filters using
ramped or triangular electrical waveforms, such that a narrow optical pass-band
was swept across the full wavelength range of the sensors while a photodiode
sampled the reflected signal. Peaks in the reflected signal were detected and

used to provide a measurement of the strain or temperature of each of the
sensors [83. 84].

to

One configuration extended the basic single-sensor matched filter approach
(described previously) by using multiple matched filters, such that each sensor
FBG (in the serial array) was matched by a separate parallel-configured
measurement FBG and photodiode. The approach required many photodiodes
and couplers and was optically inefficient. but it did provide independent

operation for each of the sensors [85]. A further variation on the matched filter
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concept employed two serial arrays, one containing the sensor FBGs (in the
usual manner) and a second containing the measurement FBGs. This approach
differed from the previous design in that the match condition was detected from
the transmitted signal through all of the measurement FBGs using just a single
coupler and photodiode. This approach was therefore simpler, cheaper and
more optically efficient, but also suffered from greater limitation in the sensor

operating speed [86].

3. An extension of the single-sensor interferometric approach was reported that
used a telecommunications WDM splitter to provide a four-channel sensor
system. This maintained the advantages of high resolution and response to
dynamic strain, but in common with the single-sensor design also suffered from

environmental drift [87].

4, Two demonstrations of WDM sensor systems have employed acousto-optic
filters. These tracked the wavelength signals from sensors either sequentially or
simultaneously by adjustment of the RF modulation to the filter and were
therefore novel. Unfortunately they were also prone to drift and required

expensive components [88, 89].

5. Numerous configurations have been reported that have employed FBG sensors
as reflectors in active fibre laser cavities or have used external scanning fibre
lasers to illuminate and measure reflections from serial arrays of FBG sensors.
These approaches have provided considerably higher signal power and lower
noise when compared with other broadband-illuminated WDM alternatives [90,

91, 92] and have been employed in commercial designs.

6. Other reported configurations have used spectrometers to detect and
simultaneously measure the reflection signals from each of the WDM sensors in

a serial array. These offer solid state advantages, but are limited by the cost and
stability of components [93, 94, 95, 96, 97].

2.4.1 The advantages of wavelength-division-multiplexing

There are a number of advantages to using wavelength-division-multiplexing to

provide multi-sensor interrogation, including:
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The fact that, in a well-designed array, the sensors each operate in separate and
distinct wavelength windows, which ensures they are inherently free of
crosstalk. This behaviour occurs since arrays are intentionally designed such
that the zero-strain wavelength of each FBG sensor is well separated from all

others

Once the array has been designed in this manner, the sensors are also simple to
set-up. This is because no information is required as to the spatial position of
each device. The measurement results and individual sensors are determined
and identified solely from the reflected wavelengths that are returned in the
fibre

There is also little limitation on the minimum separation that is allowed
between sensors. The limit is solely based on the particular sensor
manufacturing technique that is employed, but is typically only a few

centimetres

Since the FBGs operate in distinct wavelength windows they can also be made
~100% reflective without risk of interference. The total reflected power from
the sensors is therefore high, which means that reasonable levels of system loss

can be supported before signal noise becomes problematic

The disadvantages of wavelength-division-multiplexing

Unfortunately employing simple WDM techniques also has a number of disadvantages.

These include the following:

As all of the FBG sensors in a WDM array are intentionally at different
wavelengths, most manufacturing systems require skilled and time-consuming
operator intervention to continually change the fabrication parameters or tooling
of the machinery. This means that sensor arrays are often very expensive to

produce

As each FBG is required to operate in a distinct wavelength window, the
bandwidth of the optical source and detector components (which is typically
<70nm) often limits the number of sensors that can be used to less than 10 per
fibre. This is because sensors with an operational range of 5000ue each deviate
by ~6nm due to an applied signal, plus a ~Inm of guard spacing is required

between adjacent sensors to allow for manufacturing and installation tolerance.
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Therefore, although an increase in the total system sensor count can often be
achieved using multiple fibres, the cost and complexity is substantially

increased

e To maximise efficient use of the source and detector optical bandwidth
application-specific array design is usually required. This is very expensive,
increases lead times, complicates installation and increases stock inventory.
The result is a large increase in system cost and a difficulty in scaling for mass

manufacture

e Since the reflected signals from the FBG sensors are simultaneously delivered
to the wavelength detector, the range of measurement techniques that can be
employed is limited. Most commercial system vendors appear to adopt
scanning Fabry-Perot filters, but these are bulky, expensive and often have

limited scanning speeds

e Due to the limited number of sensors supported per fibre and the requirement
for application specific design of the arrays, it is often difficult to extend
installed systems at a later date; future-proofing is difficult

2.5 Time-division-multiplexed fibre Bragg grating sensor interrogation
techniques

To overcome some of the disadvantages of WDM a number of time-division-
multiplexing systems have been proposed. In these systems the FBGs are all of low
reflectivity, nominally of the same wavelength and operate in the same optical window.
Identification of individual sensors is not achieved using wavelength, but instead is
carried out using time-of-flight measurements from a pulsed optical source. Figure 2.9

shows the general arrangement for a TDM system.
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Figure 2.9 The general arrangement for a time-division-multiplexed fibre Bragg grating
interrogation scheme
2.5.1 Time-division-multiplexing theory

The velocity of light in a medium v can be determined from the universal constant for
the velocity of light in a vacuum C and effective refractive index of the fibre material

n,, using the simple relationship.

Y= Equation 2.9

eff

It follows that the time taken in seconds 7 for an optical pulse to travel a distance d

metres in a fibre can be found using the relationship.

s eff Equation 2.10

Therefore, for a short optical pulse launched into a fibre that is incident on a series of
FBG sensors spaced at x metre intervals, the time delay 7 between the arrival of

reflections from adjacent sensors will be.

2-x'n
(’1

r = eff Equation 2.11

This is true for the reflections, since the incident pulse travels in both directions in the

fibre and so covers twice the distance of the separation between the adjacent sensors.
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Therefore, for a TDM system employing FBG sensors fabricated in standard single-
mode telecommunications fibre that are spaced at 2m intervals, the delay between the

arrival of successive reflections from a short pulsed optical signal will be,

_2x2x1.48

I710° =19.7ns Equation 2.12
X

2.5.2 The advantages of time-division-multiplexing

The notion of using TDM to allow access to multiple FBG sensors in a single fibre has

many potential advantages, which include:

e Since all sensors operate at nominally the same wavelength, the number of
sensors in a TDM system is not limited by the operating bandwidth of the
source or detector components. TDM systems therefore have the potential to

support tens or even hundreds of sensors per fibre

e Since all sensors operate in the same wavelength window, each sensor can use
the full operating bandwidth of the optical source and detector. Different
sensors can also operate over different strain or temperature ranges without the

requirement for changes to the sensor wavelength spacing

» Since all FBG sensors are identical and of low reflectivity they can be produced
at significantly reduced cost. Operator intensive tooling changes are not
required between sensors, whilst the requirement for only low reflectivity
means that through-coating [47, 48] and online at the draw-tower [44, 45, 46]
fabrication techniques can be employed. These are cheaper and maintain the
maximum mechanical strength of the fibre

¢ Since application specific array design is not required, this reduces cost, stock
inventory and system delivery lead-time. Rather than having to maintain a
stock of many different array types or having to design on a system-by-system
basis, a reel of hundreds of identical sensors can be purchased, which can then

be simply cut to length and used for all applications

o Since all arrays and sensors are identical, system extension is possible after
initial deployment. This means that once a customer has purchased the basic

system, additional sensors can added later as required
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2.5.3

Disadvantages of time-division-multiplexing

Unfortunately there are also a number of fundamental issues when employing TDM

techniques to interrogate sensors. These issues do not stop effective use of the

technology, but do require attention and compromise during the initial system design

phase.

These issues and the solutions required are discussed in a number of papers [17.

98. 991, and include:

1.

Incident
signal

Reflected

Reflected
desired
signal

The fact that in a TDM system, as all sensors operate with nominally identical
wavelength, a style of crosstalk known as “multiple-reflection interference” can
occur, as shown in Figure 2.10. This arises when the pulsed signal from the
source. which is intentionally reflected from a distant sensor. is also repeatedly
reflected between other closer sensors, in such a manner that both the desired
and interfering reflections arrive at the wavelength detection system
simultaneously. The extent and severity of this interference is dependant on the
reflectivity of the sensors, such that a reduction in the reflectivity of the FBGs
results in a lower level of interference. Complete elimination of this detrimental
effect is also possible (in some applications) by careful selection of the sensor
spacing, or by increasing the number of available timeslots through an increase

in gating speed.

p Identical low reflectivity FBG sensors

o

L
p The unwanted interference signal.
: : which arises due to multiple reflections
"’_"m“"""“ between sensor gratings that are closer
signal 1 to the source

P The required signal from the
> : | sensor that intentionally
< being measured
L

Figure 2.10 An illustration of ‘multiple-reflection interference’ in a TDM sensor interrogation

system

2.

A second interference effect known as ‘wavelength shadowing’ can also cause
crosstalk and measurement inaccuracy in a TDM system. This interference is
caused by attenuation of the propagating optical signal. to and from a distant
sensor, through interaction with one or more sensors closer to the source. as
shown in Figure 2.11. Modelling shows that this effect is most severe when the
wavelength separation between the measured and interfering sensors is near to

-

Ln



Spectrumof  p
the original

signal from the B

optical source b

Spectrum of the signal incident

the FWHM bandwidth of the gratings and can be over lue for >5% reflective
devices. This interference is fundamentally unavoidable if all sensors operate in
the same wavelength window within the same fibre, but its detrimental effect
can be significantly reduced by using lower reflectivity or narrower bandwidth
sensors or though mathematical (curve fit based) profile correction at the

wavelength detector

Two low reflectivity FBG sensors that are slightly
offset in wavelength due to dissimilar applied strain

P : — = Actual (distorted)
on sensor 2 after transmission > > sensor spectrum
through sensor | ) = Expected (undistorted)

Spectrum of the reflection
signal received from sensor 2
after a further transmission
through sensor 1

Sensor spectrum

Figure 2.11 A highly exaggerated illustration of ‘wavelength shadowing’ interference in a TDM

sensor interrogation system

In addition to these fundamental issues there are also a number of other difficulties that

arise during implementation of TDM based interrogation systems, which include the

following:

From Equation 2.12 it can be seen that producing a true, commercially useful
TDM system requires the successful gating and separation of returned reflection
signals at very high speed. For a 2m-spaced FBG array these reflections occur
at ~20ns intervals, while for sensors spaced closer, even faster gating is required

and operating at such speeds is very demanding

The fact that TDM systems are also required to operate with very short. pulsed
optical sources, and with low reflectivity FBGs, means that the mean optical
power returned from each sensor is very low. This makes wavelength detection
difficult and results in increased noise. There is often a harsh trade-off between

the measurement resolution and speed that can be achieved

Where high-speed electronic gating is used to separate out the sensor
reflections. the electronic amplifiers are required to have high gain, strong
linearity and high bandwidth. These are conflicting requirements, which result

in systems that can be plagued by noise and crosstalk. or have limited resolution
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e Electrically gated systems are also limited to using basic wavelength detection
techniques, which can lead to further limitations as a result of component and
system imperfections. A typical example of such a limitation is the variation
from linearity that can occur due to ripples in the edge-filter profiles used in

ratiometric detection schemes

e Optical gating of the reflection signals from each sensor eases the difficulties
associated with using high bandwidth, high gain electrical amplifiers and also
allows the use of a greater range of wavelength measurement techniques.
Unfortunately however, optical gating requires the use of high-speed, high
extinction-ratio optical ~modulators. These components are bulky,

environmentally sensitive, electrically inefficient and expensive

e To aid with the general trade-off between gain and bandwidth, successful
implementation of TDM usually requires high-power optical sources, but
unfortunately these components are also bulky, electrically inefficient and

expensive

These design issues and implementation difficulties have meant that setting up (even
basic) experimental TDM systems in a lab environment has been difficult. This in turn
has resulted in limited research and slowed the progress in this branch of optical
sensing. As such, the full extent of research, development and commercial exploitation
of true TDM based interrogation has been significantly lower than for that of WDM
technology.

2.5.4 Reported implementations of time-division-multiplexing

It can be considered that some reported research systems are variants of the basic TDM
concept, but they actually use methods of sensor identification that do not require
gating of pulsed reflection signals. Demonstrations of this nature have included Fourier
analysis of interference [100], code-division multiple access (CDMA) [101] and
frequency modulated continuous wave (FMCW) [102]. However, these techniques all

have practical limitations and have not been exploited commercially.
Some predominantly WDM systems have been reported that included gated TDM

extensions to enable hybrid operation. However, these have either lacked actual

detailed implementation [103, 104, 105] or have provided only limited TDM
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performance using widely spaced sensors [106, 107, 108]. They have not been

appropriate for sole TDM operation in a commercial environment.

For systems operating using a true TDM approach two principle methods have been
employed for gating reflections from the sensors at high speed; either electronic gating,
using high bandwidth, high gain electrical amplifiers [109] or optical gating, using
optical modulators [110, 111]. The electrical gating approach has been shown to be the
significantly cheaper option to implement, but to-date has delivered poor measurement
resolution and has required high power pulsed sources, larger spacing between sensors
and low system loss. By contrast, the most effective optically gated TDM
implementations have been shown to deliver high resolution and low noise from tens of

low reflectivity sensors.

Apart from the author’s resonant cavity approach, Cooper et al reported another
successful experimental TDM system in 2001 [111, 112]. Their design was based on
the standard optical gated TDM concept, but the implementation was considerably
more expensive than previous electrical or optical gated alternatives. This increased
cost was due to the inclusion of an optical modulator and optical signal amplification.
By using optical gating to achieve a high sampling speed and Erbium doped fibre
amplifiers (EDFAs) for increased signal power with low detector noise, a number of
advantages were highlighted. These included compatibility with a wide range of
measurement techniques, close spacing of sensors and strong performance under non-
ideal real-world conditions. However, despite this high performance, commercial
viability was hampéred by the inherent complexity, large power consumption,
increased size and high cost of the system and as such there does not appear to be any

intention of taking the design into mass production.

2.5.5 Commercial TDM fibre sensor interrogation systems

In spring 2003 the author’s resonant cavity fibre sensor interrogator became the first
mass-produced commercial TDM system and to-date remains the only commercial
TDM interrogator to operate with low reflectivity identical sensors for delivery of high
resolution and low noise measurement under harsh environmental conditions.
Although a second (partial) TDM system was later released commercially in 2004, its
specifications indicate that it actually uses the standard electrically gated approach and
will only operate with widely spaced, high reflectivity, WDM style sensors [113]. To-

date, no other true TDM commercial systems are known to exist.
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2.6 Semiconductor optical amplifiers

A semiconductor optical amplifier (SOA) is a small opto-electronic component that is
manufactured from a layered structure of doped Indium-Phosphide (InP) or Indium-
Gallium-Arsenide-Phosphide (InGaAsP). In both design and operation the SOA is
essentially very similar to a semiconductor laser, but in place of the two high
reflectivity end facets used in a laser. in an SOA anti-reflection coatings are employed.
As such the component amplifies externally injected rather than internally generated
optical signals through the action of stimulated emission [114]. This process is
depicted in Figure 2.12 where it can been that the electrical pump current creates a
charged carrier distribution that on the arrival of a single photon causes a cascade of

stimulated emission and corresponding all-optical coherent amplification.

+ Pump current

yYYYy

Figure 2.12 An outline of the stimulated emission amplification process in a semiconductor optical
amplifier

As a result of the considerable research effort and commercial success of
semiconductor lasers for telecommunications, SOAs have also become the focus of
significant attention in recent years. They also benefit from a small size, a broad and
tailored spectral bandwidth, simple electrical pumping and provide the opportunity for

tight device integration and low cost through mass production.

2.6.1 Applications of semiconductor optical amplifiers

Despite the attractive features of SOAs and their natural place as amplifiers in
telecommunications, they are not currently the preferred choice for high bit rate, long
haul transmission systems: here Erbium doped fibre amplifiers (EDFA) remain
dominant. Instead, the use of SOAs as simple amplifiers only generally occurs within

short-reach. low bit rate, metro and optical local area networks (OLAN).

hn
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The reason for this limited deployment within high data rate systems is the fact that the
gain dynamics of SOAs are effectively either too slow or too fast compared to the bit-
interval of the conveyed data. As a data bit arrives at the device and is amplified,
charged carriers are consumed within the active region as the electrons in the excited
conduction band are depleted. This reduction in the density of excited charge causes
two effects; the amplifier gain is reduced and the refractive index of the waveguide
changes. If this effect and its subsequent recovery was to occur in a time significantly
shorter or considerable longer than the bit-interval (as with EDFAs where recovery is
measured in milliseconds) little consequence would result, but unfortunately in SOAs
this time period is measured in hundreds of picoseconds. The effect of this dynamic
gain and index change (both during and shortly beyond each bit-interval) is a distortion
and patterning of the optical data signal and a significant reduction in the bit error rate
(BER); a stream of data 1’°s will initially suffer increasingly lower gain as the devices
population inversion attempts to re-establish equilibrium and then a steadily increasing

background noise will follow after the arrival of a stream of 0s.

Fortunately however, despite the complexities of modelling the dynamic gain and
refractive index behaviour of an SOA (under the influence of a pulsed optical signal)
[115, 116] a number of very important optical techniques have been identified and
utilised that are only possible in this highly non-linear regime. The concepts of cross-
gain modulation (XGM), cross-phase modulation (XPM) and four-wave mixing
(FWM) have been easily achieved in an SOA and focused research has successfully
demonstrated numerous novel configurations for achieving all-optical switching [117,
118, 119], optical packet routing, 2R and 3R signal regeneration [120] and wavelength
conversion [121].

2.6.2 The application of semiconductor optical amplifiers as switches

All of the previously discussed applications employ SOAs that are operated with a
continuous and constant electrical current. As such all of the charged carriers depleted
by photon emission are quickly replenished by the action of electrical pumping and so
optical amplification is continuously maintained. By contrast, a few applications have
demonstrated the use of SOAs as electrically controllable switches. These
demonstrations have shown that when SOAs are actively pumped they provide optical
gain for any required signals, but that in the absence of pumping significant photon

absorption occurs, such that the devices can also be used to provide high-level optical
attenuation for signal blocking.
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The commercial use of SOAs for the formation of electrically controlled optical
switches was first noted by the author in a presentation at the 27" European
Conference on Optical Communications (ECOC) in 2001 by Khalfallah et al [122]. In
this system 16 SOA devices were electrically controlled to provide active signal
switching for a multi-wavelength packet router. The system demonstrated that low
distortion optical switching with very high extinction ratio could be achieved in around
5ns using SOA technology. Later research by Gallep ef al [123] also demonstrated that
by using complex drive current profiles SOA switching times of ~10ps could also be
possible in the future.

Furthermore, research and development into quantum-dot based SOAs has since shown
that in contrast to older bulk and quantum well (QW) configurations these new devices
have the potential to provide the simultaneous combination of high signal gain (>40dB)
and high saturated output power (>20dBm). These enhanced levels of performance are

considered highly likely to increase the range of applications and the importance of
SOAs in the future.

2.7 Time-division-multiplexing of fibre Bragg grating sensors using the
optical switching properties of an SOA

On discovery of the use of SOAs for optical switching in a packet routing system, the
author supposed that it should be possible to use the same technology to optically gate
the reflection signals from sensors in a time-division-multiplexed fibre Bragg grating
sensor interrogation system. It was envisaged that such a system would operate in a
manner similar to other optically gated TDM configurations that employed optical
modulators, but that an SOA variant would be cheaper and smaller, and would provide

inherent signal amplification.

It was this hypothesis, that it should be possible to use the latest telecommunication
technology to overcome existing difficulties in implementing high performance TDM
sensor interrogation, that has formed the foundation for the work contained in this

thests.

2.8 Chapter conclusion

This chapter has provided an historical overview of the advances made in fibre Bragg

grating technology over the last 25 years. It introduced the operation, design and
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manufacture of fibre Bragg gratings and highlighted the significant inherent advantages
of using these components as sensors. A large variety of applications using FBGs for
the measurement of temperature, strain and many other physical, chemical and

electrical parameters were also discussed.

Two primary techniques for multiplexing numerous FBG sensors onto a single fibre
optic cable were considered. It was shown that whilst wavelength-division-
multiplexing has been the most successful technology to-date, time-division-
multiplexing provides a wealth of commercial advantages that can be exploited, if the

technical challenges surrounding successful implementation are overcome.

The chapter then provided an overview of the semiconductor optical amplifier, which
was shown to provide a unique range of features under both continuous and switched

operation conditions.

Finally, the author’s hypothesis, that the characteristics of a switched semiconductor
optical amplifier could be used to provide a novel implementation of optically gated
time-division-multiplexing, was presented. This hypothesis formed the foundation for

the work discussed within the remainder of this thesis.
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3 THE PROOF OF CONCEPT EXPERIMENTS

3.1 Chapter introduction

In the previous chapter the hypothesis that a semiconductor optical amplifier (SOA)
could be used as an optical gate to time-division-multiplex (TDM) a series of fibre
Bragg gratings was introduced. This chapter describes a series of proof-of-concept

experiments that were conducted to evaluate this idea.

The majority of these experiments were performed in the order in which they are
described and before any decision was made to try to develop the concept into a
commercial product. Therefore, due to limited time and financial budgets, only
standard electrical and optical laboratory equipment, and a crudely modified

semiconductor optical amplifier evaluation board were used.

However, as this chapter later describes, the resulting success of these early
experiments resulted in the corporate decision to conduct a study into the commercial
opportunity for a sensor interrogation system based on the switched SOA TDM idea.
An encouraging market response then justified the compilation of a draft specification
for such a device, and so an application for patent protection of the technology and a
decision to continue research quickly followed. This all resulted in the development of
some bespoke apparatus and further experimentation, which although actually

conducted later in the project cycle, is also included here.

The chapter concludes with a discussion of the key sub-systems required to produce a
viable fibre Bragg grating sensor interrogation system, so highlighting the design
decisions that were made possible by these early experiments and the extent of the

research and development that was still to be completed.

Although the majority of the experimental work described in this chapter is new and
does not repeat existing work, it does build on a wealth of knowledge gained by
previous researchers working in fibre Bragg grating based optical sensing and optical
communications. Since many excellent review articles have covered earlier work [1, 2,
3, 4, 5] it is not the intention of this chapter to repeat this information. The reader is,

however, encouraged to refer to chapter 2 for an overview of the theory, for the
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hypothesis that formed the foundation of these experiments and for references to

addition, external information.

