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THESIS SUMMARY

The fabrication of in-fibre Bragg gratings, and the application of arrays of such
gratings as strain sensors and as true time delay elements for the control of
phased array antennas is reported. Chirped period Bragg gratings were
produced using the fibre deformation fabrication technique, with chirps of
between 2.9nm and 17.3nm achieved. Arrays of 5mm and 2mm long uniform
period Bragg gratings were fabricated using the dissimilar wavefronts
inscription method, for use as true time delay elements, and their spectral
characteristics recorded. The uniform period grating arrays were used to create
minimum time delays of 9.09ps, 19.02ps and 31ps; making them suitable for
controlling phased array antennas operating at RF frequencies of up to 3GHz,
with 10° phase resolution. Four 4mm long chirped gratings were produced
using the dissimilar wavefronts fabrication method, having chirps of 7nm,
12nm, 20nm and 30nm, and were used to create time delays of between 0.3ps
and 59ps. Hence they are suitable for controlling phased array antennas at RF
frequencies of up to 48GHz. The application of in fibre Bragg gratings as strain
sensors within smart structure materials was investigated, with their sensitivity
to applied strain and compression measured for both embedded and surface
mounted uniform period and fibre Fabry-Perot filter gratings. A fibre Bragg
grating sensor demultiplexing scheme based on a liquid crystal filled Fabry-
Perot etalon tuneable transmission filter was proposed, successfully
constructed and fully characterised. Three characteristics of the LCFP etalon
were found to pose operational limitations to its application in a Bragg grating
sensor system; most significantly, the resonance peak wavelength was highly (-
2.77nm/°C) temperature dependent. Several methods for minimising this
temperature sensitivity were investigated, but enjoyed only limited success. It
was therefore concluded that this type (E7 filled) of LCFP etalon is unsuitable
for use as a Bragg grating sensor demultiplexing element.

Key words: smart structures, optical fibre, microwave and millimeter-wave

photonics, in-fibre Bragg gratings, strain sensors
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1. Introduction

1.1 Prologue

The work which forms the basis of this thesis is concerned with the
applications of arrays of in-fibre Bragg gratings. Specifically, with their use as
strain sensors and as control elements for phased array antennas. In this
introduction to the thesis it is assumed that the reader is more familiar with in-
fibre Bragg grating technology than with phased array antennas, and so more
detail will be given on the latter in order to prepare the reader for the following

chapters.

1.2 In-fibre Bragg gratings

In-fibre Bragg gratings can be written in optical fibre by producing a periodic
variation in the refractive index of the core over a short length of fibre, Figure
1.1. For wavelengths' equal to twice the spacing of the periodic index
perturbation, A, the gratings couple fibre modes into their counter propagating
modes. Hill et al' first observed the formation of these gratings in germania-
doped optical fibre when the core of the fibre was exposed to a standing wave,
interference pattern produced by counter propagating beams of 488nm argon
laser radiation within the core. The interference pattern induced permanent,
localised changes in the refractive index of the fibre core, causing a Bragg type
grating to be formed by the periodic refractive index variation. These ‘Hill’
gratings can be up to 1m in length, with extremely narrow reflection profiles, of
the order of 1.5x10°“nm. One disadvantage of these gratings is that their
reflection wavelength is fixed at that of the writing beams, making their

application rather restricted.
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Figure 1.1 Basic representation of an in-fibre Bragg grating: a periodic variation in the
refractive index of the fibre core

Although there was much interest in the Hill gratings it was not until 1989 that
the fabrication of Bragg gratings was pursued further, Meltz et al?
demonstrated that Bragg gratings can be formed in optical fibre by exposing the
core, through the side of the fibre, to an interference pattern of overlapping
coherent beams of UV radiation. The Bragg gratings used in the work described
herein were fabricated using this transverse holographic exposure technique;
the theory behind these gratings will be discussed in 2.1.1. and the
experimental arrangement used to fabricate them will be described in 3.1.1.
More recently, Hill et al' have developed another method of directly writing
photorefractive gratings which uses a phase mask to create the interference
pattern; the plus and minus first order diffracted beams produced by the phase
mask interfere in the near field, and it is here that the fibre core is positioned;

this fabrication method will be discussed further in Chapter 3.