3.2 The SOA evaluation board

When experimental work first began no practical experience of using SOAs existed
within the company and so a decision was made to loan an evaluation board from a
local SOA manufacturer (Kamelian Limited). The optical specification for the SOA is
shown in Table 3.1. It should be noted that although the optical bandwidth is centred at
1491nm, the device is designed for optimised operation around 1540 to 1560nm.

Parameter Typical value
Optical gain 23 dB (at 1550nm)
Optical bandwidth 55 nm

Optical central wavelength 1491 nm
Saturated output power 10.4 dBm (at 1550nm)

Table 3.1 The optical specification for the SOA provided on the evaluation board

3.2.1 Primary functions of the evaluation board

The complete evaluation board was constructed in an open 100x200mm (Eurocard)
form factor and was designed for operation from a laboratory power supply with

control from a PC. The primary components that it included are shown in Figure 3.1.

These components ensured that the SOA was kept at a constant temperature and
provided with a smoothed and stable electrical supply. Unfortunately however,
because the board was designed for use by telecommunications customers, the SOA

was continuously enabled and there was no provision for switched or pulsed operation.

<« - -----  Supervisory
PC communications S | controller  |---- a
Y Y
Thermo-electric Programmable
cooler controller j | ] }_ current source
Semiconductor
= —
> L optical amplifier |— >
Optical in Optical out

Figure 3.1 The primary components contained on the SOA evaluation board
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3.2.2 Modification for pulsed operation

Figure 3.2 shows the original supply circuit for the SOA and a modified arrangement
that was constructed using standard discrete components to allow basic switched
operation. This modified arrangement was temporarily attached to the evaluation

board, such that it could be easily removed later if required.

Smoothed +5v

Smoothed +5v
Current
source
\/ soa / soa
Signal in
Q1 BC337
Supply ground Supply ground

Figure 3.2 The original (left) and modified (right) SOA power supplies on the evaluation board

This alternative circuit provided adjustment for the current delivered to the SOA in the
‘off” mode using VR1 and in the ‘on’ mode using VR2. Switching between ‘on’ and
‘off” conditions was achieved using transistor Q1, which was connected to the output of

the pulse generator system.

3.3 The original pulse generator system

It had been anticipated that evaluation of the SOA TDM system would require the
ability to provide a chain of electrical pulses of reasonably short duration and variable
frequency. The actual duration of the pulses was only expected to affect the minimum
allowable sensor spacing and was of little significance in demonstrating a proof-of-

concept, but a spacing of less than 100m was preferable due to difficulty handling large
quantities of delicate fibre.

Figure 3.3 shows the connections that were made between two cascaded function
generators and the modified evaluation board in order to provide the pulsed SOA
operation that was used in many of the experiments. Figure 3.4 shows an idealised
view of the signals at the points marked A and B. The actual delay that was

experienced between the signals was dependent on the function generators and is
explained in detail later.
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Agilent 33120A TTITG1010

function generator function generator
1.0 MHz 200 ns
_I—I_I_L TTL output
Trigger input .
Main output

(B)

SOA enable in

Optical in Optical out

» ! 4 p—
Modified SOA

evaluation board

Figure 3.3 The connections between the two function generators and the modified SOA evaluation

board, which were used to provide adjustable pulsed operation

< —> 1ps as set by function generator 1

The signal at A B oy

r"_" Each rising edge of the square wave from
H function generator 1 triggers a new pulse

; from function generator 2
The signal at B | i '

P € 200nsasset by function generator 2

Figure 3.4 An idealised view of the signals at the locations marked A and B in Figure 3.3

The repetition frequency of the SOA drive pulses was dictated by an Agilent 33120A
programmable function generator, which was configured to deliver a TTL compatible
square wave. In most experiments the frequency was adjusted to match the time of
flight of optical pulses in the fibre and was typically around IMHz. The length of each
of the SOA drive pulses was separately controlled by adjustment of a TTI TG1010
function generator. This was typically configured to produce a single 200ns pulse for
each rising edge detected at its trigger input. The main output of this second instrument
was configured to provide a 5V peak signal to the input of the modified SOA
evaluation board, and in some experiments a secondary TTL output was also used to

trigger an oscilloscope or light source.
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3.4 Laboratory equipment for optical measurement

Measurements of optical signals were often required in the time or wavelength

domains. A different equipment configuration was needed for each.

3.4.1 Measurement in the time domain

Measurement of optical pulse length and optical signal evolution over time was
achieved using an amplified photodiode detector and an oscilloscope as shown in
Figure 3.5. The detector used was a New Focus V1811, which had an electrical
bandwidth from DC-125MHz, a 40,000 V/A transimpedance gain, operated from a
standard bench power supply and was purchased for around $1000. The oscilloscope
was a Tektronix TDS210 dual-channel digital storage model that had a sampling rate of
2G/s and an electrical bandwidth of 60MHz.

AC coupled o FC/pC
output ;”— optical input
<
Ch 1 input
Tektronix TDS210 New Focus amplified
oscilloscope photodetector

Figure 3.5 The equipment that was used to measure optical pulse length and signal evolution over
time

3.4.2 Measurement in the wavelength domain

In all of the early experiments measurement of optical signals in the wavelength
domain was carried out using an Ando AQ6331 optical spectrum analyser (OSA). This
model had an adjustable filter bandwidth down to 50pm and a noise floor of around -90
dBm. The sweep speed could be adjusted by changing the number of sampling points
or by using averaging. A typically scan over a 2nm range took around 3 seconds and

was found to produce an adequately stable time-averaged recording from a pulsed
optical signal.

Where measurement of the optical profile of a passive device was required (such as a

coupler, length of fibre or FBG), illumination was provided using an Agilent 1550nm

broadband super-luminescent light emitting diode (SLED) source.

75



3.5 Proof of unidirectional optical gating

The first proof-of-concept experiment that was conducted was intended to evaluate the
optical gating properties of the SOA [6].

3.5.1 Circuit configuration

The optical and electronic circuit configuration used is shown in Figure 3.6. The two
FBGs had 75% reflectivity, Inm full-width-half-maximum (FWHM) optical bandwidth
and central wavelengths of 1558.7nm and 1559.6nm respectively. They were spliced
onto reels of standard SMF28 single mode optical fibre of lengths 65m and 130m and
then connected to one arm of a fused fibre coupler via an FC/APC pigtailed connector.
The opposite arms of the 50% transfer ratio coupler were then connected to the output
of the SLED source and the input of the SOA. These two active devices were
electrically connected for triggering from the cascaded function generators described
earlier. Finally, the optical output from the SOA was monitored on the OSA via a
standard patch cord.

@ '_"qso Coupler
A /'7{

SLED | ; 1301-11
' i S
]
]
——A—g . AtA :
X ! Fibre Reel
|
OSA SOA i }l — 65m
Al L
J oy
-~
I L FBG Fibre Reel FBG

Cascaded function generators

Figure 3.6 The equipment configuration that was used to assess unidirectional optical gating

3.5.2 Circuit operation

If the circuit was considered starting from the idle state with the SOA and SLED both

in the ‘off’ condition, then the mode of operation was as follows:

¢ An initial electrical pulse was output from the cascaded function generators that
resulted in the simultaneous output of an optical pulse from the SLED
broadband source and the turn ‘on’ of the SOA. Turning ‘on’ of the SOA
effectively ‘opened’ the optical gate
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When the electrical pulse ended, the SLED stopped emitting an optical signal
and the SOA turned ‘off’, which closed the gate

The broadband optical pulse generated by the SLED propagated into the left
port of the coupler and was split with 50/50 ratio at the two right hand ports

Half of the total input signal was therefore lost to the angle cleaved end, whilst
the remainder propagated via the 130m fibre reel towards the two FBG sensors

The electrical pulse lasted #200ns, so making the assumption that the optical
pulse was of a similar duration, spatially the optical pulse occupied around 40m
of fibre (from Equation 2.10)

On reaching the first sensor, 75% of the incident optical signal (equal to the
wavelength profile of the grating) was reflected by the FBG structure and began
propagating back towards the coupler

The remainder of optical signal continued in the direction of the second FBG
via a further length of fibre

On reaching this FBG, 75% of the remaining incident signal (equal to the
wavelength profile of the grating) was also reflected back towards the coupler

Since the FBG separation was 65m, the wave fronts from each of the two
optical reflections were 130m apart in the fibre when they arrived back at the
right hand port of the coupler

Due to the 50/50 coupler ratio, half of the reflected signal that passed through
the coupler entered the SOA input

When the frequency of the first function generator was adjusted, such that the
second function generator delivered a further electrical pulse to the SLED and
SOA at a time coincident with the arrival of the first reflection, the reflected
signal passed through the SOA and was amplified by around 20dB

Due to the short pulse duration the SOA was turned ‘off® again and the optical
gate ‘closed’ before the arrival of the second reflection and hence only the
signal from the first FBG arrived at the OSA
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e This process was allowed to repeat with a continuous chain of pulses, such that
for each pulse, the SLED emitted a new broadband illumination signal, whilst

the SOA optically gated the reflection from the previous cycle

Adjustment of the pulse repetition frequency allowed selection between the reflection
signals from either of the two FBGs when the period of repetition equalled the period
of optical propagation between the SLED, the FBG sensor and back to the SOA.

Including the long initial lead fibre reel ensured that the optical path length to the
second FBG could never be an integer multiple of the path length to the first FBG.

Each sensor could therefore be tuned without interference from the other.

Having correctly adjusted the pulse repetition frequency for each sensor, the OSA was
used to record a time-averaged profile of the optically gated reflection signal. A stable
signal was possible from the OSA since its filter scan rate was more than three orders

of magnitude lower than the gating of the reflection.

3.5.3 Experimental results

Table 3.2 shows the optimum settings for the pulse repetition frequency for selection of
each FBG, while Figure 3.7 and Figure 3.8 show the recordings taken using the OSA
for these settings.

Fibre Bragg Central Optical propagation | Pulse repetition
grating number | wavelength [nm] | period [us] Jfrequency [kHz]
1 1558.73 1.35 740.7
2 ' 1559.61 2.01 _ 497.5

Table 3.2 The optimum function generator settings for selection of the two FBGs
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Figure 3.7 An OSA recording of the signal received when the system was adjusted to the optimum
repetition period for FBG 1
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Figure 3.8 An OSA recording of the signal received when the system was adjusted to the optimum
repetition period for FBG 2

The peak optical signal power, the mean level of the background noise and the ratio of

the two values were taken from these OSA recordings and are shown in Table 3.3.
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Fibre Bragg Peak optical signal | Mean background | Ratio of the
grating number | power [dBm] noise power [dBm] | values [dB]
1 -33.5 -53.0 19.5
2 ' -35.7 -51.3 15.6

Table 3.3 The parameters for the FBG signals (as taken from the OSA recordings)

An observation whilst conducting the experiment showed that the peak optical-signal-
to-background-noise ratio (OSNR) increased steadily as the function generator was
adjusted to the optimum setting for each FBG and that no apparent signal existed when
the repetition period was adjusted to half way between the two optimum positions.
Figure 3.9 therefore shows a plot of the variation in OSNR for the signals from each

FBG as a function of repetition period.

N
E..h
o

¥}
ot
=

-8-FBG |

—4~FBG2

NI AR AR
AV A

T L= § T ¥ T (=3 1

1 12 14 1.6 1.8 2 22 24
Repetition period [ps]

Signal to background ratio [dB]
= G
(=) (=)
a7

Figure 3.9 The optical signal-to-background-noise ratio for the signals received from each FBG, as
a function of repetition period

Monitoring of a single FBG whilst applying strain also demonstrated that the reflected
signal responded with a change in wavelength. Therefore, although no systematic
analysis was conducted at this time, both FBGs were checked and found to exhibit an

expected strain-related-wavelength-shift behaviour [1, 4].

A further observation showed that although the experiment had intended to use the
SLED to provide the illumination for the FBG sensors, in reality a sufficiently strong

broadband optical signal was emitted from the input port of the SOA (when it was
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switched on) such that it was able to adequately illuminate the FBGs if the SLED was
disabled.

3.5.4 Conclusions

The results of this first experiment proved that an SOA could be used as an optical gate
to provide time-division-multiplexing of FBGs because with correct timing of the
electrical drive signals only the reflection profile from one sensor could be seen on the
OSA at a time. Equally importantly, when the SOA pulse timing was adjusted to block
reflections from both FBG sensors no apparent grating profile was delivered to the
OSA. This indicated that a high level of extinction occurred to those signals arriving
when the optical gate was closed.

A further consequence of the experiment was the realisation of the effect of the
amplified spontaneous emission (ASE) characteristically generated by an SOA. This
was verified to manifest as a broadband optical signal emitted from both the input and
output facets of the device. At the output of the SOA this ASE was found to have the
detrimental effect of reducing the level of OSNR that could be obtained for the signal
delivered to the OSA, while from the SOA input it had the positive effect of the

providing broadband illumination of the FBG sensors, without the requirement for a

separate SLED source.

3.6 The SOA as the optical gate and light source

Since the broadband source had been proven redundant as a result of the ASE
generated by the SOA, the previous experiment was repeated without the coupler and
SLED. It was considered that removal of the coupler would reduce the total signal loss
from the source to FBG and back to the SOA by over 6dB.

3.6.1 Circuit configuration and operation

The circuit configuration used is shown in Figure 3.10. The operation was similar to
that of the previous experiment, but with the exception that the SOA provided the
combined functions of the pulsed optical source and the optical gate.
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Figure 3.10 The equipment configuration that was used to access the SOA as an optical gate and a

light source

3.6.2 Experimental results

Table 3.4 shows the optimum pulse repetition frequency for selection of each grating,
while Figure 3.11 shows the combined recordings taken using the OSA for each of
these settings. The peak optical signal power, the mean level of the background noise
and the ratio of the two values were taken from the recordings and are shown in Table
3.5.

Fibre Bragg Central Optical propagation | Pulse repetition
grating number | wavelength [nm] | period [us] Sfrequency [kHz]
1 1558.73 1.31 763.4
2 1559.63 1.97 507.6

Table 3.4 The optimum function generator settings for selection of the two FBGs
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Figure 3.11 An overlay of OSA recordings taken of the signals received from each FBG when the
SOA was used as both the gate and the light source
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Fibre Bragg Peak optical signal | Mean background | Ratio of the
grating number | power [dBm] noise power [dBm] | values [dB]
1 -27.4 -51.3 239
2 -30.6 -50.8 202

Table 3.5 The parameters for the FBG signals (as taken from the OSA recordings)

3.6.3 Observations and conclusions

A clear observation from this experiment was that the removing of around 4m of
optical path length (associated with the coupler and interconnecting patch cords)
resulted in a higher optimum pulse repetition frequency setting for selection of each
grating. Although this readjustment was predicted from the standard time-of-flight
theory, it did highlight that whilst the TDM system was simple in concept, it would be
potentially beneficial to invest time in developing a procedure or simple automation
technique to reduce experimental adjustment time and make the optimisation more
repeatable if further work were to be conducted in the future.

More directly this experiment proved that the SOA could be used as both the light
source and the gate in a TDM sensor interrogation system. Removing the SLED and
the coupler not only reduced the complexity of the optical circuit, it also demonstrated
a reduction in cost, size and power consumption.

Reducing the 6dB optical circuit loss created by the coupler also showed an increase in
the peak signal strength by >5dB and an improvement in the OSNR by >4dB, with little
change in the signal shape. The small changes that occurred to the central wavelength

were easily attributed to disturbance of the gratings during change of the experimental
configuration.

Most importantly however, the thoughts and observations that occurred during this
experiment led to the realisation that since ASE was emitted from both facets of the
SOA there was probably no significant difference between the connections labelled
‘input’ and ‘output’ and that the SOA would likely operate connected in either
direction. Experimentally connecting the SOA such that the ASE emitted from the
‘output’ facet illuminated the FBG sensors, and such that the gating and amplification
of the resulting reflections occurred from “output’ to ‘input’ proved this hypothesis, as

there was no significant difference in overall performance.
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This realisation that the SOA was bi-directional led to the idea of adding a partial
reflector to the optical circuit, between the SOA and the OSA, to attempt to return some
of the signal normally delivered to the OSA, back into the SOA for re-circulation to the
FBG sensors. The idea required the SOA to simultaneous amplify and gate in both
directions, but if successful it was seen as a potential method of increasing the level of

the signal used to illuminate the sensors.

3.7 Adding a broadband reflector to re-circulate the signal

This proposal of adding a partial reflector to re-circulate some of the signal back into
the SOA was considered further and it was concluded that it should be possible to
experimentally verify using a chirped FBG (CFBG) [7, 8, 9] as the reflector. It was
decided that such a CFBG should be sufficiently broad to cover the operating
wavelengths of the two sensor FBGs and have a reflectivity of at least 20%, but no
more than about 95%. This was decided since lower reflectivity was likely to re-
circulate little signal and a higher reflectivity would significantly limit the signal
delivered to the OSA.

3.7.1 Circuit configuration and operation

The circuit configuration used is shown in Figure 3.12 and was similar to the previous
experiment, except for the addition of a CFBG between the SOA and OSA. The actual
grating used was broader and more reflective than was considered ideal, but this was
the best that was available from the company spare stock. The parameters for this

device are shown in Table 3.6.

Parameter Typical value
Central wavelength 1544 nm
Bandwidth 45 nm

Reflectivity at central wavelength ~95 %

Table 3.6 The parameters for the chirped FBG used as the broadband reflector in Figure 3.12
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Figure 3.12 The equipment configuration that was used to access the effect of re-circulating some
of the sensor signal

In this configuration any signal that was emitted from the SOA towards the OSA
arrived at the CFBG broadband reflector. For wavelengths that were within the
bandwidth of this grating, approximately 95% of signal was immediately reflected back
towards the SOA, whilst the remaining 5% continued to propagate to the OSA. All
wavelengths outside the bandwidth of the grating propagated directly into the OSA

with minimal attenuation.

When considered starting from an idle state, the intended operating principle of the re-

circulating circuit was as follows:

e An initial electrical pulse was output from the cascaded function generators and
caused the turn ‘on’ of the SOA. This resulted in broadband optical emission of
ASE from both facets of the device

e The ASE emitted from one facet (known as the front facet) immediately began
propagation towards the FBG sensors via the 130m fibre reel

e The ASE emitted from the other (rear) facet began propagating towards the
CFBG broadband reflector

* Around 10ns later, on reaching the reflector positioned 2m from the SOA,
approximately 95% of the ASE with wavelength equal to bandwidth of the

grating was reflected back towards the SOA, whilst the remainder continued
towards the OSA

* A further 10ns later, the reflected signal that arrived back at the SOA was gated
through and amplified. This occurred as the electrical drive pulse was =200ns

long and so the SOA was still in the ‘on’ condition
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3.7.2

Now propagating from the front facet of SOA was a combination of the general
ASE background and a raised stronger level of ASE equal to the bandwidth of
the CFBG reflector

This emission continued for ~180ns until the SOA was returned to the ‘off’

condition at the end of the electrical drive pulse period

A total optical pulse =40m in length therefore propagated towards, and was
reflected from, each of the FBG sensors in a manner similar to that of previous

experiments

However, in contrast to previous experiments, when a reflection for a single
sensor arrived back at the SOA (in synchronisation with the next electrical drive

pulse), a different pattern of events occurred

The signal was gated through the device and propagated towards the OSA, but
around 95% of the signal, including the wavelengths equal to the sensor FBG
profile were returned back to the SOA for further amplification

The expected result was that the optical pulse that was then emitted from the
front SOA facet would contain an even higher level of signal with wavelength
equal to the single FBG sensor under interrogation and so provide an even

stronger reflection during the next cycle

The signal propagating through the reflector that arrived at the OSA would
therefore contain a large portion of ‘out-of-band’ ASE beyond the lower and
upper regions of the CFBG profile and a peaked signal equal to the profile of
the grating under interrogation

It was anticipated that by operating in this manner, using two passes of the SOA
each time, an increasingly stronger level of sensor illumination would occur for

each cycle of the system, until some maximum was reached

Experimental results

Figure 3.13 and Figure 3.14 show recordings taken with the OSA when the system was

adjusted to deliver a signal from each of the FBGs. The peak optical signal power, the
mean (non integrated) level of the background noise (within the bandwidth of the
reflector) and the ratio of the two values were taken from these OSA recordings and are
shown in Table 3.7.

86



-40 - /\ g-so

/ \ e —f
r— 2_70 3
E'SO 04 = v 'J t
=, : / \ 1500 1520 1540 1560 1580
19 H Wavelength [am]
o !
2-60 -
L ]
70 -

1556 1557 1558 1559 1560 1561 1562
Wavelength [nm]

T T T T 1

Figure 3.13 An OSA recording of the signal peak received when the re-circulating system was
adjusted to FBG 1. The inset is a wider bandwidth view that also shows the effect of the CFBG
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Figure 3.14 An OSA recording of the signal peak received when the re-circulating system was
adjusted to FBG 2. The inset is a wider bandwidth view that also shows the effect of the reflector

Fibre Bragg Peak optical signal | Mean background | Ratio of the
grating number | power [dBm] noise power [dBm] | values [dB]
1 -33.1 -73.1 40.0
2 -32.5 -73.4 40.9

Table 3.7 The characteristics of the FBG signals (as taken from the OSA recordings)
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Despite the high reflectivity, and therefore the effective high insertion loss, of the
reflector the peak signal received by the OSA was still -33dBm, whilst the optical
signal to background noise ratio (OSNR) had increased substantially to >40dB. This is
an exceptionally high figure.

A further observation made whilst adjusting the system and taking these measurements
was that the level of the ‘out-of-band’ ASE (i.e. the ASE beyond the bandwidth of the
CFBG reflector) fell significantly when the pulse repetition period was successfully

tuned to interrogate a sensor, but rose again when tuned to lie between sensors.

Figure 3.15 shows a plot of the variation in the level of ‘out-of-band” ASE as a function
of the repetition period, when the system was tuned around the optimum location for
the first FBG sensor.
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Figure 3.15 The variation in the ‘out-of-band’ ASE as the system was tuned around the optimum

repetition period for FBG sensor 1

3.7.3 Conclusions

This experiment showed that adding a reflector to the optical circuit and using the SOA
bi-directionally in a cyclic system provided an extremely significant increase in
performance. Compared to the non-cyclic case the average signal power delivered to
the OSA only decreased by =5dB, whilst the OSNR increased by >16dB. It was also
expected that a more optimum (lower) level of reflectivity from the CFBG would
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maintain the exceptional cyclic performance, whilst increasing the ‘output’ signal
delivered to the OSA.

Another equally important conclusion was the beneficial effect of a reduction in the
SOA generated ASE ‘background’ signal when the system was correctly tuned to a
sensor. This was a result of the SOA power being focused into the amplification of the
required sensor signal, so reducing the population inversion within the device and
limiting the chance of spontaneous emission [6]. This characteristic of SOAs was
therefore found to have an overall advantage of further increasing the OSNR

performance.

Finally, in conclusion, though the experiment was very simple and conducted with only
basic lab equipment and FBGs from spare stock it was clearly apparent that using a
switched SOA in a cyclic configuration was a truly novel approach that provided a
TDM interrogation technique with exceptional performance. This new configuration
was therefore named the ‘resonant cavity’ architecture as it operated by creating a
virtual laser-like cavity between the broadband (rear) CFBG reflector and (an easily
selectable) FBG sensor via the switched SOA gain medium, such that the optical sensor

signal could by considered to cycle or resonate.

3.8 Removing the ‘out-of-band’ ASE using a coupler

Despite the many extremely positive results of the first cyclic system experiment, a
couple of disadvantages existed regarding extraction of the cavity signal ‘through’ the
rear reflector. Though the total number of components was very low, the configuration
resulted in the delivery of all out-of-band ASE into the measurement instrument (i.e. all
wavelengths beyond the bandwidth of the CFBG reflector). Whilst this was of no
consequence for correct identification of the sensor signal using the OSA, it did not
allow the use of other wavelength detection instruments (such as the Burleigh

wavemeter) or the possible use of passive (ratiometric) techniques [10, 11, 12, 13].

A further disadvantage of extracting the signal through the rear reflector was the
requirement for a CFBG with an intermediate level of reflectivity and ideally a low
level of ripple across the grating profile. Although it is not impossible to achieve this,
the cost to manufacture such a device was known to be greater than that of
manufacturing a device with a very high >98% reflectivity.
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For these reasons an attempt was made to extract the cavity signal as it was reflected

off, rather thén through, the rear reflector.

3.8.1 Circuit configuration

The circuit configuration used is shown in Figure 3.16, with the details of the new
higher reflectivity, narrower reflector shown in Table 3.8. The layout was similar to
the previous experiment, but with the addition of the coupler between the reflector and
SOA. The coupler was a fused fibre device with a transfer ratio of 10% / 90%. The
position of the connection to the OSA was moved to receive the output that was
extracted using the 10% tapping, in order to allow the majority of the signal (90%) to
remain in the cavity. Otherwise, the principle of operation of the system was the same

as for the previous experiment.

Note that the notation used to identify the tap ratio for each arm of the fibre coupler is
in accordance with that typically used by coupler manufacturers and is labelled with

respect to the signal propagating (bi-directionally) in the cavity.
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Figure 3.16 The equipment configuration that was used to access the removal of ‘out-of-band’ ASE

by the addition of a fibre coupler

Parameter Typical value
Central wavelength 1550.5 nm
Bandwidth 19 nm
Reflectivity at central wavelength >99 %

Table 3.8 The parameters for the narrower, higher reflectivity CFBG used as the broadband
reflector in Figure 3.16
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3.8.2 Experimental results
Figure 3.17 shows a recording taken using the OSA when the pulse repetition period
was adjusted to establish a virtual cavity between the rear reflector CFBG and the first

FBG sensor. Table 3.9 shows the key characteristics of this signal.
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Figure 3.17 An OSA recording of the signal received from FBG 1 for the configuration that
provided greatly reduced ‘out-of-band’ ASE. The OSA noise floor was -90dB

Bandwidth of Peak optical signal | Mean background | Ratio of the
background [nm] | power [dBm] noise power [dBm] | values [dB]
20 -20.7 -72.0 51.3

Table 3.9 The characteristics of the FBG signal (as taken from the OSA recording)

3.8.3 Observations and conclusions

The results proved that by extracting the cavity signal as it was reflected from the rear
CFBG (using a coupler) the bandwidth of the ASE (noise) was limited to the bandwidth

of the reflector. This factor alone provided an effective increase in total OSNR.

Most importantly however, by reducing the reflector width, the peak signal increased
by a further 12dB, while the peak to background ratio increased to an extremely high
value of 51.3dB. It was concluded that by limiting the background noise that the SOA
was required to amplify the device could focus on amplification of the required peak

and also reduce the unwanted ASE background that it generated.
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It was deemed that these two results would be extremely significant if a situation arose
where the resonant cavity architecture was used with a passive ratiometric detection
scheme[10, 12].

This new optical circuit configuration also had the advantage that the level of signal
extraction could be easily chosen by changing the coupler transfer ratio. Since no
signal was extracted from beyond the rear reflector this component could be made
=~100% reflective, significantly easing the manufacture process and allowing an
inherently lower reflection ripple. Unfortunately, there was a disadvantage with this
configuration, which was the increase in optical path length from the SOA to the rear
reflector due to insertion of the coupler. This increased length caused an increase in the
‘dead time’ and some consequential reduction in OSNR. The ‘dead time’ was the name
given to the time period when the SOA was first turned ‘on’, when the signal emitted
from its front facet contained only ASE and none of the amplified cycling signal. This
was because the cycling signal was not emitted until the returning reflection had been
gated through the SOA, had travelled to the rear reflector and returned to the SOA.
Increasing the distance from the SOA to the reflector increased this transit time. The

greater the ratio of the ‘dead time’ ASE noise compared to the total optical signal, the
lower the effective OSNR.

In this experimental set-up the path length between the SOA and rear reflector was
approximately 4 metres (due to the available patch cords and coupler), which resulted
in an estimated ‘dead time’ of ~40ns. This was insignificant in the experiment due to
the large =200ns optical pulses that were used, but was thought to be inappropriate for
a practical system that employed shorter pulses and closer spaced gratings. Fortunately
however, it was considered that by fusion splicing all fibre joints the total path length
from an SOA to a CFBG reflector via a fused fibre coupler could be less than 50cm,
which was more acceptable.

3.9 Moving the coupler to the ‘front’ of the SOA

Extracting the cavity signal using a coupler placed at the front of the SOA was also
investigated. It was anticipated that this would have the advantage of higher signal
level (due to the extra amplification pass of the SOA), but would be disadvantaged by
the presence of ASE noise across the full bandwidth of the device.
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3.9.1 Circuit configuration and operation

The circuit configuration used is shown in Figure 3.18. This was similar to previous
configurations, but with the coupler positioned at the front facet of the SOA. The

principle of operation was the same as for the previous experiment.
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Figure 3.18 The equipment configuration that was used to extract the signal from the ‘front’ of the
SOA

3.9.2 Experimental results

Figure 3.19 shows a recording taken using the OSA when a virtual cavity was
established between the rear reflector CFBG and the first FBG sensor. Table 3.10
shows a comparison between the optical signals obtained with this configuration and
those taken with the previous coupler position of Figure 3.16.
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Figure 3.19 An OSA recording of the signal extracted from the ‘front’ of the SOA when the system
was tuned for resonance with FBG 1
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Optical Cavity signal is | ASE noise | Mean ASE | Peak signal | OSNR

configuration | extracted from | bandwidth | noise level | level near peak
Figure 3.16 Rear reflector | 20 nm -72.0dBm | -20.7dBm | 51.3dB

Figure 3.18 Front of SOA >60nm -58.0dBm | -18.3dBm | 39.7dB

Table 3.10 A comparison between the signals reflected from the rear reflector and the ‘front’ of
the SOA

3.9.3 Observations and conclusions

As expected the results for this experiment showed that the peak signal level was
higher and that the ASE noise extended for the full bandwidth of the SOA device. But
the results also showed that the increase in ASE noise level was greater than the
increase in signal level, causing a reduction in the (peak to background) OSNR, when

compared to the cavity signal extracted in the previous circuit configuration.

Most importantly, if account was taken of the total integrated power of the signal and
total integrated power of the ASE noise and the ratio of these values calculated, then
the true OSNR was now significantly lower than for the previous configuration.

It was considered that as this new configuration provided a higher signal output power
but greater ASE noise it was most suitable for use with spectrometer and scanning filter
based wavelength detection schemes that are naturally bandwidth limited [14, 15, 16,

17, 18], while the previous arrangement was more suitable for ratiometric detection.

3.10 Extracting the signal reflected from the sensors

Finally, brief consideration was given to the benefit of rotating the coupler in the cavity
(which was the same as effectively repositioning the OSA to the other coupler arm,
since the coupler was reversible) so as to extract the signal as it was directly reflected
from the sensors, rather than after it had passed through the SOA.

It was considered that, whilst this arrangement would effectively circumvent the optical
gating effect of the SOA, a hypothesis was made that due to the resonant cavity
architecture and the natural reduction in ASE generated by the SOA (in the presence of
the strong cycling sensor signal) the interference of other sensors may not be too
significant for, for example, a WDM based system that used the resonant cavity

architecture as a method to extract a strong signal from a single sensor at a time.
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3.10.1 Circuit configuration and operation

The circuit configuration used is shown in Figure 3.20. This had the same arrangement

and mode of operation as the previous configuration except for the rotation of the

coupler.
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Figure 3.20 The equipment configuration that was used to extract the cavity signals as they were

reflected directly from the sensors

3.10.2 Experimental results and observations

Figure 3.21 and Figure 3.22 show recordings taken with the OSA when a virtual cavity
was established between the rear reflector and each of the sensor FBGs. Table 3.11
shows measﬁrements (taken from these recordings) of the peak level of the required
resonant cavity ‘signal’, the interfering ‘noise’ from the other sensor and the ratio of the

two values.
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Figure 3.21 An OSA recording of the signal reflected directly from the sensors. The system was
tuned for resonance with FBG 1, but interference from FBG 2 is visible

=20

N

A
[\

o
o

IS
=)

&
=)

&
3

Power [dBm]

~/

’ [ g—

1560 1562 1564
Wavelength [nm]

U
-
(=]

Wl

1554 1556

-80

Figure 3.22 An OSA recording of the signal reflected directly from the sensors. The system was
tuned for resonance with FBG 2, but interference from FBG 1 is visible

Virtual cavity Level of required | Level of interfering | Ratio of these
created with sensor | sensor (signal) sensor (noise) values (OSNR)
1 -30 dBm -70 dBm 40dB

2 -28 dBm -64 dBm 36dB

Table 3.11 The level of the required and interfering signals, as measured from the OSA recordings
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An observation from this experiment was that when the pulse repetition period was
adjusted such that no virtual cavity was established (i.e. the period did not match the
optimum value for either sensor) the ASE emitted by the SOA was broad and
approximately flat, such that both sensors were equally illuminated. With this setting
the configuration was essentially behaving as a standard WDM system [4].

3.10.3 Conclusions

It was concluded that this configuration could have significant practical application in a
WDM interrogation system that used any wavelength detection scheme that was only
able to operate with the reception of a single grating signal at a time. Using this
variation of the resonant cavity architecture provided a method of extracting a strong

signal from a single sensor, rather than equal (lower) strength signals from all sensors.

Additionally, whilst it was expected that the OSNR would decrease as additional
sensors were added to the system, the results of Table 3.11 showed that the true
integrated OSNR for a low sensor count system was far higher than for all previous
optical circuit configurations. This was due to the removal of the majority of the ASE
background noise; only the ASE within the bandwidth of the interfering sensor was
present.

3.11 Practical TDM using low reflectivity sensors

Whilst the initial experiments established that the resonant cavity architecture provided
the potential for optically gated TDM sensor interrogation, it was known that a
practical system would require the use of low reflectivity, narrow bandwidth sensors if
wavelength shadowing and 3-reflection crosstalk were to be kept at acceptable levels
[19, 20, 21]. Therefore, two FBG sensors were manufactured with nominally equal

wavelengths and lower reflectivity to quickly determine if the system would still
operate.

Reducing the sensor reflectivity caused a reduction in the level of the reflection signal.
This was expected to have a similar effect to that of increasing the optical loss in the
virtual cavity. A variable attenuator was therefore also added to the configuration to

allow controlled adjustment of the cavity loss to further evaluate performance.
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3.11.1 Circuit configuration and operation

Prior to inserting the attenuator, the optical configuration used was similar to the
previous arrangement of Figure 3.16. The configuration that included an Agilent 8156A
variable optical attenuator is shown in Figure 3.23. In both configurations lower

reflectivity sensor FBGs were used, the key properties of which are provided in Table

3.12.
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Figure 3.23 The equipment configuration that was used to access the feasibility of using low
reflectivity FBG sensors in the resonant cavity architecture

Fibre Bragg Central Reflectivity at central | FWHM

grating number | wavelength [nm] | wavelength [%] bandwidth [pm]
1 1553.6 4 180

2 1553.4 4 185

Table 3.12 The parameters for the lower reflectivity FBG sensors used in Figure 3.23

3.11.2 Experimental results

Figure 3.24 shows a recording taken with the OSA when a virtual cavity was
established between the rear reflector and the first sensor, before the optical attenuator
was inserted into the circuit. Figure 3.25 shows a plot of the change in peak signal,
background ASE noise level and the ratio of these two values, before the attenuator was
inserted (0dB value) and when the attenuator was inserted and adjusted through a range
of values. The minimum level that could be created by the attenuator was calibrated

using the SLED source and a power meter and was found to be 3.8dB.
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Figure 3.24 An OSA recording of the signal from FBG 1 without the attenuator in place
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Figure 3.25 The change in the peak signal and the background ASE noise for low reflectivity FBG
sensor 1 when varying levels of attenuation were added to the cavity

3.11.3 Conclusions
The results showed that although the peak level and the signal-to-ASE-background

ratio were both significantly reduced as a result of using lower reflectivity sensors, a
resonant cavity could still be achieved until the attenuator reached 13dB. As an
attenuator setting of 3dB could be considered as creating a total cavity loss of 6dB (due
to the bi-directional dual pass of the instrument) this was considered the equivalent of

having a cavity with no added loss, but with a sensor grating reflectivity reduced by a
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further factor of ~4. A value of 13dB therefore represented possible operation with

very low reflectivity sensors (<<1%).

In conclusion, it was considered that the resonant cavity architecture appeared capable
of providing optically-gated time-division-multiplexing of Bragg grating sensors that
were of sufficiently low reflectivity that they should not suffer significant wavelength
shadowing or 3-reflection crosstalk [19, 20, 21].

3.12 Basic evaluation of grating shadowing and crosstalk

Having proved that the resonant cavity architecture was compatible with low
reflectivity sensors, a theoretical and experimental appreciation of the numerical level
of wavelength-shadowing induced crosstalk was considered beneficial.

A basic mathematical model was developed, which assumed that the SOA acted as a
pure, linear amplifier and that each of the FBGs in the architecture modified the optical
cavity signal according to the ideal transmission and reflection profiles provided by the
Optiwave IFO software package that was used to design them. Functions were added
to the basic model to adjust the number of cavity cycles that the optical signal
experienced, the system gain and loss and the reflectivity of each grating. An
animation section was also developed to allow automatic plotting of the effect of

varying the wavelength overlap between cavity sensors.

Although based on many assumptions and simplifications, the final software was
considered valuable since it provided the ability to investigate the effect of using FBGs
with different profiles or reflectivity and provided some appreciation of the likely shape
and response of the cavity signal.

Having used the model to assess a range of possible sensor profiles some FBG arrays

were then also produced to allow actual experimental measurement of the crosstalk.

3.12.1 Methodology

The basic mathematical model used to predict the form and level of wavelength-
shadowing induced crosstalk was developed using National Instruments’ LabVIEW
and is shown in Figure 3.26. Operation of this software was as follows:
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First a standard grating design package (Optiwave IFO) was used to create data
files of the theoretical transmission and reflection profiles of the sensors to be
modelled. For this step the exact reflectivity of the profiles was largely
unimportant

These data files were then loaded into the LabVIEW model

Modification of the effective reflectivity of the profiles used in the modelling
was then possible using simple controls to allow easy evaluation of the effects
of crosstalk from devices of different reflectivity

System gain and loss were also modelled and adjusted in a similar manner

The number of cycles of the signal in the cavity and the effect of the transmitted
signal after each cycle was then also adjustable using various controls and could

be plotted using visual charts

Calculation of the peak and central wavelength of the cavity signal after each
cycle was then carried out by the software to provide a plot of the cycling

induced profile error

Animation of these results (as the wavelength offset between sensors was
adjusted) then produced plots of crosstalk as a function of both wavelength-
separation and sensor bandwidth
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Figure 3.26 A screen snapshot of the animated model that was developed and used to predict the
form and extent of wavelength-shadowing induced crosstalk

Figure 3.27 shows the optical circuit configuration that was used to experimentally
determine the level of interaction that actually occurred between sensors. It can be seen
that in this experiment an improved pulse generator was used. This device was able to
deliver very short high-power SOA drive pulses that allowed the sensors to be spaced
at just 2m intervals. The full design details for this circuit are discussed in chapter 4.
but its principle of operation can be considered as being the same as for previous

configurations.

To improve confidence in the results, two different FBG sensor arrays were evaluated:
the first had sensors that were ~4% reflective with 300pm FWHM bandwidth, while
those in the second array were also ~4%, but had only 75pm bandwidth. In each case
the FBGs were temperature tuned by up to 60°C (with an accuracy of =1°C) by thermo-
electric coolers (TECs). To evaluate the crosstalk the wavelength of sensor 1 was
tuned across the spectral range of sensor 2, whist the central wavelength of the resonant

signal from each sensor was measured with the OSA and recorded.
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Figure 3.27 The equipment configuration that was used to experimentally measure the extent of
wavelength-shadowing induced crosstalk
3.12.2 Results and observations

Figure 3.28 and Figure 3.29 show the experimentally obtained results for the 300pm
and 75pm bandwidth FBGs respectively.
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Figure 3.28 The results of experimental evaluation of wavelength-shadowing induced crosstalk for
FBG sensors of 300pm bandwidth
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Figure 3.29 The results of experimental evaluation of wavelength-shadowing induced crosstalk for
FBG sensors of 75pm bandwidth

The error-bars indicate that exact central wavelength measurement was difficult using
the OSA due to its wide (50pm) filter window, while the limited range achieved by
temperature tuning also reduced the full effectiveness of the experiment. For the
broader gratings only the basic central peak could be recorded, but for the narrower
gratings the tuning range was sufficient to suggest that the shape of the crosstalk-
induced shift was approximately a ‘sinc’ like function.

This shape was favourable with the mathematical modelling of the two overlapping
Gaussian FBG profiles, but the magnitude was found to be slightly larger than the basic
modelling had predicted. Table 3.13 shows the experimental and modelled shifts and
the error between them for both grating profiles.

Sensor grating | Modelled peak-peak | Experimental peak- Difference
3dB bandwidth | wavelength shift peak wavelength shift | between values

75pm 3.8 pm =5 pm 1.2 pm
300pm 15.2 pm =16 pm 0.8 pm

Table 3.13 The experimental and modelled levels of wavelength-shadowing induced crosstalk for
the two bandwidths of FBG sensor

An further observation from the experiment, which was in reasonable agreement with
the modelling, was that the main reason for an effective shift in central wavelength was
as a consequence of a change in the signal profile shape; rather than a complete shift in

the profile, the shadowing caused a reduction in strength to one side of the signal only,
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which created an asymmetry. Since this asymmetry was most apparent near the peak,
but of less significance ~5dB down, it was concluded that using a curve fitting
technique could remove the shadowing effect and reconstruct the original signal, and so

reduce the total measured crosstalk.

3.12.3 Conclusions

The experimental results showed that although a small level of wavelength-shadowing
induced crosstalk did occur when using low reflectivity sensors, the directly measured
magnitude for the narrow sensors was acceptable for most practical systems;
shadowing effects of <10pm for a system designed for a >10nm range equated to
<0.1% error.

Additionally, due to asymmetric nature of the crosstalk, it was concluded that
mathematical curve fit correction could probably be developed to reduce this measured
magnitude still further, if required.

A further conclusion of the experiment was that as a small discrepancy did exist
between the experimentally measured and mathematically modelled results, perhaps a
greater understanding of the internal dynamics of the resonant architecture would be
required if a better model was to be produced.

3.13 Basic evaluation of cavity signal evolution

After further consideration regarding the reason for some discrepancy between the
basic modelled results and the experimentally measured system, a decision was taken
investigate the evolution of the cavity signal from its initial phase as a flat broadband
ASE pulse, through to a strong and narrow laser-like peak. A hypothesis was made that
for each cycle of the system the signal would become stronger and narrower until
equilibrium was reached. It was proposed that this evolution would be mathematically
related to the repeated self-convolution of the sensor grating profile.

3.13.1 Experimental configuration

The experimental set up used is shown in Figure 3.30. The optical configuration
included a single low reflectivity sensor and was similar to many previous
arrangements. The pulse generator, however, was specially developed for this

experiment. The detailed design of this device is discussed in chapter 4, but an outline
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of its mode of operation is given in Figure 3.31 and its use in the experimental

procedure was as follows:

e The pulse generator configuration was controlled from a PC via an Ethernet

connection

e The pulse repetition period of the generator was initially configured to cause

cyclic cavity resonance with the single FBG sensor in the usual way

e The generator configuration was then changed so that instead of delivering a

continuous chain of pulses, it failed to deliver every other pulse.

e When a pulse was not delivered to the SOA the device remained in the ‘off
condition and provided attenuation of >50dB. Any reflections that return to the
SOA in this condition were therefore fully blocked and absorbed from the

system

e In such a condition the OSA was used to record the cavity signal, which did not

contain any cycling pulses

e The pulse generator was then re-adjusted to deliver two correctly timed pulses
and to miss every third pulse

e Again, the OSA was used to record the cavity signal, which then contained
pulses that had cycled once in the system

o The generator was repeatedly re-adjusted in this manner to deliver an
incrementally greater number of cycling pulses before missing an output and

stopping the cyclic action

e For each re-adjustment of the generator, the OSA was used to record the cavity

signal

e The process was repeated until no significant change was seen in the OSA

recordings

106



Coupler g9 | A_R | osa

SOA /-\
A S ) 100m
7 -»>
A 100%  90% (_J —
CFBG A
[ Fibre Reel = FBG Sensor
1,2,.n
-4V | I I I
FromPC e > timer PC controlled, variable-cycle-count

programmable pulse generator

Figure 3.30 The equipment configuration used to assess the cavity signal evolution

Pulse generator output Description of output Effect on resonant cavity signal

T T T T T T T T T T T T Continuous chain of pulses Infinite cavity cycles

T T T T T T Single pulse followed by a gap No cavity cycling

T T T T T T T T Two pulses followed by a gap Single cavity cycle

T T T T T T T T T Three pulses followed by a gap Two complete cavity cycles
T T T T T T T T T T Four pulses followed by a gap Three complete cavity cycles
T T T T T T T T T T Five pulses followed by a gap Four complete cavity cycles

Figure 3.31 An outline of the operation of the ‘pulse counting’ signal generator that was developed
to assess the cavity signal evolution _

3.13.2 Results

Figure 3.32 shows an overlay of the recordings taken with the OSA for increasing
cavity cycles. Unexpectedly, little change of signal shape occurred, but the strength of
the cavity signal did increased with each cycle until 11 pulses or 10 complete cavity
cycles, after which no further significant change occurred.