Before the direct write holographic fabrication method was developed periodic
in-fibre filters were written using photoresists and surface relief etching>®. The
fibre was mounted in a glass block and the cladding lapped and polished
tangentially to the fibre, to within a few tenths of a micron of the core.
Photoresist was then deposited on the polished surface, and a two beam
interference pattern exposed onto the resist, following which the grating was
etched into the fibre. Gratings with a reflectivity of >90% can be fabricated in

this way, with reflection profiles similar to those of photorefractive gratings,
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but they suffer low wavelength loss in transmission due to modal outcoupling.
The advantages of the direct write holographic fabrication procedure are that it
overcomes the reflection wavelength inflexibility of the Hill gratings, and the

time consuming, multiple stage process of the surface relief etching approach.

The maximum grating reflectivity that could be achieved using the holographic
side-writing fabrication procedure was initially limited, to values below that
available for surface etched gratings, by the photosensitivity of the fibres that
were available at that time. This was overcome in 1993 by the development of
boron-germania codoped optical fibre’” and the high pressure hydrogen loading®
of optical fibre, which were shown to increase a fibre’s photosensitivity by a

factor of ten and several orders of magnitude respectively.

In 1992 the fabrication of the first chirped in-fibre gratings was reported by
Farries et al’, using the surface relief etching technique. The fabrication of
chirped gratings in waveguide structures for integrated optics was first
reported”” in 1977, but it was only with the development of highly
photosensitive optical fibres that photorefractive chirped gratings could be
fabricated in optical fibre. The first holographically written chirped grating was
reported by Byron et al', written in a tapered length of optical fibre. Several
other methods of fabricating chirped gratings have also been reported
including the use of phase masks', and various interferometric techniques'*
based on the interference of beams of different curvature, which will be

discussed further in 2.1.2 and 3.3.

Chirped gratings can also be produced by applying a linearly varying strain to a
length of fibre containing a uniform period grating either during fabrication of
the grating, or post exposure; this can be achieved by attaching two different
weights to either end of the fibre’” or by mounting the grating on a tapered
cantilever’® and bending it. Additionally, chirped gratings can be fabricated by

writing uniform period gratings in lengths of fibre which have undergone
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graded pre-exposure to UV light, use of the intensity shading in half-gaussian
beams, and by writing uniform period gratings in curved fibre; this last
technique is known as fibre deformation and work carried out using this

fabrication method will be presented in 3.3.

1.3 Optical true time delay controlled phased array

antennas

The use of fibre optics for the control and distribution of signals within
microwave phased array antenna systems has been investigated for many
years!”!8, Numerous potential advantages are envisaged in implementing
compact optical fibre transmission line beamforming networks in place of the
bulky microwave waveguides used in conventional RF systems, particularly in

airborne systems where weight is at a premium.

emitted beam
phase front

V Y \( \/ ................................ \(antenna element

RF signal

Figure 1.2 A phased array antenna; the phases of the RF signal sent to the individual
antenna elements are controlled to Steer the emitted beam

A phased array antenna is a directive microwave (RF) antenna composed of a
group of individual radiating elements which are distributed in a linear or two-
dimensional spatial configuration, Figure 1.2. The amplitude and phase of the

signal emitted by each radiator can be individually controlled to produce a
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radiated beam of any desired shape. The position of the beam in space is
controlled electronically by adjusting the phase of the RF excitation signals
emitted at the individual radiators. Hence, the beam direction can be scanned
while the antenna aperture remains fixed in space: no mechanical movement is
involved in the scanning process, making it inertialess scanning, and thus very
fast.

Phased array antennas offer many operational advantages over mechanically
steered arrays, including extremely accurate beam pointing, inertialess and
highly flexible beam scanning in two dimensions, low weight and power
consumption, and the ability to produce a beam with low power spatial side
lobes, so that most of the power is concentrated in the main beam. Modern
phased array radar systems are expected to work over large beam scan angles,
of up to +/-45° at signal frequencies anywhere from the UHF to the X-band,
with instantaneous RF bandwidths of the order of hundreds of megahertz, and
to produce up to five simultaneous, independently controlled beams. In order
to satisfy the required wide bandwidth and rapid beam pointing, true time
delay (TTD) antenna array control techniques must be implemented to obtain
efficient signal distribution to the radiating elements, independent of the RF

signal frequency.