Figure 3.33 shows an oscilloscope trace of the optical signal level that was measured in
the cavity (using the amplified photodetector of Figure 3.5) when the system was set to
cycle 9 times. This also shows that the signal level continued to increase until it

reached an approximate equilibrium after 8 cycles.
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Figure 3.33 An oscilloscope trace of the cavity signal amplitude showing its evolution over a series

of 9 cycles

3.13.3 Conclusions

The results of this experiment were considered to prove that whilst for each cycle of the
cavity the optical signal was only modified once by the sensor profile, once by the rear
reflector profile and the twice by the SOA gain characteristic, the signal did not remain
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constant, but evolved in both strength and shape during repeated cycling until an
equilibrium was achieved. It was felt that since (within the optical limits experienced
by the system) the FBGs could be considered entirely passive and linear, the SOA was
proven to exhibit a complex and highly non-linear optical characteristic, which
although documented for standard telecommunications operation had not previously

been considered or proven in this switched architecture.

It was concluded that the experiment had been sufficient to fully confirm that an
evolution of the cavity signal did occur and that equilibrium was typically reached in
less than 10 cycles, but unfortunately it was felt that creation of an accurate model of
the system would require more effort and a better understanding of the complex
operating regime of the SOA. Unfortunately, due to time and equipment constraints,
no further work was carried out to take this model further.

3.14 Multiple rear reflectors for hybrid WDM/TDM operation
During experimental work an idea was proposed for a hybrid WDM / TDM system that

would offer the potential to reduce the spacing required between adjacent FBG sensors.
This was favoured since at that time (using the typical resonant cavity architecture) the
minimum allowable sensor spacing was 1-2m and could not be reduced further due to a
requirement for an optical pulse of sufficient length to operate the wavelength detector

system.

The new idea was to use a series of rear reflectors, each operating in distinct
wavelength regions (e.g. type ‘A’ covering a wavelength region ‘A’ and type ‘B¢
covering region ‘B’) and to then interleave FBG sensors of different wavelengths (e.g.
a type ‘A’ that operated in wavelength region ‘A’ and type ‘B’ that operated in region
‘B’), such that sensors of similar wavelength (e.g. all type ‘A’) were at least 2m apart,
but such that sensors of different wavelengths (i.e. a type ‘A’ and a type ‘B’) were
spaced closer together. It was then proposed that by making further modifications to
the programmable pulse generator, a dual pulse system would allow dynamic selection
of an individual rear reflector, thus forcing cavity resonance with only a single sensor

in any 2m sensing region (e.g. resonance between a type ‘A’ rear reflector and a type
‘A’ sensor FBG).
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3.14.1 Experimental configuration

Figure 3.34 shows the experimental configuration that was used to evaluate the idea,
whilst Table 3.14 shows the optical characteristics of the sensor and rear reflector
FBGs. The full detailed design of the dual-pulse version of the programmable pulse
generator used for this configuration is discussed in chapter 4, but an outline of its

mode of operation is given in Figure 3.35.

The experimental procedure was as follows:

e The programmable pulse generator was adjusted so that the time between each
of the pulses within a pulse pair (t3-tz) was equivalent to the propagation from
the SOA to rear reflector type ‘A’ and back again

e The duration between separate pairs of pulses (t;-t;) was then adjusted to cause

cavity resonance with the first sensor (i.e. FBG 1)
e An OSA recording was then taken of the cavity signal

e The period (t3-t;) was then changed (which naturally also changed the overall
repetition duration of the periodic sequence) to favour the rear reflector of type
‘B’ and achieve resonance with the second of the sensors (i.e. FBG 2)

e A second OSA recording was then taken of the new cavity signal

e The procedure was then repeated for FBG sensors 3 and 4 by first adjusting the
time period (t3-t;) to operate the resonant system in wavelength region ‘A’
(using rear reflector ‘A’), but with a setting (t;-t,) suitable for sensor 3, then re-
adjustment was made of period (t3-t;) to allow a new resonance with rear

reflector type ‘B’, and hence with sensor 4
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Figure 3.34 The equipment configuration used to assess the hybrid WDM/TDM dual-pulse
resonant cavity architecture

Fibre Bragg grating | Central wavelength [nm] | Bandwidth [nm] | Reflectivity [%]
Rear reflector A 1552.0 6.6 >95

Rear reflector B 1565.1 6.0 >95

Sensors of type A 1553.9 0.3 ~4

Sensors of type B 1565.6 0.3 ~4

Table 3.14 The parameters for the rear reflector and sensor FBGs used in Figure 3.34
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broadband ASE pulse that propagates towards the rear reflectors

At time t, the SOA is turned on to produce the (required)
(and an interfering pulse that propagates towards the sensors).

one of the rear reflectors. This gated signal provides the required

) At time t; the SOA is turned on to gate through the reflection from
sensor illumination and propagates towards the sensors.

1]

SOA to A At time t; the SOA is turned on to gate the reflection from the
< s:r;)sork S required sensor and lower level interference from sensors nearby.
SR QAR S0 These signals all propagate towards the series of rear reflectors.

+]
. A At time t; the SOA turns on again to gate only the required sensor
S?IA :graailggbl:cr:ar <> signal, since this has been preferentially reflected from a single rear
TehcH reflector and therefore arrives in sync with the SOA. It is amplified
t and propagates out again towards the sensors to start the complete
3 > cycle over again, in a manner similar to the occurrence at time t,,
Time [not 0 scale, but typcally ns]

Careful consideration of the required and interfering illumination and reflection signals shows that only a single sensor
will be optimally cycled in the cavity.

This is because there will be only a few consecutive sensors located spatial within the array such that the propagation
time from the SOA to the sensors and back is a close match to time duration between pulse pairs (i.e. time t;-t,), and also
since of those few sensors, only one will have a wavelength that falls within the reflection bandwidth of the single rear
reflector. This reflector is the (only) one that is spatially positioned at a propagation time (t;-t;) from the SOA.

By adjustment of the pulse generator durations (t;-t;) and (t;-t;), any single grating can hc selected for cavity resonance,
even though gratings may be closely spaced.

Figure 3.35 An overview of the mode of operation of the dual-pulse SOA drive used in the hybrid
WDM/TDM resonant cavity architecture
3.14.2 Results and observations

Table 3.15 shows the peak optical signal power, the general background noise and level

of interference for each of the four sensors.

Sensor | Peak power [dBm] | Background [dBm] Largest interference [dB]
1 224 -47.0 -42.1

2 -24.3 -46.8 No interference noted

3 -21.6 -48.3 -45.3

E -23.7 -47.0 No interference noted

Table 3.15 The peak signal and interference levels experienced by each of the sensors in the dual-
pulse system

3.14.3 Conclusions

The first experimental results of using multiple rear reflectors to closely space sensors
by hybrid WDM / TDM successfully demonstrated the technique. The level of
interference was low and the tuning between sensors could be quickly and easily
achieved.
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Therefore, although further work was not carried out on the technique at the time,
additional work is very likely in the future. Such work will include trials with a
standard telecommunications WDM splitter to allow the use of multiple, parallel arrays
of FBG sensbrs, each operating in a different wavelength window, as defined by the
splitter.

Other work using this hybrid system and a WDM splitter will include trials of a series
of looped sensor configurations that are hoped to provide sensor redundancy and failure

tolerance, for use in fire detection and harsh area sensor systems.

3.15 Summary of results

This chapter has included numerous proof-of-concept experiments that have each
covered an entirely new optical sensing circuit configuration. Each of these
configurations has been shown to provide a unique range of advantages, disadvantages
and operational characteristics, which are likely to mean that one particular circuit
variant would be favoured over another, depending on the requirements of a particular
application. Therefore, to ease with reference and comparison when selecting between
circuit configurations, Table 3.16 provides a brief summary of the results for many of
the configurations detailed within this chapter. However it should be noted that as each
of the experiments was carried out individually (over a period of several months),
comparison between results should be considered only as an outline guide; before any
decisions are taken a more detailed reference should be made to the appropriate
sections of this chapter.
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Optical circuit configuration and | Optical signal | Optical signal | Comments

the associated reference section level at peak | to noise ratio

within this chapter (mean) [dBm] | [dB]

None cycling pulses with SLED -33.5 19.5 Unidirectional
source, gated SOA and high gating only
reflectivity sensors (Section 3.5)

None cycling pulses with SOA as | -27.4 239 Unidirectional
source, amplifier and gate. High gating only
reflectivity sensors (Section 3.6)

Resonant cavity. Signal extracted | -32.5 40.9 High out-of-
through rear reflector. High band ASE
reflectivity sensors (Section 3.7) noise
Resonant cavity. Signal extracted | -20.7 51.3 No out-of-band
off rear reflector. High reflectivity ASE noise
sensors (Section 3.8)

Resonant cavity. Signal extracted | -18.3 39.7 Higher out-of-
from front of SOA. High band ASE
reflectivity sensors (Section 3.9) noise
Resonant cavity. Signal extracted | -28.0 36.0 Integrated
direct from sensors. High OSNR is very
reflectivity sensors (Section 3.10) large
Resonant cavity. Signal extracted | -22.0 29.0 Low crosstalk,
off rear reflector. Low reflectivity low cost

(4%) sensors (Section 3.11) Sensors

Table 3.16 A brief summary of the results taken for many of the optical circuit configurations

detailed within this chapter

3.16 Chapter conclusion

3.16.1 The novel resonant cavity architecture

This chapter detailed the proof-of-concept experiments designed primarily to prove the
original hypothesis; that it was possible to time-division-multiplex FBG sensors using
the optical gating characteristics of an SOA. The successful outcome of these
experiments not only proved the hypothesis but also led to the conception of a novel

and entirely unique method of TDM sensor interrogation. The resonant cavity
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architecture developed was shown to provide a real solution to optical gated TDM,
using only low reflectivity sensors and a few solid-state components to generate large
OSNR, high peak signal power and minimum crosstalk. As such this novel architecture

represented a significant milestone in TDM sensor interrogator research.

Previously reported WDM interrogation systems suffered from a number of drawbacks;
due to the finite optical bandwidth of the source and detector components they
supported only a limited number of sensors with a limited measurement range. They
also required expensive bespoke array design using high reflectivity sensors at different
wavelengths and produced installed solutions that were difficult to extend at a later
time. These factors therefore made most WDM variants of limited commercial value.
The few previously reported TDM systems were also shown to be commercially
unattractive, either due to requirements for large sensor spacing and inherent problems
with noise and poor OSNR, or as a result of the requirement for numerous expensive,

bulky, fragile and power inefficient components.

By contrast, the limiting factors of previously reported systems were eliminated in the
novel resonant cavity architecture and so it was concluded that commercial opportunity
existed for this new technology. An extensive series of patent protection applications
were therefore filed and significant company focus was directed to identifying the
revenue potential. A market study investigated both new and existing optical sensing
applications to quantify the limitations imposed by other interrogation technology and
identify the potential improvements offered by a new approach. Three primary market
areas were identified, offering a large revenue potential for a TDM system that could be
produced in volume and that delivered a low cost, high sensor count, solid-state
solution. The fundamental optical specification for such a system largely dictated the
interrogation of tens of low reflectivity sensors, spaced a minimum of 2m apart.
However, also highlighted was the fact that existing systems suffered from limited
environmental performance and flexibility, and as such the development of a range of
power supply and connectivity options and extended environmental operation and

lifetime, was also considered essential.

3.16.2 Key sub-systems

Following the decision to develop a commercial TDM sensor interrogation around the
resonant cavity architecture, a modular and iterative research and development process

was initiated. Figure 3.36 shows the key sub-systems that were identified and
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evaluated to determine their fundamental significance to the project and the risk of
failure they may contribute. Those that represented the greatest level of risk were

assigned the highest priority and were generally developed first.

Practical and Multi-output power SOATEC
environmentally supply system with controller
suitable enclosure power-saving options
Wavelength Optical circuit: Programmable,
detection |__| coupler, CFBG, | _| pulsed, SOA drive
sub-system connector etc. sub-system
: . I
Versatile Primary microprocessor

— > communications | __| based controller, executing

interface dedicated ‘C’ based firmware
PC low-level PC based control, set-up and
SN communications | _| data acquisition software with

drivers application program interface

Figure 3.36 The key sub-systems that were originally envisaged for a commercial fibre sensor

interrogator based on the resonant cavity architecture

e Configurable pulsed SOA drive system
In contrast with the original proof-of-concept arrangement, a requirement of the final
commercial SOA drive system was that it occupied a minimal PCB footprint, had total
volume no greater than a matchbox and was capable of gating the reflection signal from
sensors spaced only 2m apart, anywhere within many thousands of metres of fibre.
Successful development of a configurable drive system capable of switching the SOA
with nanosecond speed and accuracy over a large range, whilst ensuring a stable
operating current and temperature, was considered the most crucial and difficult part of
the project. Failure to produce a solution with sufficient versatility was expected to

render the final system commercially unviable.

o  Wavelength measurement system
Assuming that a commercially viable level of optical multiplexing could be established
from the SOA drive, wavelength measurement was considered to be the next most
important sub-system. The valuable proof-of-concept experiments demonstrated a
number of circuit configurations for extraction of the cavity signal, each having
different optical characteristics. Coupled with other results, which showed only a

single dominant sensor signal existed in the cavity at any time, it was concluded that a
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range of techniques for the wavelength measurement sub-system could be employed

within the resulting TDM interrogation system.

o The power, connectivity and control systems
It was concluded that the power supply, connectivity and control sub-systems were of
significantly lower risk, since although challenging, they were thought likely to be

development-only tasks and were not expected to require significant new research.

Although the key sub-systems were initially identified as isolated units, it was
anticipated that overlapping and interrelated development would occur between
systems. In particular it was concluded that progress should be made in a series of
incremental steps (rather than directly aiming for the final system specification) as this
was expected to allow the greatest freedom for the natural cycle of ‘research-leading
development-allowing further research’. Therefore, for clarity, the following chapters
provide separate detailed discussion of each of the key sub-systems; though it should be

remembered that often work was actually carried out concurrently amongst systems.
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4 CONFIGURABLE SEMICONDUCTOR OPTICAL AMPLIFIER
DRIVE SYSTEM

4.1 Chapter overview

In the previous chapter the results of a market research study concluded that a
commercial interrogation system based on the resonant cavity architecture would
require a minimum fibre Bragg grating (FBG) sensor spacing of 2m. Achieving this
goal was largely dependant on an ability to control a semiconductor optical amplifier
(SOA) in such a manner so as to perform the function of an optical gate with

nanosecond switching speed and timing accuracy.

However, attaining a goal that was nearly two orders of magnitude greater than had
been demonstrated in the proof of concept experiments depended on the successful
design of a dedicated SOA drive sub-system. Therefore, this chapter focuses on the
research and development that occurred on this, the single most essential part of the

resonant cavity fibre sensor interrogator.

Details are given of the steps taken in a cycle of ‘research driving development,
allowing further research’ that concluded with the final commercial system design.
Included in the discussion is the requirement for and development of a variable gain
control system that was found to be essential for correct device operation in variable
loss environments, as well as details of a range of test harnesses, auxiliary functions
and SOA drive variants, which were also produced to support parallel research on the
wavelength detection and micro-controller sub-systems.

The chapter concludes with a comparison between the initial requirements of the sub-
system and the specification of the final commercial design and then reflects on the

academic and commercial importance of this successful result.

Although the majority of the experimental work described in this chapter is new and
does not repeat existing work, it does build on a wealth of knowledge gained by
previous researchers working in fibre Bragg grating based optical sensing and
electronics. Since many excellent review articles [1, 2] and books have covered earlier
work it is not the intention of this chapter to repeat this information. The reader is,

however, encouraged to refer to chapter 2 for an overview of the theory.
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4.2 The implications for operation with 2m spaced sensors

In chapter 2 it was shown that in wavelength-division-multiplexed (WDM) systems the
minimum sensor spacing is only limited by FBG fabrication and so is typically a few
centimetres for modern manufacturing methods. The actual WDM interrogation
technique does not dictate any spatial limitations as all FBG sensors operate in distinct
wavelength windows. It was also explained that this is not the case for TDM, since all
FBGs occupy the same wavelength window and so sensor spacing is directly dictated

by the optical gating speed that can be achieved at the interrogator.

For a typical single mode optical fibre having an effective refractive index (n.z) of 1.48,
reflections from FBG sensors spaced at 2m intervals were shown to arrive just 19.4ns
apart. This result highlighted the first criterion for any optical gating system designed
to operate with closely spaced FBG sensors:

e For sensor spacing of 2m, the optical gate must open, allow the required
reflection to pass through, and then to close again within 19.4ns

In reality, it was realised that since 19.4ns specifies the total period available for the
gate to open, allow the signal through and close again, the actual time available for the
gate to switch between the open and close states must be minimised, such to maximise
the total integrated signal delivered to the wavelength detector during the gate open
phase.

Two further criteria were therefore also considered essential for an optical gating

system designed to operate with sensors only 2m apart:

o The time taken to switch between the open and closed states must be as fast as

possible and in every case must be in a time significantly less than 19.4ns

e The time resolution required to determine when the optical gate should open

and when it should closes must also be accurate to within a fraction of 19.4ns

However, it was also considered that there would be applications where it was possible
to space FBG sensors at distances greater than 2m. Therefore, it was preferable to also
provide a facility for variable optical gate timing, to optimise the total received signal
power and improve total optical signal to noise ratio (OSNR) in those applications
employing widely spaced sensors.
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Table 4.1 shows the target timing specification for the SOA drive sub-system, as it was

perceived when design of a commercially viable interrogator first began.

Parameter Descriptive target Numerical target
Time taken to open optical gate Fraction of 19.4ns 2ns

Time taken to close optical gate Fraction of 19.4ns 2ns

Time gate open for 2m spaced sensors Large part of 19.4ns | 15ns

Time gate open for variably spaced sensors 15ns-75ns

Table 4.1 The target timing specification for the SOA drive sub-system

4.3 The proof of concept SOA drive system

Having established some of the target specifications for the final system, focus turned
to evaluating the performance of the drive system used in the early proof of concept
experiments. An appreciation of the performance of the original solution was favoured
in order to provide a foundation for incremental improvement and allow charting of
progress towards the final solution.

4.3.1 The original drive arrangement

Figure 4.1 and Figure 4.2 review the original drive components and their behaviour and
also show a connection to an amplified photodetector and oscilloscope that was

sometimes used to monitor the optical output signal.
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Figure 4.1 The pulse generator and SOA drive components that were used to conduct the early

proof of concept experiments
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Figure 4.2 An idealised representation of the signals at locations A and B in Figure 4.1

4.3.2 The disadvantages

This original arrangement had proved simple and inexpensive to construct in the
laboratory and had been sufficient for early proof of the resonant cavity architecture,
but it was found to have limitations that made it unsuitable for a commercial system.

These included:

e The use of two laboratory instruments, which were bulky, power inefficient and

expensive
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A limitation of the Agilent instrument that meant that the matching of the cavity
round-trip time was only possible by adjustment of the signal repetition rate in

the frequency domain rather than the time domain

A limitation of the Agilent instrument, manifesting from it utilising direct
digital synthesis, which meant that it suffered from reduced tuning resolution at
higher frequencies, so resulting in sensors further from the SOA being tuned
with greater ease than those closer to the SOA

A limitation of the TTI instrument (which was also DDS based) that meant it
suffered from a limited pulse length resolution of only 50ns and a shortest pulse
of 50ns

A further limitation (that also appeared to be due to the digital nature of the TTI
instrument) resulted in variable triggering latency of between 25 and 50ns. This
caused jittering in the pulse positioning and hampered accurate tuning of the

instrument when matching the resonant cavity round-trip time

Finally, measurements taken using the photodetector and oscilloscope indicated
that electrical pulses of 100ns duration resulted in the SOA generating optical
pulses with durations of up to 300ns

4.4 Logic-gate-delay based pulse generator

Having considered all of the limitations of the previously described system it was felt

that although the use of the Agilent square wave frequency source (as a method of

adjusting the pulse repetition rate) was not ideal, it was not as limiting as the poor
performance of the TTI function generator used to set the SOA ‘on’ time.

A simpler, but more reliable replacement for the pulse generator was therefore required
to allow research into the cause of the large discrepancy between the length of the

electrical drive pulses to the SOA and the duration of the optical signal so produced, as

discussed in chapter 3.

4.4.1 The design requirements

The design requirements for this replacement pulse generator were as follows:

Simple

Internal experimental use only
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e Quick to construct from common components (less than 1 day)
e Low cost (preferably less than £100)
e Need not be elegant, but should be reliable (required for a few weeks)

e Need not provide accurate timing, but should have short-term repeatability

(over a period of 10 minutes)

The functionality required was as follows:

Preferably TTL compatible, but anything up to 10V could be accommodated
e Should be edge triggered from a square wave source (10kHz to 2MHz)
¢ Should produce a square pulse with duration of between 20 and 100ns

e May have a constant latency between trigger and output if necessary, but any

variation in latency should be less than 20ns

4.4.2 The solution

The final solution designed and constructed to meet these requirements is shown in
Figure 4.3. Figure 4.4 shows its response at points A-E for a complete square wave

cycle, as input from a function generator to point A.

(&) B)
> o4 o4 o

@ _ @
O] O

]

Figure 4.3 The final design of the logic-gate-delay based pulse generator
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Figure 4.4 The response of the logic-gate-delay based pulse generator to a square wave input,
highlighting the signals marked A-E in Figure 4.3

The design was based around two ‘quad 2-input NAND’ gates interconnected to utilise
logic-gate input-to-output propagation delays [3, 4]. A switch was provided to select
between 3 or 5 gate delays and had the potential to produce pulses in the range 15ns to
500ns depending on the logic family chosen [5]. Construction of the design required
careful consideration of RF techniques to minimise stray coupling and provide effective
switching performance; minimising lead length and tracking distance was a primary
focus [6].

The completed solution worked well and was sufficiently short-term stable and
repeatable that it caused no significant measurement error in a laboratory environment.
However, it was very crude and was not intended for use in a production design due to
the unpredictable variation that occurred between individual gates. These differences

were known to be strongly dependent on operating temperature, the silicon batch,
device manufacturer and their method of fabrication.

4.5 Measurement of SOA switching times

4.5.1 Circuit configuration

Using the logic-gate-delay based pulse generator the experiment shown in Figure 4.5
was conducted to determine the cause of the discrepancy that appeared to exist between
the length of the electrical drive pulse delivered to the SOA and length of the optical
pulse so generated.
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Figure 4.5 The experimental configuration that was used to determine the cause of discrepancy
between the length of the electrical and optical pulses

The input electrical pulse duration was adjusted in steps based on selection of either 3
or 5 gate delays and with a range of different logic gates from different logic families.
The actual duration of the electrical drive pulse delivered to the SOA and optical signal

it provided were then measured and recorded using the two channels of the
oscilloscope.

The experiment was repeated twice, first with the SOA in isolation and then with an
Agilent 8164A tuneable laser source adjusted to provide a narrow signal of 0dBm

power and 1550nm wavelength to act as an optical input signal.

4.5.2 Experimental results and observations

Table 4.2 shows the relationship between the duration of the electrical drive signal and
the resulting optical output when the tuneable laser was disabled and SOA was driven
in the absence of an optical input signal. It can be seen that the duration of the optical
output was partially related to the duration of the input signal, but in all cases was

significantly longer.
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Duration of electrical drive | Duration of the resulting optical
signal into the SOA [ ns] output signal from the SOA [ns]

30 220
50 270
110 300

Table 4.2 The relationship between the length of the electrical and optical pulses when the SOA
was operated in absence of an optical input signal

In contrast, Table 4.3 shows that the duration of the optical output could be
significantly reduced if the tuneable laser was enabled and the SOA was required to

amplify and deliver a large optical output.

Duration of electrical drive | Duration of the resulting optical
signal into the SOA [ns] output signal from the SOA [ns]

30 90
50 ' 120
110 180

Table 4.3 The relationship between the length of the electrical and optical pulses when the SOA
was operated with a large optical input signal

4.5.3 Conclusion

It was concluded that the significant increase in the duration of the optical output
(relative to the electrical drive) when the SOA was operated in the absence of an optical

input signal might relate to saturated population inversion occurring within the device.

It was considered that when the electrical drive to the SOA was enabled, a population
inversion would always begin to build, which in the presence of an optical input would
be equally quickly depleted as stimulated emission occurred and a high power
amplified optical output was produced. In this mode, when the electrical drive ended,
the stimulated emission would quickly deplete the population inversion and the optical

output would cease almost instantaneously.

In contrast, in the absence of an optical input signal, the population inversion would
build until saturation was reached, as spontaneous emission would be the only
significant depletion mechanism; some stimulated emission could occur, but it would

be the result of spontaneous output in other parts of the device only. Therefore, beyond
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the end of the electrical drive signal, an additional time would exist when spontaneous
emission could continue to be produced, as the population inversion would be depleted

less rapidly.

4.6 Trials with a dedicated laser-diode driver component

Having evaluated the performance of the original SOA drive circuit and determined
that the optical pulse duration was potentially partially dependant on the presence of an
optical input signal, attention was focused on alternative methods of controlling an

SOA to provide some improvement on the switching performance.

One potential solution considered was the use of an iCHaus iC-HK dedicated laser-
diode driver component designed for applications within telecommunication systems
and laser printers. The small semiconductor device was promoted as having a fast
switching speed, good compatibility with standard logic signals and being capable of
advanced current control with feedback; so offering the potential for a variable-current

mode of operation.

It was considered that by tailoring the current delivered to the SOA throughout each
pulse period it might be possible to improve the overall switching performance.
Unfortunately, since the datasheets and other manufacturer documentation was sparse,
it was not possible to accurately determine upfront if the device would be suitable for
operating an SOA in such a switched mode and so samples were ordered and a basic

evaluation was conducted.

4.6.1 The experimental configuration

Figure 4.6 shows an abstract schematic of the circuit used to evaluate the device. The
basic circuit was taken from an application example in the manufacturers literature, but
with the SOA in place of the laser diode. The component values were calculated to
provide a mid-range SOA current of around 100mA, with the length and repetition rate

of the electrical drive pulses chosen to be similar to those of the previous experiment.
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Figure 4.6 An abstract schematic of the electrical circuit that was constructed to assess the use of a

laser diode driver device for high speed switching of the SOA

4.6.2 Results and conclusion

Initial results of the evaluation showed some improvement in switching performance,
but pulse expansion of around 30ns still occurred. Most dramatically however, despite
operating the device within its specified limits, catastrophic failure occurred after
several minutes. Later exploration indicated that the output stage of the laser-diode
driver had failed and fused short-circuit, so delivering an excessive level of current to

the SOA and resulting in permanent damage to both components.

4.7 Totem pole (complementary) output drive for an increase in SOA
switching speed

As a result of the costly destruction of an SOA a decision was taken to abandon the use
of the laser-diode driver and attention turned to other alternative drive methods. It was
clear that the SOA turned on quickly using only the simple open-collector transistor
and current limiting resistor circuit design used in the proof of concept experiments.
This was due to charge quickly flowing into the device when the transistor was turned
on. However, it was also clear that as an open collector design, any charge contained
within the SOA when the transistor was switched off would remain and would only
decay naturally as a result of ASE generation.

By taking the view that the SOA could be modelled as a parallel capacitor and resistor
combination it was then proposed that a totem pole or dual complementary transistor
output drive arrangement might improve the rate of switch-off decay since charge

could be actively removed from the SOA junction [7, 8].
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4.7.1 The experimental configuration

An abstract schematic for the simple experimental circuit that was used to test the
totem-pole arrangement is shown in Figure 4.7. It can be seen that the final output
consists of NPN and PNP complementary pair transistors connected in open-collector
configuration (Q2 and Q3) and then driven by a single pre-driver transistor (Q1). This
design was constructed using standard components without a specially design PCB, but
attention was given to minimising lead and track lengths to reduce stray coupling and
thus improve RF performance. Using the gate-delay pulse generator, the amplified
photodiode and the oscilloscope, the SOA switching behaviour was recorded and its
speed measured.
Supply I:I:l Q3
__K
e T
generator
*':"I_K e N/ 7
Qi "™ SOA

Common ground

ﬁ]z
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Figure 4.7 An abstract schematic of the electrical circuit constructed to assess using a totem-pole
(complementary) output stage for high speed switching of the SOA

4.7.2 Results and conclusion

Figure 4.8 shows an example recording of the optical pulses generated by the SOA
using this experimental totem pole driver. It can be seen that the optical pulses were
significantly shorter than had been achieved using previous driver designs and so
continued optimisation of component values and the addition of extra coupling and
decoupling capacitance was tested. The result was that switching times were reduced
yet further.
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Figure 4.8 An example recording of the optical pulses generated by the SOA when it was driven
using a lotem-p_ole (complementary) output stage

4.8 Integrated circuit totem-pole driver

Following the improvements in switching speed attained by the use of a totem pole
(complementary) output drive, other associated circuit arrangements were also
designed and tested. During these tests it was found that when working towards the
fast switching speed and high drive current criteria (of up to 250mA) needed for the
final commercial design, discrete transistor driver arrangements were not the most
effective solution. Discrete designs required numerous components, were larger, more
expensive, had tighter PCB track layout constraints (for reduced stray coupling) and
were more likely to generate significant electromagnetic interference than other
integrated circuit alternatives.

4.8.1 74AC series parallel-connected gates

Therefore, the final chosen solution was based around parallel-connected 74AC series
logic gates. These provided combined characteristics of high switching speed, a large,
complementary drive, symmetric output current (25mA per gate), a low component
count (due to 4 gates being contained in a single component), an ease of availability

(through manufacture by multiple semiconductor fabricators) and a low cost of <$1 per

component.

Table 4.4 shows the measured switching performance of the final 74AC based design.
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Pulsed SOA drive Switch on time | Switch off time
current (max) [mA] | (0-90%) [ns] (100-10%) [ns]
250 ~3 ~3

Table 4.4 The optically measured switching performance of the SOA when driven from the 74AC
based logic gate based drive circuit

4.9 Direct digital synthesis based programmable pulse generator

Having successfully developed the high switching speed SOA drive circuit, effort
returned to replacing the combination of the bench-top function generator and gate-
delay pulse generator with a bespoke software controllable solution. Not only was
software configuration of the pulse repetition period and duration an essential
requirement for the final commercial system, it was also desirable early in the
development cycle to reduce the repetitive manual instrument adjustment that was
frequently required when conducting research experiments. However, although
continual adjustment of pulse repetition period was essential to tune the resonant cavity
between FBG sensors, pulse duration often remained constant for longer and so early
software control of this variable was a lower priority. Replacing the Agilent bench-top
laboratory function generator with a dedicated programmable oscillator was considered
first.

4.9.1 Analog Devices AD9852

An evaluation board for the Analog Devices AD9852 300MHz integrated direct digital
synthesis (DDS) component was purchased and trials were carried out. DDS had the
distinct advantage of providing a direct relationship between the reference oscillator,
the position of FBG sensors in the fibre and the reload value of the phase counter.
Unfortunately however, despite attempts to operate the AD9852 device in numerous
configurations both with and without additional components, the triggering
performance suffered from jitter, while the power consumption and the quantity of
support components required to implement this form of DDS in a final system were all

considered disadvantageous.

4.10 Programmable counter-based pulse generator

Despite its limited performance, trials with the DDS system did provide the new idea of
using a purely counter-based method for the pulse period adjustment. However, rather
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than use an adder for phase accumulation (as in DDS), an arithmetic comparator and a

reset-able counter [3] were proposed that would simply track time of flight directly.

The idea, which is depicted in Figure 4.9, retained the programmability of the DDS, but
removed the requirement to convert to the analogue domain for generation of the output
trigger pulse. This entirely digital design removed causes of jitter, had a greatly
reduced component count and had PCB layout constraints that were considerably less
stringent.

Reset-able synchronous  Arithmetic PC parallel port

binary up counter comparator interface
0.1,23.4567. [ a=p (" —~<+ <:—|
0,1,2,3,4,567. [V N— -
From PC
ClockT EnabIeT f Reset Equals l parallel port
Qutput to
1L » JL Outpotte:
Crystal oscillator Gate-delay pulse generator Buffer

Figure 4.9 The basic counter based programmable pulse generator design
The method operation was as follows:

e An application written in C++ was executed on a Windows based PC to provide
control via the computer parallel port. This control included an 8-bit numerical
value

e The value was fed via the interface electronics to one input of an arithmetic
comparator

e The second input to the comparator was provided by an 8-bit reset-able
synchronous binary up-counter

e When the value of the counter matched that provided by the PC an ‘Equals’
signal was asserted

e The assertion of the ‘Equals’ condition triggered both the gate-delay pulse
generator and the resetting of the counter back to zero
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e Adjustment of the value provided by the PC resulted in direct control of the
time between the counter reset cycles and therefore allowed control of the pulse

repetition period

e As the counter was clocked from a highly stable and frequency accurate crystal
oscillator, a direct relationship existed between the counter match value, the

pulse repetition period and the FBG sensor position within the fibre

e Later expansion of the PC application also allowed rapid switching of the pulse

repetition period to provide fast sequential cycling between multiple sensors

4.10.1 Implementation using Xilinx CoolRunner XC95108

The first version of this design was implemented using a Xilinx (formally Philips)
CoolRunner complex programmable logic device (CPLD). This device was chosen on
the basis of ease of component sourcing, availability of free Windows based software

design tools and simple programming hardware requirements.

Initially the design was operated from a 40 MHz crystal oscillator, but this was later
changed to 66 MHz and then 80 MHz. The maximum cavity length and the spatial
tuning resolution achieved for each frequency variant is shown in Table 4.5. In each of
these cases the spatial tuning resolution was a direct function of the reciprocal of the
oscillator frequency (i.e. repetition pulse repetition period), the speed of light in the
fibre (~2 x 10® ms™) and the fact that the reflection signals were required to travel both
to and from each sensor, so covering twice the basic separation between the sensor and
the rear reflector, as explained in section 2.5.1. As a consequence of this, the
maximum cavity length that could be supported for each of the frequency variants was
limited to 255 times the spatial tuning resolution. This was because the highest
achievable value that could be accommodated by the 8-bit synchronous binary counter
was 255 (i.e. a count of all 1°’s).

Crystal oscillator | Maximum cavity length | Spatial tuning resolution
Jfrequency [MHz] | supported [m] along fibre [m]

40 640 2.5

66 385 1.5

80 320 1.25

Table 4.5 The cavity length and spatial tuning characteristics of the XC95108 implementation of
the counter based programmable pulse generator
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4.11 The requirement for greater spatial tuning resolution

As research continued it became necessary to improve the spatial tuning resolution of
the pulse generator to better than 1.25m, whilst at the same time maintaining a
" maximum cavity length of at least 300m. Unfortunately, though crystal oscillators
were readily available up to 125MHz, the propagation delay of the CoolRunner CPLD
series meant that frequencies beyond 80MHz could not be used and so faster

programmable logic devices and more advanced pulse generator designs were required.

4.11.1 The Lattice Semiconductor MACH4000 series

Extensive research into propagation delay characteristics and the internal logic block
architecture for all major logic manufacturers and devices highlighted the Lattice
Semiconductor MACH4000 series as the most appropriate solution. In particular the
devices were chosen for their very wide input terms, which allowed reduction of the

counter logic to unity depth.

Initial trials using sample parts and an extended version of the original logic description
resulted in successful demonstration of operation at 125MHz with an 11-bit counter

‘and comparator.

4.11.2 Counter dithering for resolution virtual sub-division

A novel idea was also conceived to improve the resolution of the pulse generator
without necessarily needing to increase the counter oscillator frequency and without the
previously associated reduction in maximum possible resonant cavity (reach) length.
This new technique was termed ‘dithering’ due to its unstable appearance on an
oscilloscope and consisted of repeated adjustment of the pulse repetition period
between two adjacent integer count values to create a new virtual sub-division. Figure
4.10 gives a graphical example of this idea, where adjustment between counter values
of 6 and 7 can be seen to produce virtual periods of 6.00, 6.25, 6.50 and 6.75.
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The pattern of pulses generated to form Total number counts Average counts
a virtual sub-division of the period over 4 pulse periods per pulse period
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Figure 4.10 An example of using counter ‘dithering’ to create resolution virtual sub-division

It was hypothesised that although the level of sub-division could theoretically be
extended beyond a factor of four, there was likely to be little significant improvement

since actual pulse repetition period would always be integer based.

4.11.3 Basic implementation of sub-division ‘dithering’

The block diagram of the first version of this sub-division ‘dithering’ implementation is
shown in Figure 4.11. This was a direct hardware implementation of Figure 4.10 and
was limited to an 8-bit counter due to the logic complexity, logic depth and the
associated propagation delay. It was however, sufficient to experimentally test the

concept and investigate its performance within the resonant cavity architecture.

The principle of operation of this implementation of sub-division ‘dithering’ was as

follows:

e An application written in C++ was executed on a Windows based PC to provide
control via the computer parallel port. This allowed storage of both an 8-bit
numerical value for the basic pulse repetition period (B) and a 2-bit ‘dither’
factor (i.e. ‘0/ 4,1 /4,2 /4’ or ‘3 / 4°), within the registers of the parallel

port interface

e The arithmetic adder was then used to calculate the associated value of ‘B+1’

by adding a constant of “1” to the ‘B’ value stored in the parallel port interface
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e The synchronous counter was then allowed to count incrementally though up to
8-bits, whilst its output was continuously compared to ‘B’ and ‘B+1’ match
values, using the two arithmetic comparators

¢ The two ‘equals’ conditions from the arithmetic comparators was then gated via
separate AND-OR logic, as controlled by the ‘dither control logic’ to determine

which of the two match conditions was used to reset the counter

e Dependant on the ‘dither’ factor stored in the parallel port interface the ‘dither
control logic’ could therefore cycle alternately between match conditions of ‘B’
or ‘B+1’ counts of the counter, as required to create the intended virtual sub-

division spatial tuning value

Reset-able synchronous  Arithmetic Adder  PC parallel
binary up counter comparators port interface
. Equals
A ] A=B+l B+1 | +1
2y <+
0,1,2,3,4,5,6,7... D
0,1,2,3,4,5,6,7... Equals {\r <:
__l\ I From PC
A ] A=B B parallel port
ClockT EnableT A Resetto 0 #& ! !
J —&{B,B.B,B...
m B+1,B,B,B...
| B+1, B, B+1,B...
B+1, B+1,B+1,B
>
Crystal oscillator Dither control logic

Y P _ﬂ_ _>| >—> Output to
SOA drive

Gate-delay pulse generator Buffer

Figure 4.11 The basic implementation of ‘dithering’ based resolution virtual sub-division

4.11.4 Optimised implementation of sub-division ‘dithering’

The primary reason for the high logic complexity in the basic implementation was the
requirement for two full-width arithmetic comparators and two full-width adders (one

for the synchronous counter and one for the generation of ‘B+1” term).

Fortunately, with further consideration a simple but novel reversal of the count process
was conceived that dramatically reduced the logic complexity. This subtle optimisation

is shown in Figure 4.12, where it can be seen that in contrast to the previous design that
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used two arithmetic comparators to compare the count to ‘B’ or ‘B+1°, the counter was
now always compared to a single integer count ‘B’. Instead on equality, the counter
was now selectively reset to either ‘0’ or ‘1°, with 0 and 1 being simple logic variations
affecting only the lowest binary bit of the counter. By selecting to reset the counter to
0 the resulting next pulse repetition period became equal to a count of ‘B’ as normal,
whereas when reset to 1 the full pulse period became ‘B-1°. Reversal of the dither
control logic from using ‘B’ and ‘B+1” to ‘B-1" and ‘B’, then ensured that the original
dither technique was maintained, but the logic depth and complexity was greatly

reduced.
Reset-able synchronous  Arithmetic PC parallel
binary up counter comparator port interface
. Equals
A )] A=B B
i <
0,123,456, 1.
0,1,2,3,4,5,6,1... Resetto 0 C -
From PC
Resetto 1 C parallel port

ClockT Enable + I {}

Buffer ¢ B-1, B-1,B-1, B-1
.ﬂ_ B, B-1, B-1, B-1
[ —&{ B, B-1, B, B-1
Outputto L—p» SRR
SOA drive
Crystal Gate-delay pulse Dither control logic

oscillator  generator

Figure 4.12 An optimised implementation of ‘dithering’ based resolution virtual sub-division

The final result was the successful implementation of a programmable pulse generator
with a full 16-bit period selection (from 14 full bits plus a factor 4 of dither) and a total
propagation delay of <3ns.

4.11.5 Increase of the reference oscillator to beyond 125MHz

As a result of research on the wavelength discrimination system, the requirement for
still finer tuning resolution became apparent. However, as experimental analysis of the
dither technique indicated that greater than factor-four sub-division would not provide
improvement a ‘real’ increase in resolution was required. This implied an increase in
the reference oscillator frequency, but as crystal oscillators above 125MHz were not
generally available a frequency multiplier was needed. Research was conducted, two

potential devices were sourced and experimental trials carried out.
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The first device tested was a Semtech SK12429LV that offered programmable output
in IMHz steps up to 400MHz for use in PC motherboards. However, despite
successful demonstration to over 300MHz, the device was not chosen for the final

system since it required >600mW of power.

The second device was a XRT8020 from Exar, which although nominally used to
generate clocks of 624MHz and 312MHz for use in SONET telecommunications
systems, was made to deliver 320MHz and 640MHz by change of the reference crystal
to 20MHz. Some difficulties with handling and soldering of the tiny 4mm x 4mm
leadless package were experienced during early experiments, while level conversion
from low voltage differential signalling (LVDS) to single ended 2.5v (for the CPLD)
was also disadvantageous. However, the low power device proved to be reliable and

was therefore chosen for the final solution.

Figure 4.13 and Table 4.6 show details of this fully programmable pulse generator
solution. This version also included fully programmable pulse length adjustment since
with the increased reference oscillator frequency this was simple to implement using a
second short counter.
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Figure 4.13 The fully programmable pulse generator, which was implemented using a frequency

multiplier to create a 320MHz reference clock and an additional counter to provide a

programmable pulse length facility

Parameter Value
Oscillator frequency [MHz] 320
Maximum resonant cavity length supported [m] 10,240
Actual spatial tuning resolution [m] 0.31
Dithered effective spatial tuning resolution [m] 0.08
Maximum programmable pulse output duration [ns] | 96
Resolution of programmable pulse duration [ns] 3.1

Table 4.6 The operating details and performance of the fully programmable pulse generator of

Figure 4.13

4.12 Cavity-cycle-counting and dual-pulse variants

Although not required for the final system design, two further modifications were made

to the programmable pulse generator to assist with some areas of the experimental

research.
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4.12.1 The cavity-cycle counting extension

The cavity-cycle counting pulse generator that was discussed in section 3.13 allowed
experimental measurement of the cyclic evolution of the optical pulses in the resonant
cavity through selective gating of the SOA drive.

The logic extension used to generate a specific number of equally spaced pulses (to
specify the required number of cavity cycles), but to then miss a complete pulse (to
terminate the cycling behaviour) is shown in Figure 4.14. This addition was
implemented within the same CPLD as the original generator such that the old output
was routed through the new logic. The extra counter and arithmetic comparator were

triggered from the old output and used to selectively gate its signal.

From extended
address decoded

parallel interface
New output to
Frf)r_n the 13 SOA drive
original output Synchronous —
resct ; Equa]s;
Count

e 10, 1.2.3.:.
0, 1,2,3...:‘3> E=F K E

5-bit up counter 5-bit comparator

Figure 4.14 The logic extension to the programmable pulse genmerator, which was used to

experimentally assess the cavity cycling behaviour of the optical pulses

4.12.2 Dual pulse variant

The second variant was the dual pulse programmable generator that was discussed in
section 3.14. This allowed experimental verification of the hybrid WDM and TDM

resonant cavity architecture by adaptive selection of multiple rear reflectors.

The logic extension that was required to achieve this behaviour consisted of an
additional arithmetic comparator and a single OR gate, as shown in the complete
schematic of Figure 4.15. It can also be seen that due to limited resources within the
CPLD it was not possible to implement the dual pulse behaviour and maintain a
counter length of 14-bits. This was, however, of no consequence for the experimental
research since 8-bits were sufficient and it was also concluded that with the constant
improvement in semiconductor density and speed, the ability to upgrade to a device
capable of 14-bits with dual pulse functionality would likely be forthcoming.
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Figure 4.15 The complete schematic of the programmable pulse generator, including the logic
extension that was required to provide dual-pulse behaviour

4.13 Variable gain control

In addition, research on the wavelength discrimination system showed that slight
variations in FBG sensor reflectivity, cavity loss and tolerances in individual SOA
performance parameters often resulted in significant variation in the cavity peak optical
signal. This in turn caused differences in the power delivered to the wavelength
detection system that meant that it was not sufficient to simply operate the SOA with a
constant level of drive current for all devices with all possible sensor arrays. Instead it
was essential that the operating conditions of the SOA could be tailored on a per sensor
basis to ensure delivery of a constant signal level to the detection system and so

optimise its performance.

Reference to typical SOA operating parameters, such as shown in Figure 4.16 and

Figure 4.17, indicated that the peak optical power and gain (for both TE and TM

primary orthogonal states of optical signal polarisation) were closely related to the

operating drive current. Dynamic adjustment of the current was therefore deemed the
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best method of controlling the SOA device performance in order to provide a match to

variable cavity and sensor conditions.
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Figure 4.16 Typical SOA gain plotted as a function of forward drive current
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Figure 4.17 Typical SOA gain plotted a function of optical output power when operated with
different levels of forward drive current

Figure 4.18 shows an overview of the final dynamic gain control system, which was
based around an 8-bit digital to analogue converter and a high current amplifier. The
design operated by providing microprocessor control of the supply voltage to the high
speed SOA driver and hence allowed indirect adjustment of the SOA drive current

without deterioration of switching performance.
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Figure 4.18 An abstract schematic of the SOA dynamic gain control system and its connection to
the high speed SOA driver. (Dotted lines are analogue signals)

4.14 Chapter conclusion

A semiconductor optical amplifier drive sub-system was developed, enabling an SOA
to generate highly defined, short optical pulses suitable for use in a TDM sensing
system. Table 4.7 provides detail of the original target specification (driven by
commercial requirements) compared against the resulting sub-system performance.

Parameter Original target | Final performance
Maximum cavity length supported [m] - 10,240
Resolution of gate switch timing [ns] <194 3.1
Effective spatial tuning resolution [m] <2 0.08
Minimum pulse output duration [ns] 15 ~10
Maximum pulse output duration [ns] 75 96
Resolution of pulse output duration [ns] - 3.1
Power consumption [mW] - <300
PCB footprint [cm?] - 8
Weight [g] - <50
Approximate cost [£] - 25

Table 4.7 The full specification of the SOA drive sub-system that was used in the final commercial
interrogator, including a comparison with the original design targets.

The final achieved specification was shown to exceed initial expectations, as the
resultant sub-system had a footprint of only 8cm? and was capable of switching an SOA
with sufficient speed and timing accuracy to allow high speed interrogation of sensors
Jjust Im apart, thus proving its suitability for application within an interrogation system
based on a resonant cavity architecture.
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S THE WAVELENGTH MEASUREMENT SUB-SYSTEM

5.1 Chapter overview

The previous two chapters have discussed the experimental proof of the resonant cavity
architecture and the cycle of research and development that was conducted to produce a
commercially viable implementation of the architecture, capable of operation with

closely spaced, low reflectivity, commodity sensors.

This chapter continues this record of interrelated research and development by
discussing the design, implementation and analysis of the other fundamental
component required for a complete optical sensor interrogation solution; the

wavelength measurement sub-system.

Beginning with a recap of the nature of the optical signals delivered by the resonant
cavity time-division-multiplexing (TDM) architecture, the chapter first discusses the
most compatible wavelength detection and measurement techniques that were available
for design consideration. Details are then provided of the research and development
conducted to implement the first sub-system design, which was based on the cost
effective ratiometric measurement technique. Included are details of the decisions and
compromises that were required as a result of fundamental limitations of the technique,

as well as the measured performance of the final system.

The chapter then discusses the research and development conducted to produce a
second, more robust and higher performance, but also more costly wavelength
measurement sub-system, based on a diffraction element spectrometer. Experimentally
measured results show that this design provided significantly improved performance
and far fewer limitations.

5.2 Potential wavelength measurement techniques

Selection of the most appropriate wavelength measurement technique on which to base
commercial development required a review of the nature of the optical sensor signals

delivered by the novel resonant cavity architecture.

The proof of concept experiments of chapter 3 showed that unlike many wavelength-

division-multiplexing (WDM) techniques that delivered broadband continuous-wave
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optical signals from all sensors simultaneously, the resonant cavity approach was TDM
based and therefore delivered pulsed optical signals of narrower bandwidth.
Additionally, in contrast to electrically gated TDM techniques that required fast, noise-
burdened signal processing electronics (for separation of weak sensor signals), the
resonant cavity design was an optically gated approach that delivered strong, stable
optical signals from each sensor individually. -

Experimental results’ of sections 3.8 and 3.9 also demonstrated flexibility in the
resonant cavity optical circuit design that allowed production of signals with different
key characteristics. Figure 5.1 and Figure 5.2 review the options of having a very high
peak signal power with a broadband background noise or a slightly lower peak signal

power with a narrower background and a consequentially greater integrated OSNR.
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Figure 5.1 An OSA recording of the resonant cavity signal as extracted from the ‘front’ of the SOA
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Figure 5.2 An OSA recording of the resonant cavity signal as extracted from the rear reflector
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By comparing the nature of these optical signals with the requirements of the primary
wavelength measurement methods three techniques were selected for further
consideration. These were the scanning Fabry-Perot tuneable filter [1, 2], the passive
ratiometric technique [3, 4] and the diffractive element spectrometer [5, 6, 7]. Table
5.1 highlights the primary characteristics that were known about each of these methods

when commercial development on the interrogator first began.

Scanning Fabry- | Ratiometric | Diffractive element
Perot filter technique spectrometer
Complexity High Low High
Product maturity | High Low Low
Speed Low High Moderate
Wavelength range | Moderate - High | Low Moderate - High
Physical stability Moderate High Moderate - High
Spectral detail High Very low Moderate - High
Cost High Low Moderate - High

Table 5.1 The primary characteristics of the three wavelength measurement approaches that were
considered for the commercial interrogator design

Of these methods, the scanning filter approach was the most commercially advanced,
provided the highest spectral detail and was available in an easy-to-integrate
component form. Being composed of a narrowband adjustable filter also meant that
this approach was not detﬁmentally influenced by broadband ASE background noise.
This factor enabled compatibility with either the very high peak power output
configuration or the ASE-bandwidth-limited variant of the resonant cavity architecture.
Unfortunately however, the low scanning speed, the inherent moving-part mechanical
design and high cost of these devices meant that they were deemed inappropriate for
further consideration.

The diffractive element spectrometer approach also had the advantage of providing a
high level of spectral detail, but was also moderately fast and fundamentally solid-state.
Unfortunately however, few commercial components were available and they were of
moderately high cost and not directly compatible with the pulsed nature of the resonant
cavity signal; factors that meant this approach was only considered as a secondary
option.
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The disadvantages of the ratiometric approach were an inherent low level of spectral
detail and the fact that commercial maturity of devices capable of measuring >1nm was
low. This limited maturity resulted from most devices being used in wavelength-
locking feedback loops of laser diode driver systems, where a narrow wavelength range
was sufficient. Additionally, the requirement for a large integrated optical signal-to-
noise ratio (OSNR) signal for these devices dictated the use of the amplified
spontaneous emission (ASE) bandwidth-limited output variant of the resonant cavity
architecture; the higher peak power variant could not be employed, as the broadband
ASE noise would have swamped the required signal. However, despite these
limitations the advantages of the ratiometric approach were that it offered the potential
for a small, very low cost, all solid-state solution that could operate at high speed from
the pulsed resonant cavity signal. For these reasons the technique was given highest

priority for further research and development.

5.3 Development of the ratiometric wavelength measurement sub-

system

Having chosen to develop a wavelength measurement system employing the
ratiometric technique it was decided that commercial sub-components would be used
where possible, to reduce research and development costs and product time-to-market.
A study was therefore conducted into the commercial availability of environmentally
qualified components that incorporated both the wavelength detection opto-electronics
and the signal processing electronics in a single hybrid module. Unfortunately no such
modules were found, but a variant of a laser diode wavelength locker element was
discovered that had the potential to provide the environmentally qualified opto-

electronic front-end, if custom designed processing electronics could be developed to
support it. |

5.3.1 The Santec OWL-10 Wavetracer

The OWL-10 Wavetracer component from Santec, Japan was a prototype derivative of
their standard wavelength locker component with a significantly wider operating
wavelength range. The schematic of this component is shown in Figure 5.3. Externally
the device was a hermetically sealed can of dimensions 40x15x8mm with a single-
mode fibre pigtail for the optical input and a 6 pin single-in-line electrical termination
for the output. Internally the device consisted of an optical micro-bench containing an
optical beam splitter, a thin-film edge-filter, two photodiodes and a temperature sensor.
The primary difference between this prototype Wavetracer variant and the standard
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component was the width and profile of the edge filter, which was >12nm for the

Wavetracer and <Inm for the standard component.

Wavetracer ratiometric filter

Single-mode ]
optical input Edge Filter
00% 75% ¥
= >
k|
i -
Dpdeal 2% -ﬁ Electrical
beam Photodiodes oupils
spliter Temperature
monitor ggg? 1hlg

Figure 5.3 Schematic of the OWL-10 Wavetracer combined ratiometric filter and photo-detectors
component from Santec, Japan

The mode of operation of the Wavetracer was similar to other ratiometric techniques,
as follows:

¢ The narrow bandwidth optical signal under measurement entered the device via
the standard single-mode fibre pigtail

e It was then split into two paths via the optical beam splitter in a ratio of
approximately 25%:75%

e The 25% signal was then immediately incident on a standard photodiode to

provide a reference measurement of the total incident optical power

e While the 75% signal was passed through a thin-film edge filter, the profile of
which meant that the level of optical transmission was dependant on the

wavelength of the incident signal

e The transmitted portion of the signal was then targeted onto a second

photodiode to provide a measurement of its intensity

e Taking the mathematical ratio of the two photodiode measurements therefore

provided an assessment of the wavelength of the incident signal

o Finally, a temperature sensor was also available to provide any fine calibration

and adjustment to cater for environmental effects
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5.4 Initial evaluation of the Wavetracer

As the Wavetracer was a prototype device, the manufacturer supplied performance data
was limited (to a few discrete values) and so an internal evaluation was conducted.
Figure 5.4 shows the experimental set up used, which included the construction of two
simple trans-impedance photodiode amplifiers (connected to a National Instruments PC
based DAQ data acquisition card) for measurement of the output response and an
Agilent 8164A tuneable laser for provision of a variable wavelength optical input.

Wavetracer ratiometric filter Custom trans-

impedance amplifiers
100% 75% N L
A T

K f-e- .
- |
25% > 3 H i »
Photodiodes -!

Solitter Edge Filter

Input

\ 4

v

k_‘.gﬁm 4'-! vlv

o1t
Agilent 8164A GPIB & <: ioto.

controlled tuneable
laser source Controller PC Data acquisition card

Figure 5.4 The experimental set up used to evaluate the perl‘ormince of the prototype Wavetracer
ratiometric filter

Figure 5.5 shows the measured response of the two Wavetracer photodiodes and the
mathematical ratio of these signals when the tuneable laser was software stepped across

the full operating wavelength range of the device.
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Figure 5.5 The response of the two Wavetracer photodiodes to a tuneable laser optical input

stepped across the full operating wavelength range of the device

The general shape of the photodiode response was a curve that correlated well with the
manufacture supplied discrete measurement values, but closer inspection of any small
range of the response highlighted numerous flat regions. These occurred with
approximately equal periodicity, as shown in Figure 5.6, and were detrimental to
obtaining sensor wavelength measurement information with consistently high

resolution across the full operating range.
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Figure 5.6 Closer inspection of a small section of the photodiode ratio response profile showing
periodic regions of flatness
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Fortunately further inspection by the manufacturer into the cause of this periodic
flatness confirmed its existence and provided proof that it was the result of a Fabry-
Perot cavity effect manifesting between the optical beam splitter and the edge filter. A
corrective measure to the design, which consisted of adjusting the angles of incidence
of these elements, was found to significantly reduce the back reflection effect and

remove the periodic flatness from all later devices, as shown in Figure 5.7.
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Figure 5.7 Closer inspection of the photodiode ratio response of a corrected ratiometric filter

showing that no significant regions of flatness are present

5.5 Trials of the ratiometric filter using the output from the resonant
cavity architecture

Following initial assessment using the tuneable laser, trials of the ratiometric filter were
then conducted using the resonant cavity optical circuit. Figure 5.8 shows the optical
circuit used, which included two low reflectivity FBG sensors, one of which was
temperature tuned using a thermoelectric cooler, and two fused fibre couplers. The first
coupler had 80:20 splitting ratio to extract the resonant cavity signal from the rear
reflector (to reduce the out-of-band ASE, as explained in chapter 3), whilst the second
had a 50:50 ratio to equally split this extracted signal between the OSA and the
ratiometric filter. Some slight manual adjustment of the trans-impedance gain of the
photodiode amplifiers was then carried out to optimise the dynamic range of the
electrical signals delivered to the PC data acquisition card, as a result of the change

from the tuneable laser to the resonant cavity signal.
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Figure 5.8 The optical circuit used to experimentally verify the response of the Wavetracer
ratiometric filter to the resonant cavity optical signal

By temperature tuning the FBG sensor and recording both the wavelength of the cavity
signal on the OSA and the response of the ratiometric filter using the PC, the graph
shown in Figure 5.9 was produced. Figure 5.10 was then produced to show the residual
error in the photodiode response with respect to a linear regression best-fit line. It can
be seen that over the narrow wavelength range that was possible using temperature
tuning, the response of the filter was largely linear with only minor profile ripples that

equated to <20pm of effective measurement error.
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Figure 5.9 The response of the Wavetracer ratiometric filter to a temperature tuned resonant

cavity signal
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Figure 5.10 The residual error in the ratiometric filter photodiode response of Figure 5.9 when

compared to a linear regression best-fit line

5.6 The design requirements for the signal processing electronics

Verification of compatibility between the resonant cavity architecture and the
ratiometric filter was of fundamental importance, but the experimental evaluation also
highlighted that the basic trans-impedance amplifiers and data acquisition hardware
required significant improvement. The basic trans-impedance amplifiers were designed
with a very low signal bandwidth such that the pulsed nature of the optical signal was
fully smoothed prior to measurement by the DAQ hardware. This ensured that no
synchronisation was required between the sample acquisition phase and the incoming
optical pulses and that any delays between the measurements from each photodiode
would not affect the accuracy of the final ratio result. However, having a signal
bandwidth of <5Hz also meant that several seconds were required between adjustment
of the optical input signal and its subsequent measurement. This was in contrast to the
final commercial system requirements that dictated that measurements be taken in

significantly less than 2ms in order to provide a performance of 500 samples per
second.

Creating trans-impedance amplifiers and an analogue-to-digital converter that were

highly linear and of low noise, but with sufficient bandwidth to process signals in <2ms
required a number of compromises. These included:

¢ The fixing of the gain of each photodiode amplifier for all input signal levels,
since it was not possible to maintain the required level of total linearity with

multiple levels of gain
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e Having a different set level of gain for each photodiode amplifier to match the

signal range expected

e The use of a dual sample-and-hold ADC that could take a sample from each of
the photodiodes simultaneously, but then perform the conversion sequentially,

to eliminate timing and temperature fluctuations

e The synchronising of the acquisition phase of the ADC to the pulsing of the
optical input such that signal droop in the amplifiers was constant for all

samples

The linearity of the system was limited to the current state-of-the-art ADC components,
which provided up to 16 bits of resolution. Taken simplistically such ADCs could be
expected to provide a maximum measurement resolution of 1 in 2'° or 1.52 x 107,
which when equated directly to a wavelength measurement range of 12nm, would give
an optical wavelength resolution of approximately 0.25pm. Referring to section 2.2.3,
this would suggest a temperature measurement resolution of ~0.25°C or strain
resolution of ~0.2pe. In reality however, it was realised that the real resolution would

be significantly worse for the following reasons:

e The ratiometric edge filter did not have a linear relationship between
transmitted power and wavelength. This curved relationship would reduce

resolution at higher wavelengths
e Localised imperfections in the filter profile would reduce resolution

o The optical input may not match the full working range of the ADC; thus weak

signals would only occupy 13 or 14 bits of significance

¢ The combination of optical noise, electrical noise and imperfections in the ADC

would reduce resolution by several bits

e Any non-linearity in the photodiodes, amplifiers, the ADC and the coupling

components could also reduce performance

Following consideration for these factors it was concluded that full-band resolution

could be as poor as 10pm, but that research and development based on the ratiometric
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filter should still continue on the basis of cost. Focus was however given to reducing
the impact of these limiting factors, where possible.

In particular, attention was given to ensuring a highly linear amplifier response, a
minimisation of power-supply-borne electrical noise and the development of an optical
gain control system to counter the lack of gain switching that was available from the

electrical amplifiers.

The earliest variant of this optical gain control system consisted of a simple
potentiometer for adjustment of the SOA drive current, such that all sensors were
affected together. In contrast, the final dynamic optical gain control system allowed
full independent software adjustment of the SOA drive current for each sensor
individually. This later system allowed optimisation of the optical input signal level
delivered to the ratiometric filter on a sensor-by-sensor basis and helped to ensure

maximum coverage of the ADC measurement range; as described in detail in section
4.13.

5.7 Performance evaluation of the ratiometric wavelength measurement

system

Following the first phase of development, the signal processing electronics were
integrated with the optical and opto-electronic elements and a series of experiments

were conducted to evaluate the performance and commercial viability of the design.

5.7.1 Short-range linearity and resolution measurement

Short-range linearity and resolution measurements were conducted by temperature

tuning an array of four low reflectivity FBG sensors using the optical configuration of

Figure 5.11.
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Figure 5.11 The optical configuration used to measure the linearity and resolution of the

ratiometric measurement system

Figure 5.12 shows the response of each of the four sensors when their temperature was
adjusted between 2°C to 50°C in steps of 3°. It can be seen that the ratiometric
response from each sensor exhibited a strong linear relationship with temperature, but

that the exact gradient varied slightly between sensors.
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Figure 5.12 The ratiometric response of four low reflectivity FBG sensors when individually

temperature tuned using thermoelectric coolers

Table 5.2 lists the gradients of a least-squares regression fit for each of the four sensors
and the variation in each when normalised to that of sensor 1. The indicated difference
of up to 4.7% was considered to arise from two primary sources:
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e Variations in the optical profile and OSNR of the cavity signal produced by
each sensor

e Marginal differences in the zero-strain wavelength of sensors that meant their
operation was on slightly different sections of the filter curve, with

consequential differences in localised linearity

Fibre Bragg grating | Gradient of ratiometric Gradient normalised to
sensor number response to temperature that of sensor 1 [%]

1 4.815 100.0

2 4.820 100.1

3 4.743 98.5

4 4.587 95.3

Table 5.2 The gradient of least-squares regression linear fit for each of the sensors shown in Figure
5.12 and their normalisation against that of sensor 1

The initial conclusion from these findings was that the ratiometric filter provided a
highly linear response over a small measurement range with only a slight variation
between sensors. Therefore, for the many applications that only required a general
detection of strain change and not high precision measurements, it was decided that
sufficient accuracy would result from the use of a single calibration curve for all
sensors. However, these results also highlighted that for those applications that
dictated greater absolute accuracy, with a strong sensor-to-sensor repeatability, a 4.7%
variation was unacceptable and so on-site calibration of individual sensors would be
required. The cost and difficulty in providing such calibration was expected to vary
between applications and would occasionally reduce the marketability of the system,
but this was not considered a fundamentally limiting factor to overall commercial

Success.

Resolution assessment was also conducted using the experimental configuration of
Figure 5.11, but in this case finer temperature tuning was carried out over just 1°C in
steps of 0.1°. To reduce the effect of measurement noise and improve the accuracy of
the result, mean averaging was performed over 32 samples prior to the production of
Figure 5.13. Independent OSA measurements also showed that the total 1°C
temperature change created only 10.2pm of wavelength shift; a result that implied a

very impressive resolution of around 1pm (with 32 times averaging) for the ratiometric
system.
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Figure 5.13 The results of resolution evaluation by temperature tuning sensor 4

5.7.2 High-speed strain measurement

Using the sensor calibration data collected during the temperature tuning experiments,
high-speed strain measurement performance was then assessed using the experimental
configuration of Figure 5.14. This first high-speed trial consisted of three 2m spaced,
4% reflective FBG sensors bonded to a composite cantilever beam using cyanoacrylate.
Momentary application of load to the free end of the beam was used to induce

oscillations, which were then detected as strain changes by the three sensors.

Three FBG sensors bonded
to a composite beam

Fibre reel

Solid support Direction of
Bb induced motion

Figure 5.14 The experimental composite beam used to assess the high-speed strain measurement
performance of the ratiometric wavelength measurement system

Figure 5.15 shows the strain induced in the beam from a single impulse when
interrogated at 35Hz per sensor. This was achieved by cycling at a rate of 105Hz
between each of the sensors in turn without applying any averaging. The wavelengths
were mathematically offset for clarity during graphing and the inset was provided to

give a detailed view of sensor 1. The results clearly demonstrated the damped
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sinusoidal oscillations of the beam, as well as the expected diminishing level of strain

as function of distance from the supported end.
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Figure 5.15 The measured strain induced in a beam after a single impulse, when interrogated at
35Hz per sensor. The inset provides a detailed view of sensor 1

Most significantly, the experiment highlighted a unique characteristic of the ratiometric
TDM system. This was the potential for dynamic selection of the interrogation

configuration in response to the changing application environment.

When a general overview of a complete structure was required the system
could be configured to interrogate all sensors at a modest rate, but on response
to an event at a single sensor, the configuration could dynamically change to
provide a far higher interrogation rate that was focused on just those sensors

adjacent to the trigger.

This property of the resonant cavity architecture was considered highly significant for
applications in online structural condition monitoring and vibration analysis, since it
could not be achieved with the commercial WDM systems that employed standard
scanning filter technology. With this notion, a slight, temporary change was made to
the bandwidth of the trans-impedance amplifiers to allow the interrogation of a
vibrating steel beam. This steel structure was similar in design to the composite beam,
but had a significantly higher natural frequency of oscillation and therefore required a
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greater rate of interrogation. Only a single low reflectivity FBG sensor was used for
this experimental trial, but it was intended that a true system would employ numerous

sensors, as previously described.

The results and post-analysis of interrogating the sensor at 4.4kHz are shown in Figure
5.16; included are a Fourier analysis of the signal and a detailed view of an oscillation
peak. It can be seen that the natural resonant frequency of the structure was around
40Hz, but that the oscillations were not purely sinusoidal. The slight asymmetry in the
oscillatory pattern, which was clearly apparent at this data capture rate, was a true

feature of the vibration that resulted from the beam mounting arrangement.
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Figure 5.16 The measured strain induced in a plucked steel structure when interrogated at 4.4kHz.
Inset 1 shows a Fourier analysis of the signal. Inset 2 shows a detailed view of a single oscillation
peak

5.7.3 Polarisation dependency of measurements

Having assessed the response of the system to actual changes in temperature and strain,
experiments were conducted to determine the level of error induced by changes in
optical polarisation. It was known that physical disturbance of the fibre circuit,
temperature effects and long-term drift were all contributory factors to changes in
optical polarisation, and so assessment of the impact of these changes on the accuracy

of the final measured signal was critically important.
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Figure 5.17 shows the experimental configuration used to evaluate these effects. A HP
11896A polarisation controller was inserted into the sensor array to adjust the cavity
signal polarisation, whilst assurance of full coverage of all polarisation states and a
measurement of the degree of polarisation was achieved using a Profile PAT9000B
polarisation analyser connected to the end of the array. The actual error was found by
recording the maximum excursions of the ratiometric detector output when the system

was set to monitor a strain-relieved, temperature stabilised FBG sensor.

HP11896A Temperature
Fibre polarisation stabilised, strain
reel controller free FBG sensor
—e—{oT-000Fe-{[[[—
To the resonant Sy ﬁh
cavity architecture
and ratiometric . TECK
wavelength detector Thermoelectric cooler
Profile o
polarisation o<+~
analyser

Figure 5,17 The experimental optical configuration used to assess the level of polarisation
dependant error in the ratiometric wavelength measurement system

Figure 5.18 and Table 5.3 show the measured results when the experiment was repeated
with the sensor held at four different temperatures. It can be seen that under worst-case
conditions the polarisation induced wavelength error was 30pm. This equated to an

approximate equivalent error of 3°C in temperature or 25p¢ in strain.
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Figure 5.18 Graphical results of polarisation evaluation for the ratiometric wavelength
measurement system '
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Temperature of | Minimum effective | Maximum effective | Variation in
sensor [°C] wavelength [nm] wavelength [nm] wavelength [pm]
20 1545.487 1545.513 26

25 1545.530 1545.549 19

30 1545.576 1545.596 20

35 1545.634 1545.664 30

Table 5.3 Tabular results of polarisation evaluation for the ratiometric wavelength measurement
system

Since the level of polarisation induced measurement error was higher than was
preferred for some commercial applications research began into ways of reducing it.
Careful examination of the results from the previous experiment highlighted that
measurement extremities usually occurred when the cavity signal was in a high degree
of polarisation and so attempts were made to depolarise the signal. Ideally an
electronic (active) polarisation scrambler would have been used to verify this idea, but
as no such equipment was available, research was conducted using three different
passive depolarisers from Phoenix Photonics. Unfortunately however, due to the
narrow bandwidth of the cavity signal, insufficient depolarisation occurred using these
devices. A commercial decision was therefore taken to cease this work on the basis

that the likely cost of depolarising the signal would outweigh the benefits.

3.7.4 Cavity attenuation dependency

Discussions with system vendors and end-users regarding deployment of fibre sensing
solutions indicated that for many installations system optical loss was carefully
controlled and could be made stable and repeatable. However, a few applications were
highlighted where losses arising from connectors, fibre patch cords and splicing could
not be controlled, but could vary considerably as a result of composite production
techniques or a requirement for routine system disassembly and maintenance. For
these reasons it was considered essential that analysis be conducted into the

interrogator performance under varying levels of cavity loss.

Figure 5.19 shows the experimental configuration used to evaluate system performance
under variable loss conditions. Due to equipment limitations two different attenuators
were actually employed, for small values of attenuation a manually operated device
was used, which provided loss of between 0 and 3.7dB. For larger attenuation levels
(above 3.8dB), a HP8156A electronic attenuator provided better accuracy.
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Figure 5.19 The experimental configuration used to evaluate performance of the ratiometric
wavelength measurement system detector under variable loss conditions

Figure 5.20 and Figure 5.21 show two different representations of the wavelength shift
reported by the ratiometric measurement system when the sensor temperature was
tuned from 15°C and 30°C and the cavity attenuation was varied between 0 and 6.8dB.
It can be seen that the ratiometric filter reported an exponentially increasing
wavelength shift as the level of cavity attenuation increased. For attenuation changes
below 3.6dB this wavelength shift was <50pm and was considered acceptable for some

commercial épplications, but for attenuation above 6dB an unacceptably high shift of

>100pm was noted.
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Figure 5.20 The change in reported sensor wavelength for increasing cavity attenuations, at
various temperatures
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Figure 5.21 The change in reported sensor wavelength for increasing sensor temperature, for
various levels of cavity attenuation

The results of the attenuation experiments of section 3.11 showed that this apparent
wavelength shift resulted from a reduction in the resonant cavity signal OSNR, which
occurred as the cavity loss was increased. This had the effect of causing a greater
change to the edge filter photodiode signal than to the reference photodiode signal, so
manifesting as a total effective change in ratio, without any actual change in signal
wavelength. It was concluded that this dependence on OSNR was an inherent property
of the ratiometric technique and was a consequence of having only two variables with
which to provide complete analysis of the optical signal. Therefore, to improve the
overall wavelength detector loss performance, research was conducted to provide
additional photodiode signals to reference the level of the ASE background noise.
Attempts were made to use this information to calibrate out the effects of changing

OSNR, but the performance improvement was not significant.

5.7.5 Conclusion of the ratiometric measurement system evaluation

The results of the performance analysis concluded that although the component costs of
the ratiometric wavelength measurement system were very low, the combination of
polarisation sensitivity and response to changing loss would limit commercial success
of the interrogator for some applications. Furthermore, market forecasts and a budget
analysis showed that production of two variants of the interrogator that employed
different wdvelength detection methods was not economically viable until a

requirement existed for very high volume. For this reason research and development of
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the ratiometric wavelength measurement sub-system was paused, for continuation at a

later time.

5.8 Development of the diffractive element spectrometer-based
wavelength measurement sub-system

Following the decision to pause research and development of the ratiometric based
system, focus turned to the second preferred wavelength measurement approach; the

diffractive element spectrometer.

5.8.1 The channel monitor

As discussed previously, few complete spectrometer-based measurement modules were
discovered that were suitable for operation at 1550nm, and of these none were directly
compatible with the resonant cavity signal or considered cost-effective. Therefore, a
telecommunications channel monitor was chosen for evaluation with the intention that
it be used as the opto-electronic front end for a bespoke wavelength measurement sub-
system. The device was an early prototype of a unit designed to monitor the optical
power of 80 adjacent data channels on the S0GHz ITU grid (around 1550nm) and was

based around several diffraction elements and a detector array, as depicted in Figure
5.22.
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Figure 5.22 Schematic of the spectrometer based channel monitor evaluated for the opto-electronic
front-end of the wavelength measurement sub-system

5.8.2 Hardware assisted synchronisation and data transfer

The prototype channel monitor was provided with basic PC evaluation software and a
connectivity kit based around a standard data acquisition card. This proved sufficient
for initial testing with a tuneable laser, but was not appropriate for evaluation of the
device using the resonant cavity architecture, due to the lack of a trigger input for
synchronisation between the channel monitor internal ADC and the pulses of the
resonant cavity signal. Additionally, as the device was only intended for monitoring
slowly varying signals, the electrical interface was serial in nature. This reduced the
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number of connections required, but demanded considerable software overhead and so

provided a very slow update rate.

Due to these limitations, a dedicated hardware interface was designed to provide
synchronisation between the resonant cavity optical pulses and the channel monitor
ADC. Also included in this development was circuitry for high speed, hardware
assisted data fetch, serial to parallel conversion and a standard microprocessor bus
interface; features that all helped to improved the interrogation rate. The schematic for
this hardware, which consisted of programmable logic, configured by hardware
description language (HDL), is shown in Figure 5.23.

Custom hardware
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Figure 5.23 An overview schematic of the custom hardware interface developed to provide
compatibility between the channel monitor and the resonant cavity optical signal

5.8.3 Integration and optimisation of the channel monitor

On completion of the synchronisation interface, integration into the resonant cavity
architecture began, as shown in Figure 5.24. Due to the operation of diffractive
element spectrometers, out-of-band ASE background noise was inherently filtered from
the required signal and so the very high peak power configuration of the resonant
architecture was employed. The coupler ratio, channel monitor analogue amplifier
gain and the interface synchronisation dwell were all optimised to ensure the full
working span of the channel monitor ADC was utilised. When employed with the
previously developed dynamic optical gain control system, these optimisations all
ensured that the usable signal strength was maximised and electrical noise minimised,
but that saturation of the opto-electronics was avoided.
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Figure 5.24 Schematic showing the channel monitor based spectrometer integrated with the

resonant cavity optical circuit and other opto-electronic sub-systems

5.9 Performance evaluation of the spectrometer based wavelength
measurement system

Performance evaluation of the completed system was conducted using similar
experimental procedures to those used for the ratiometric-based system, but as a result

of the increased system integration many of the tests were automated for efficiency.

Figure 5.25 shows a graphical view of typical measurement data for five strain-
relieved, low reflectivity sensors interrogated at 50Hz each (i.e. by cycling between
each sensor in turn at a rate of 250Hz and without averaging). For clarity during
graphing the mean values were mathematically subtracted from each recording and
then sensors 1,2,4 and 5 were offset by +10, +5, -5 and -10pm respectively.
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Figure 5.25 Typical data from five strain-relieved, low reflectivity sensors interrogated at S0Hz
each using the spectrometer based wavelength measurement system

Table 5.4 shows an analysis of this data and highlights the extremely impressive noise

performance of the system.

Fibre Bragg grating Peak — peak sensor | Root-mean-square
sensor number noise [pm] noise [pm]

1 3.1 1.00

2 2.8 0.54

3 2D 0.91

4 34 0.87

5 4.1 0.96

Table 5.4 Numerical analysis of the data from Figure 5.25 showing the noise performance of the
spectrometer based wavelength measurement system

Figure 5.26 shows the results of fine temperature tuning a single FBG sensor to
determine the wavelength measurement resolution. Measurements were taken at 0.1°C
step intervals over a 1°C total range using a sampling rate of 150Hz and a factor of 16
mean averaging. The results confirm the expected total wavelength shift of ~10pm and
highlight a strong measurement linearity. Therefore, Figure 5.27 shows the calculated
residual error between the measured results a linear regression best-fit line. It can be
seen that the residual error confirms an impressive measurement resolution of better

than 1pm for the system.
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Figure 5.26 The response of the spectrometer based wavelength measurement system when a FBG

sensor was temperature tuned using a thermoelectric cooler
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Figure 5.27 The residual error in the reported wavelength response of Figure 5.26 when compared
to a linear regression best-fit line

Figure 528 shows the results of optical polarisation effects on reported signal
wavelength for three sensors, where each has been mathematically offset for clarity. It
can be seen that even under worst-case conditions, the combined effects of the

polarisation change and the general signal noise still only result in 10pm peak-to-peak
wavelength shift.
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Figure 5.28 The combined noise and polarisation change reported by the spectrometer based
wavelength measurement system for three low reflectivity sensors

Noise, resolution and polarisation results were better than required for all anticipated
market applications, but earlier work had identified that the ability of the system to
cope with significant fluctuations in optical loss was of greatest commercial
importance. Therefore, a detailed experimental analysis into the effect of cavity
attenuation was conducted. Figure 5.29 shows the signal noise from three strain-
relieved, temperature-stabilised, 4% reflectivity sensors, as a function of increasing
cavity attenuation. Exceptionally high system performance was highlighted as all
sensors operated with <3pm RMS noise for attenuation up to 11.3dB and <4pm RMS
noise for attenuation up to 12dB. Most importantly however, Figure 5.30 shows that
the maximum reported wavelength shift for the sensors was <2pm for attenuation up to
10dB and <4pm for attenuation up to 12dB. This level of performance was
exceptionally high and far better than was required for all anticipated applications.
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Figure 5.29 The signal noise of three low reflectivity sensors as a function of cavity attenuation

when measured using the spectrometer based wavelength measurement system
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Figure 5.30 The wavelength shift for three low reflectivity sensors as a function of cavity

attenuation when measured using the spectrometer based wavelength measurement system

5.10 Chapter conclusion

This chapter detailed the research and development conducted on two wavelength
detection sub-systems; the ratiometric approach and the spectrometer-based wavelength
detection system. Both approaches provided excellent short-range linearity, low noise
and picometre resolution, but it was found that each offered a different commercial
opportunity. The ratiometric approach was shown to offer great potential for a very
low cost, solid-state solution for access into high volume markets such as automotive.
In these markets manufacturing repeatability and the application environment are well
controlled, but the high cost of current optical sensing is considered prohibitive. By
contrast, the spectrometer-based wavelength measurement system developed from a
channel monitor was slightly more expensive, but provided a significantly higher
system performance. Exceedingly stable, low noise operation was verified for a wide
range of possible operating conditions, including those of high polarisation fluctuation
and large variation (>12dB) in the optical power within the resonant cavity.
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6 ENVIRONMENTAL PERFORMANCE, SOFTWARE AND
APPLICATIONS

6.1 Chapter overview

In contrast to the previous three chapters that discussed the fundamental building
blocks of the fibre sensor interrogator, this chapter concentrates on essential, peripheral
elements of the system. These were required to enhance the end-user perception of the

instrument and to allow its use in a diverse range of environments.

The chapter begins by discussing the environmental performance criteria required from
the instrument to enable successful deployment and operation in harsh industrial
applications. Details are given of the design methods used during development and the

compliance testing subsequently completed to ensure market acceptance.

Embedded, Linux and Windows based software developed to automate set-up and
installation of the instrument and to return measurement data for analysis is then
discussed. Included is an outline of the design methodologies used and the application-
programming interface (API) provided to original equipment manufacturer (OEM)

customers to allow production of their own custom system extensions.

The chapter concludes with description and results from a range of applications in
which the interrogator has been employed to-date. Included are details of the many
electrical interfaces, data exchange protocols and software solutions that were
developed. Together these enabled compatibility of the interrogator with the dynamic
laboratory environment, allowed integration with industrial machinery, active control
and monitoring in distributed systems and provided for self-contained, battery-

powered, remote sub-sea operation.

6.2 Environmental performance

In order to ensure that the interrogator was applicable to a wide range of key
commercial markets it was essential to design a system of sufficient robustness to
operate under a diverse range of environmental conditions. Having designed for such
conditions, it was also essential that testing was conduced to ensure compliance and

that final certification was provided through assessment by a recognised independent
body.
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6.2.1 Environment performance requirements

Table 6.1 shows the environmental requirements for some of the interrogator’s key
market applications. The essential requirements are shown first and were those
conditions under which the system was required to operate in order to be acceptable for
a particular application. The ideal environmental requirements are shown in

parenthesis and were harsher conditions under which the system would ideally operate,

but which were not essential for market acceptance.

Market application Storage Operating | Operating | Operating | Operating
temp. [°C] | temp. [°C] | humidity | vibration | shock
Bench top laboratory | -10/+60 +15/+25 | 0/70% None None
instrument (-40/+80) (Mild) (Mild)
Distributed -20/+60 0/+50 0/70% None None
temperature monitor | (40/+80) | (-20/+70) | (0/95%) | (Mild) (Mild)
Wind energy, control | -20/+60 0/+50 0/70% Mild Mild
and monitoring (-40/+80) | (-40/+80) | (0/95%) | (Severe) (Severe)
Deep sub-sea -20/+60 0/+10 0/10% Mild Mild
monitoring (-40/+80) | (0/+35) (0/95%) | (Severe) (Severe)

Table 6.1 The environmental requirements of the fibre sensor interrogator for different market
applications. Values in parenthesis were the ‘ideal’ requirements

6.2.2 Design approach to meet environmental requirements

Due to the high state of maturity of electronic and mechanical components, designing
for adequate humidity and temperature performance using these devices simply
required selection of the correct ‘industrial’ or ‘automotive’ grade parts and adherence
to the manufacturers’ recommendations and example design data. However, design for
compliance with regard to the opto-electronic components was significantly more
difficult due to the lower maturity of the photonics industry. Liaison and significant
cooperative work with manufacturers was required on many occasions to ensure an

adequate, if often only modest, level of performance was possible from some devices.

Design for vibration and shock performance also required a greater degree of attention.
Wind energy applications dictated the harshest operating performance, since systems
were required to operate for >20 years in the hub of rotating wind turbine blades.
Careful consideration was given to the mounting of all large components, both to and

through the printed circuit board, to ensure adequate damping of all natural resonance
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within the assembled system. To aid this design process, finite element analysis

software was used to model the mass and stiffness of all components over 5 grams.

6.2.3 Environmental performance analysis and certification

Following the construction of each new prototype, performance under variable
temperature conditions was usually analysed using an in-house temperature cycling
chamber. Coupled with bespoke logging software this provided initial system
evaluation over the range —5°C and +50°C. This was sufficient to estimate parameters
such as heatsink performance, thermo-electric cooler (TEC) workload and temperature

dependant wavelength error.

The final performance evaluation was conducted by a third party, dedicated,
environmental testing company. The independent company operated with full
compliance and traceability to national and international standards, as required by
aerospace and military certification bodies. Table 6.2 shows the full environmental
performance criteria that the fibre sensor interrogator was independently verified and
certified as having met or exceeded. This level of certification was better than that
required by the wind energy industry, which, as previously stated, dictated the harshest
environmental performance of all the applications targeted to-date.
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Environmental | International | Test summary Equipment | Certified
test criteria specification used result
Mechanical IEC68-2-27 | 15G 11ms, 5 times per | Ling Pass
shock Test Ea axis, 6 axis Dynamics
824 Shaker
Vibration IEC68-2-6 | 1.5G sinusoid sweep Ling Pass
Test Fc 10-150Hz, 4mins / test, | Dynamics

4 tests / axis, 3 axis 824 Shaker
High IEC68-2-2 | 60° C, 200 hours Gallenkamp | Pass
temperature Test Bb Hotbox 1
storage
Low IEC68-2-1 | -40° C, uncontrolled Ringway Pass
temperature Test Ab humidity, 200 hours temperature
storage chamber
Temperature | IEC68-1-14 | 0°Cto 50°C, 4° Cper | Ringway Pass
cycling Test Nb min ramp, 15 min temperature

dwell at extremes, 20 chamber

cycles
Damp heat IEC68-2-56 | 50° C, 80% relative Fisons Pass

Test Cb humidity, 144 hours environment
chamber

Table 6.2 The independently verified and certified environmental performance of the fibre sensor
interrogator

6.3 Software and programmability

6.3.1 The lower-layer software systems

As with most modern electronic equipment a large part of the total functionality of the
interrogator was provided by software based systems. Employing re-programmable
microprocessor based hardware in the final solution was both cost effective and
versatile. Splitting of the software over a range of layers, from the top-level user
application through to the lowest level hardware access drivers, provided a modular,
easy to design, debug and support system that could be adapted and enhanced, without
significant impact on other system components. Figure 6.1 shows an overview of the

layered hardware and software components.
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Application Application | | Application | User application

¢ upper layer
Interrogator function User mode
"""""""" middle layers g TR e e
t Kernel mode
Communications — =Communications
middle layers - = =Re-programming
RS232/ TCP / IP over| Interface specific
RS485 serial Ethernet lower layers
Programmable & - Y ¢ -
logic device | Master micro- Slave micro-
controller controller
Programmableg - 4 Control and comms |- = P Aux. tasks
logic device

Figure 6.1 An overview of the layered system design, showing communications and re-
programming paths from the low-level hardware to top-level user application software

6.3.2 The in-system re-programmable interrogator hardware

The main interrogator hardware included two fully re-programmable microprocessor
systems, which operated concurrently in a master-slave configuration. Both processors
executed compiled firmware that was largely written in C, with a few, small, hand-

optimised assembler routines where maximum efficiency was required.

The master microprocessor provided overall system control. It also communicated
with, and was in-system re-programmable by, any attached host. The slave co-
processor provided a range of background support functions to the master, including
monitoring and control of the semiconductor optical amplifier (SOA) TEC temperature
and measurement of the ambient environment. An interconnection between these two
microprocessors allowed bi-directional communication and re-programming of the

slave by the master.

Two further re-programmable devices were also used in the interrogator hardware.
These programmable logic elements were configured using hardware description
language (HDL) and connected such that they too could be in-system re-programmed

by the master microprocessor. This design meant that full in-service system upgrade

was possible if required in the future.
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6.3.3 Host-system driver-layer software

The interrogator was often connected to a host PC to either provide a graphical user
interface for control and data retrieval, or to perform versatile protocol conversion and
data logging, as part of a larger system. The host PC could employ either a Microsoft
Windows or a GNU / Linux based operating system (OS) and so driver layer software
was developed for each. To minimise the quantity of OS specific code, software was
written in C and C++, with selective compilation directives employed where necessary.
The lowest software layers typically operated as kernel mode device drivers, whereas

upper layers were compiled into user-mode dynamically loadable and linkable libraries.

6.3.4 Middle layer software

The software middle-layers provided the link between the hardware-aware driver layer
and the user-aware application layer and were also written in C and C++. An object-
orientated approach was used internally, but a flat function-based application-
programming interface was then exposed to allow maximum compatibility with non-
object based client software. Under Microsoft Windows a standard dynamic link
library (DLL) provided operation of the interrogator from C, C++, Visual Basic, Java,
LabVIEW, Excel or any other DLL-aware software product.

6.3.5 Application layer software systems

The application layer software components were the most important system parts from
an end-user perspective, so it was essential to provide a robust, easy to operate user
interface. It was important that all demonstration applications provided the user with
sufficient functionality that they were able to appreciate the performance of the
interrogator, but were not so complex to burden installation and use of the system. For
the majority of customers two applications were provided that acted as both system
demonstrators and simple design references for inclusion of the programming interface
into their own software. These applications were called ‘Scan for Sensors’ and ‘FSI
Demo’.

6.3.5.1 Scan for Sensors

Due to the time-division-multiplexed (TDM) nature of the interrogator it was essential
to verify and store the spatial position and optical reflectivity of each FBG sensor when
either the array or the optical circuit configuration was changed. To achieve this
function quickly, reliably and with minimum user interaction, a high level application

was developed called ‘Scan for Sensors’. Figure 6.2 shows a typical screen shot of this
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application when the user had requested the interrogator to locate and configure 15
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Figure 6.2 A screen shot from the *Scan For Sensors’™ application when the user requested the

configuration of 15 sensors
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Figure 6.3 A flow chart showing the internal design of the *Scan for Sensors’ application
A flow chart showing the internal design of the *Scan for Sensors” software is shown in
Figure 6.3. Conducting this one-off operation typically took less than 30 seconds and

consisted of the following four phases:
Phase 1: Determine the optical spectrum at each fibre location along the array

e The interrogator was requested to operate its programmable pulse generator, such that an

attempt was made to form a resonant cavity between the rear reflector and a local fibre position

close to the start of the array
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e The interrogator then returned the optical spectrum produced by the resonant cavity signal from
any reflection present at that fibre position

e  This spectrum was temporarily stored in memory for later analysis

e The interrogator was then instructed to adjust its programmable pulse generator, such that it
now interrogated the next spatial position (16-32cm) further along the fibre

® Again the optical spectrum of the resonant cavity signal was returned and stored for later
analysis

e This process of scanning the fibre and storing the spectrum was repeated for all spatial positions
between the likely start and end of the array

Phase 2: Determine the likelihood of a sensor being present at each fibre location and

estimate from this the approximate location of each sensor

e Having scanned all fibre positions an analysis was made of the spectrum at each location to
numerically determine the likely presence or absence of an FBG sensor at that location (as
shown in Figure 6.2)

e A peak search was then conducted from this numerical data to approximately locate each of the

sensors in the spatial domain

Phase 3: Take another, more detailed and iterative measurement of the cavity signal
produced by the fibre at locations close to the estimated sensor positions

e Given the estimated location of each sensor, a second assessment was then made around each

approximate location to determine the exact position and reflectivity of each sensor

e This step was performed with higher spatial resolution, with numerous SOA gain settings and
with greater numerical analysis than that performed in phase 1

Phase 4: Store the optimised position and gain for each sensor for later use

e Finally the optimised positions and SOA gains for the sensors were stored in a configuration file
and downloaded into the interrogator for later use

Options were also provided in the software to allow the user to reduce the number of

active sensors used by the interrogator or to narrow the range of the fibre search.

6.3.5.2 FSI Demo

The second main application was called ‘FSI Demo’. This provided a simple live view
of sensor data and was primarily used for system demonstration. Figure 6.4 shows a

screen shot of the application when the interrogator was set to monitor 15 sensors.
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Figure 6.4 A screen shot from the ‘FSI Demo® application showing live data from 15 sensors that

have been briefly heated and then allowed to cool

Figure 6.5 shows the primary application-programming interface functions that were
demonstrated by the application. It can be seen that interrogator initialisation and data
retrieval could be achieved with just 4 simple functions. However, additional functions
were also provided to allow for specialist configuration or for the return of greater

levels of spectral information, as required by some custom user applications.
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Figure 6.5 The primary application-programming interface functions demonstrated by the ‘FSI

Demo’ software
6.4 Application examples
The resonant cavity fibre sensor interrogator has been manufactured in volume and

deployed into a wide variety of applications to-date. For some of these applications

very little addition development work was required. beyond that undertaken for the



basic system, but for other applications numerous extensions were required. These

extensions have included:

Numerous hardware and software interfaces for compatibility with existing

customer systems
e The provision for remotely controlled interrogation
e Long term data logging to compact flash memory
¢ Electrical power saving and scheduled wake-up schemes
e High-speed, multi-channel measurements
e Sub-sea deployment
e Passive channel splitting

¢ Numerous specialist sensor deployment techniques

A brief overview of some applications is given in the sections that follow. For each
application the operating scenario and environment is described and then details are
provided regarding the additional research and development conducted and utilised in

the implementation. Some sensor results are also included where commercially

appropriate.

6.4.1 Bench top laboratory instrument

The simplest use of the fibre sensor interrogator has been as a bench top laboratory
instrument for the experimental measurement of temperature or strain. Examples of
experiments performed using the instrument in this manner include the measurement of
railway track deformation due to locomotives, resin cure temperature monitoring in the
manufacture of composite structures, break-strain measurement of materials and fatigue

analysis in wind turbine blade manufacture.

Figure 6.6 shows that for general laboratory use the interrogator was packaged in a
plastic enclosure and connected directly to a Microsoft Windows based host PC using a
standard Universal Serial Bus (USB) connection. Electrical power was provided by a
standard plug-top mains power supply. A graphical user interface (GUI) allowed the
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user to control the interrogator functions and log measurements without impacting on

their general use of the PC for other laboratory tasks.

Windows based

laboratory PC . .
Y Resonant cavity fibre sensor interrogator
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Figure 6.6 The typical configuration using the interrogator as a general laboratory instrument

6.4.2 Distributed temperature monitoring

Numerous applications have been identified for use of the resonant cavity fibre sensor
interrogator as a distributed temperature monitor. To-date systems have been deployed
for oil well temperature sensing, where operators use the resulting well temperature
profile to ensure that pressurised steam injected from the surface during production is

delivered to the correct location within the deep oil reserve.

Deep-well oil production requires temperature monitoring at distances up to 8km from
the interrogation unit, so performance under high loss conditions is crucial, but
interrogation rate need not be high (0.1Hz per sensor is sufficient). Therefore,
connection of multiple sensing arrays to a single interrogator using an optical switch is
commonplace. For this reason hardware to provide control of optical switches direct

from the interrogator was included as standard for the final unit design.

Figure 6.7 shows a typical temperature monitoring system, whilst Figure 6.8 shows a
very impressive level of noise from 56 temperature sensors located 4.5km from the
interrogator when interrogated at 3 Hz. Typical temperature monitoring systems
employ around 50 sensors at spacing >2m, but 160 sensors located at only 1m spacing
have also been experimentally demonstrated.
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Figure 6.7 A typical configuration using the interrogator as a distributed temperature monitor for

industrial process control in oil production wells
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Figure 6.8 A graph showing impressively low levels of noise from 56 temperature sensors located
4480m from the interrogator in a distributed temperature monitor. Note: The reason for plotting

noise is that the absolute temperature of each sensor is highly application specific

6.4.3 Applications within wind energy

The application of fibre optic strain sensing to wind energy production offers one of the
largest volumes markets identified so far. FBGs offer opportunity for robust accurate
remote strain sensing, which can either be retrofitted to existing turbines or installed
during initial construction. A close material match between the silica sensing fibre and

the host glass composite ensures structural integrity is maintained, whilst natural
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immunity to électrical interference and metal free, low lighting risk sensors all combine

to provide a significant end-user benefit, when compared to electrical alternatives.

6.4.3.1 Structural health monitoring and active blade pitch control

Fibre optic sensing using the resonant cavity fibre sensor interrogator has been
identified for two primary applications in wind energy production; online monitoring of
structural health and integrity of wind turbine blades, and active blade pitching control.

It is intended that a single sensing system would provide both functions.

Traditionally, monitoring of the structural integrity of turbines blades has been
achieved through routine visual inspection, but this is expensive and inconvenient, as it
requires an engineer to visit a remote site and shutdown the turbine. Shutting down a
turbine not only reduces profitability as a result of lost production, but also is only
possible in calm weather for safety reasons. By contrast, online structural monitoring
can be conducted continuously whilst the turbine is in operation, with the results
delivered direct to an engineer’s desk anywhere in the world using standard

telecommunication links.

Active blade pitching and control is another new concept within the wind energy
industry that is gaining considerable research interest. Traditionally turbines have
operated with a near constant level of blade pitch. This provides reasonable energy
production in modest conditions, but provides reduced output in calmer conditions and
requires complete shutdown of the turbine during high winds to prevent damage.
Active blade pitching, by contrast, uses continuous monitoring of the strain within the
blades to allow a blade-control computer to actively adapt the blade pitch. This
optimises energy output and limits damage risk for all weather conditions and so

delivers 25%-30% increased energy productivity and reduced occurrence of mechanical
failure.

6.4.3.2 Diversity of interface and protocol requirements

Due to the large number of wind energy customers and the diverse range of existing
turbine equipment and control systems, it was inappropriate to produce a single
bespoke interrogator solution for the entire wind energy industry. It was considered
that, for cost reasons, solutions would be closely tailored to specific customer
requirements in the future, but as research was still continuing within the industry a
more adaptable interrogator solution was preferred for the present. An x86 based

single board computer (SBC) executing an embedded GNU/Linux operating system
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was therefore chosen to provide the interface between the standard resonant cavity fibre
sensor interrogator and a variety of customer-specific hardware and software

connection and protocol requirements.

Figure 6.9 sl{ows the general configuration of the interrogator when deployed in wind
energy applications. It can be seen that the optical circuit consisted of three arrays of
sensors, each providing strain and temperature measurement for a single turbine blade.
The arrays were connected in a star topology from a single interrogator mounted in the
rotating blade hub. This configuration was favoured over serial connection of the
arrays since it provided greater redundancy in the event of fibre damage and eased
installation; as access was only required to one end of each array. This star
connectivity was created in the interrogator enclosure using a passive optical circuit
consisting of 33%:67% and 50%:50% splitting ratio fused fibre couplers and two
additional spools of fibre. An additional ~5dB of cavity insertion loss occurred, but

this did not reduce system performance.

The interrogator was connected to the SBC using a USB interface, whilst the SBC was
interfaced to the turbine control system using either TCP/IP over wireless Ethernet,
CAN Bus, RS485 Modbus or a RS232 serial connection. Electrical power was
provided from the 9-36v DC blade-hub supply using a DC-DC converter.

— Single board computer Resonant cavity fibre sensor interrogator
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_Iiadc control system %g

_ | LinuxSBC _U_SB_
= = P DC-DC A "!
From | e o
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temperature P 50%
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Multiple arrays of FBG sensors  using a coupler chain

Figure 6.9 A typical configuration using the interrogator as an online strain and temperature
measurement system for wind turbines

Figure 6.10 shows results of the strain in each of three wind turbine blades during
moderate wind, as measured using the resonant cavity interrogator. The oscillations

shown are caused by the strain changes that occur within the blades due to self-weight
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forces that are a function of rotator position, the effects of wind shear as blades pass the

turbine tower and from differential wind speeds that vary with height above the ground.
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Figure 6.10 The strain measured in each of the three blades of a wind turbine during start-up in

moderate wind

6.4.4 Remote battery-powered strain monitor with data logger

For the majority of system deployments a permanent electrical power supply was
available and so the power consumption of the interrogator was largely insignificant.
However, for applications in remote locations, where external power was not available
but where measurements were required infrequently over long periods of time, a

bespoke system was developed to control the standard interrogator unit.

Figure 6.11 shows the system configuration that was used for a sub-sea strain sensing
deployment. This self-contained system was able to take measurements at pre-
programmable intervals of several hours per day, over a period of 8 weeks. The
measurement schedule, the number of sensors to interrogate and the interrogation rate
were all user-selectable on a per-interval basis using a desktop PC, prior to deployment.
The requested schedule was stored to a standard Compact Flash (CF) memory card (as
commonly used in digital cameras), which was then inserted into the system.
Measurements were then taken and stored to the same memory card, which was

retrieved at the end of the analysis period for processing of the results.
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Figure 6.11 A typical configuration using the interrogator as a remote, self-contained and battery-
powered stain sensing system

In order to minimise the total system power consumption, bespoke hardware was
developed to control a standard resonant cavity interrogator. This micro-controller
based design executed firmware written in C to initialise the interrogator, requested the
required measurements and then stored them to the compact flash card in accordance
with the specified schedule. Stand-by power consumption of the complete system was
<5mW, and only 2W when taking measurements. This was adequately supplied from

an inexpensive alkaline battery pack.

This battery-powered interrogator will also be used for long term monitoring of civil
structures such as bridges, piers and tunnels, which are often situated in inaccessible

locations.

6.4.5 High-speed multi-channel synchronised measurements

Although most applications required the use of only a single interrogator, one system
was developed for a research application that employed 8 synchronised interrogators.
The customer required close-tolerance, simultaneous, high-speed strain measurement
from co-located sensors in 8 separate arrays for vibration analysis of an oil and gas

pipeline.

Figure 6.12 shows the configuration used for this unique deployment. It can be seen
that each of the 8 sensor arrays were connected to a separate resonant cavity sensor
interrogator. The 8 interrogators were coupled into pairs and connected via USB to 4
Linux-based SBCs. Each SBC was networked via a standard Ethernet local area
network hub to a single host PC to provide a Windows-based graphical user interface.
Also included in the configuration was a dedicated hardware synchroniser, which

connected to each interrogator to provide common timing and control signals.
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Optimised firmware within each interrogator, bespoke Linux-based data logging
software in each SBC and application-specific TCP/IP networking protocols used for
communication between processes, enabled interrogation of 280 sensors. This equated

to a total throughput of >16000 measurements per second.

The complete interrogator system was housed in a standard 19” instrument rack
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Figure 6.12 The configuration that was used to provide high-speed synchronised strain
measurements across 8 separate sensor arrays, for a vibration analysis application
6.4.6 Marine, civil engineering and other pending applications

The low cost, low power, high performance and solid-state advantages of the resonant
cavity fibre sensor interrogator have meant that many tens of different applications

have now employed the technology. Some examples include:
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e Marine projects where fibre optic strain sensing has been employed to measure
the load or stress in masts, hulls, rudders and rigging of racing yachts. Live
results have been delivered over wireless Ethernet to local support craft for

crew training, boat design, research and development

o Civil engineering projects where sensors have been deployed along the inside of
road tunnels and bridge supports to monitor for cracks or movement in
structures

e Pending projects within the aerospace industry for online monitoring of struts,

supports and aircraft landing equipment

e Monitoring of production riser pipes and sub-sea pipelines in the oil and gas

industry to provide detection of fatigue and active lifetime estimation

6.5 Chapter conclusion

This chapter has highlighted that successful deployment of new technology into
commercial applications requires a wealth of additional research and development
beyond the initial fundamental core components. Cost effective production,
commercial acceptance and appropriateness for purpose all require that design for
manufacture, design for test and design for environmental compliance processes be
carefully followed during product development. Robust, yet versatile, interface and
access software is required to maximise a system’s value to the end-user and to allow

modification or extension of the core product for access into new markets.

The resonant cavity fibre sensor interrogator is now manufactured by third-party sub-
contractors in volume. It has been fully independently tested and certified for
environmental performance beyond the requirements of most industry sectors and has
been successfully deployed in many tens of different applications. The core product is
regularly sold as a complete laboratory instrument, as an OEM component for
distributed temperature monitoring, for control and monitoring of strain in the wind
energy sector, as a self-contained, sub-sea deployable strain recorder and as a tool for

high-speed vibration research and analysis.

The advantages of the low-cost, high-sensor count, high-speed, all solid-state resonant
cavity technology have ensured that new market areas continue to be identified.

Research to establish new techniques for sensor deployment is ongoing and further

192



developments are in progress to deliver extensions to the core product as required by
the applications of the future. These include the further electrical and software
interface and control options and a wider variety of specialist environmental enclosures
to allow operation in areas and environments where there is a high risk of explosion or

ignition due to presence of flammable liquids and gases.
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7 CONCLUSIONS

This thesis developed a completely novel method of time-division-multiplexing fibre
Bragg grating sensors, which became known as the resonant cavity architecture. It
concluded with a commercially successful high performance optical sensor
interrogation product, but began with the author’s original hypothesis, which was the
foundation of this new technology; that ‘time-division-multiplexing of fibre Bragg
grating sensors should be possible using the optical gating properties of a

semiconductor optical amplifier’.

This thesis concentrated on just one key topic, but the work required a breadth and
depth of knowledge to deliver a novel technology and a unique product that could be
repeatedly applied, with confidence, into a wide range of long-term applications in
harsh industrial environments. This new technology has.helped to bring a significant
change to the market acceptance for fibre Bragg grating (FBG) based optical sensing
and has thus created a substantially greater commercial uptake.

The initial ‘proof of concept’ experimental work proved three fundamentally
advantageous characteristics obtained by electrically switching a semiconductor optical
amplifier (SOA). Firstly, and most importantly, that it could be used to optically gate
individual reflection signals from a time-division-multiplexed (TDM) FBG sensor
array. Also that the amplified spontaneous emission (ASE) generated by the SOA (in
the absence of an optical input signal) could be used as a source of illumination for the
sensors and, finally, that the weak reflection signals received amplification whilst
passing through the SOA. In this manner the SOA was shown to provide the combined

functions of optical source, amplifier and gate.

The demonstration of using a rear reflector to recycle the gated reflection signals was
one of the most significant experimental achievements in this thesis. When positioned
at the rear of the SOA, a highly reflective, broadband, chirped fibre Bragg grating
produced a ‘laser-like’ virtual cavity with any desired sensor in the array, under
complete electronic control. The resulting cyclic, resonant cavity signal had a very
high optical power (>5dBm), an exceptional optical signal to noise ratio (OSNR) (up to
50dB) and could be extracted using a number of different optical circuit configurations.
This flexibility in the choice of configuration allowed wavelength measurement using a
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variety of wavelength detection components, including low cost, passive techniques

that are incompatible with wavelength-division-multiplexing (WDM) schemes.

Experimental verification of the resonant cavity architecture with low reflectivity (4%)
FBG sensors demonstrated a high mean extracted signal power of —22dBm, an
extremely impressive OSNR of >30dB, support for inline losses of >13dB and minimal
crosstalk between sensors. This strong performance under high-loss conditions equated
to the use of sensors with <<1% reflectivity and allowed the option of using passive
splitting for support of multiple sensing fibres or looped sensor array structures (for
redundancy).

Theoretical modelling of wavelength-shadowing-induced sensor crosstalk was
conducted and some correlation with experimental data was determined. However, a
discrepancy in the magnitude of the results indicated that the cavity dynamics are non-
linear. An experimental analysis of the cavity signal evolution was therefore
conducted, which showed that with each complete cycle of the cavity the peak signal
power increased exponentially while the background ASE reduced, until an equilibrium

was reached after ~9 cycles. This result highlights that further analysis should be
conducted in the future.

Finally, preliminary experimental work was conducted using a dual-pulse SOA
switching scheme, with multiple rear reflectors in a hybrid WDM / TDM architecture.
This architecture was shown allow sensor spacing of less than one metre. These results
are also expected to allow efficient monitoring of multiple fibre channels using a
telecommunication WDM demultiplexer or support for numerous looped sensor array
structures for redundancy, as required in the future.

The final conclusion of the work conducted on the configurable SOA drive system was
also a very significant achievement. Early experimental verification of the operating
characteristics of an SOA under pulsed conditions resulted in development of a totem
pole complementary transistor SOA driver circuit. This was constructed from parallel-
connected 74AC series logic gates and allowed SOA switching in just a few
nanoseconds, for the close spacing of sensors (~Im). A novel pulse generator with
spatial-resolution virtual sub-division was developed using programmable counters and
an efficient dithering scheme, to overcome limitations in current logic speeds. When
clocked at 320MHz using a frequency synthesizer this unique design allowed spatial
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tuning of sensors to 0.08m, a maximum cavity length of 10.24km and the control of
pulse duration in 3ns increments. Programmable control of the SOA drive current was
also provided for dynamic adjustment of the optical system gain, to account for

variation in cavity loss and grating reflectivity, on a per-sensor, real-time basis.

It is anticipated that with a sustained trend toward faster, higher-density, lower-power
logic components, further enhancements to the programmable pulse generator will be
possible in the future. In particular, additional work is envisaged in design of more
advanced dual- and multi-pulse SOA drive configurations, and the ability to arbitrarily

profile each pulse, to adjust the cavity gain-dynamics independently in each direction.

The research carried out on integration of the resonant cavity architecture optical
demultiplexer with wavelength measurement components resulted in two successful

interrogator designs with different key performance characteristics:

The simple, low-cost, passive, ratiometric design operated with a resonant cavity signal
that was extracted after reflection from the rear-reflector, so removing all out-of-band
ASE. This design was based around a commercial filter component, which contained a
beam splitter, an edge-filter and two photodiodes. Bespoke electronics containing
high-linearity analogue trans-impedance amplifiers and a dual simultaneous-sampling
analogue to digital converter were designed around the filter to measure the
photocurrents and return the results to a system microprocessor for conversion into
wavelength, temperature or strain. This ratiometric design was demonstrated to
provide a measurement rate of 4.4kHz, a resolution of 1pm, and has good linearity after
calibration, but its operation with a cavity loss variation >3.6dB was not recommended.
The design was expected to be of greatest commercial successful for future very high
volume, high repeatability applications, such as automotive.

The second wavelength measurement technique researched was a diffractive element
spectrometer. This was based on a telecommunications channel monitor and was
integrated with an alternative variant of the resonant cavity architecture, which
extracted the high power cavity signal from the front of the SOA. This pulsed optical
signal was synchronised with the acquisition cycle of the spectrometer using bespoke
interface electronics. This hardware also provided acceleration of serial-to-parallel data
transfer and enabled high measurement speed. Detailed performance analysis showed

exceptional results, with a resolution of ~1pm, an RMS noise of <lpm, a polarisation
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dependant wavelength shift of <10pm and a loss-induced wavelength shift of <2pm (for
10dB change in cavity loss), using only 4% reflective sensors. The high performance
spectrometer-based resonant cavity sensor interrogator design was considered
appropriate for all targeted applications and so was chosen for mass production, but it
was noted that a wide variety of other wavelength detection techniques are also
compatible with the resonant cavity architecture and so could be utilised in future

designs.

The work conducted on the mass manufactured interrogator in design for
environmental performance compliance, design for manufacture and design for test all
demonstrated that successful deployment of new technology into commercial
applications requires significantly more effort than simply concentrating on the initial
fundamental core components. A target of ease of installation, ease of integration,
confidence in long term performance and true end-user value for money were all
demonstrated through a environmental performance test program and the development
of a variety of versatile installation, control and data interfacing protocols and software

systems.

Similarly, the goal of developing a core interrogation system capable of benefiting from
economies of scale through the mass manufacture of a single high performance design
was successfully demonstrated. The core resonant cavity interrogator was deployed,
with ease, as a bench top instrument, as a unit for distributed temperature monitoring in
oil production, for health monitoring and control in wind energy, for sub-sea battery
powered strain monitoring and for synchronised high-speed vibration analysis in a

cluster of 8 interrogators and 280 sensors.

Despite the highly significant success of the resonant cavity interrogator design further
work is possible as the technology can be extended on many levels. At the
fundamental level the resonant cavity architecture is likely to be improved as new
optical configurations are analysed, stronger theoretic models are constructed and new
optical components are developed. At a developmental level the physical construction,
fibre layout, electronics, control and software systems could all be improved to lower
manufacturing costs, reduce electrical power consumption, improve reliability or
provide application level parametric data analysis. At an application level the

advantages delivered by the novel, high sensor count, low complexity, low cost FBG
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sensor interrogation technology provide a strong potential for the development of

optical sensing solutions into entirely new disciplines.
With the success that has occurred so far, and the potential that is still to be explored,

the future for resonant cavity time-division-multiplexed FBG sensor interrogation looks

very bright indeed.
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