Applications of phased array antennas include radar and telecommunications
systems, where rapid, and accurate scanning of the microwave beam direction
is called for. Accurate beam scanning in a microsecond time frame allows radar
systems to perform multiple functions either simultaneously or through the use
of time division multiplexing; for example, a phased array radar is able to
simultaneously track large numbers of targets, and illuminate some of those
targets with RF energy to allow missile guidance toward them. In
communications systems phased array antennas can be used to accurately
point high power beams towards distant receivers and transmitters, and to

enable contact to be maintained between a base station and rapidly moving
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receivers, or between two rapidly moving receivers, in, for example, vehicles or

aircraft.

In conventional phased array antenna systems the phases of the RF excitation
signals emitted by the individual radiators are controlled directly by passing
the signals through microwave phaseshifter waveguides. However, if the RF
frequency changes, the apparent length of the microwave waveguide changes
and, as a consequence, the phases of the signals emitted by the antenna
elements are altered. This results in a change in the beam’s spatial position, a
phenomenon known as beam ‘squint’, which will be discussed further in 2.2.2.
In order for a radar system to be capable of gathering large amounts of
information about its target(s) it must employ a wide instantaneous RF signal
bandwidth; of the order of a few hundred megahertz. Hence a wide range of RF
frequencies are transmitted along each phaseshifter waveguide, and the
resulting beam squint suffered by the extreme RF frequencies means that some
of the signal power does not strike the target, and the information that the

higher RF frequencies would collect is lost.
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Figure 1.3 Switched lengths of delay line (electrical waveguide or cable, or optical fibre) in
a TTD control device; time delay increments in steps of t

In order to prevent the occurrence of beam squint in systems which require a
wide RF signal bandwidth, TTD control of the RF signal phases is used instead
of the simple phase shift technique. This can implemented by replacing the



phaseshifter waveguides with switched lengths of electrical waveguide or cable,

or lengths of optical fibre, Figure 1.3. Electrical waveguide TTD control devices
suffer several disadvantages: they tend to be bulky; sustain high loss at high RF
frequencies; and are susceptible to electrical crosstalk and temperature-induced
time delay changes. The feed system for an array of, say, one thousand
elements, comprising thousands of metres of heavily shielded electrical cable,
and power splitters, is so heavy, bulky, inflexible and expensive that the
application of electrical waveguide TTD control to large phased array antennas
is impractical in many applications. In contrast, optical fibre is lightweight,
compact, immune to electromagnetic interference and cross-talk, and has
significantly lower transmission loss and higher signal bandwidth capacity.
Optical TTD control can therefore overcome many of the problems associated
with electrical TTD control networks, and has the potential to become a low

cost alternative to them.
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Figure 1.4 Switched optical TTD control device; switch between different lengths of optical
fibre; time delay increments in steps of t
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Figure 1.5 Wavelength ewitched' TTD control element; tuning optical carrier wavelength
varies optical path length

26



To implement an optical RF link the chosen electrical RF excitation signal is

impressed on an optical carrier as an intensity modulation, and the optical
carrier distributed to the antenna elements via optical fibres. In optical TTD
systems the required time delay is achieved by switching the optical signal
through an appropriate length of optical fibre. This can be done physically, by
switching the optical signal into different lengths of optical fibre, Figure 1.4, or
through wavelength switching, Figure 1.5, where changing the wavelength of
the optical carrier changes the length of optical fibre that the signal travels
through.

To date, switched optical TTD has been dominated by two approaches: systems
dependent on optical switches to directly alter the length of optical fibre that
the optical carrier traverses on its route to the antenna element, Figure 1.4; and
those which select the length of optical fibre by switching between many
different laser sources, each of which feeds a different optical path. Goutzoulis
et al® have reported a binary fibre optic delay line in which 2x2 optical switches
are used to select the optical carrier path length; the time delay units within the
system provided delays which incremented according to the binary number
system, allowing any delay from AT to 2™'AT to be created (M is the number of
switches). An RF frequency of 1GHz was used and the delay line produced a
maximum delay of Sus, with a resolution of 39ns. Designs for an all optical
binary fibre optic delay line based architecture®, and for a hybrid delay line
architecture?!, containing both electrical waveguides and binary fibre optic
delay lines, have also been reported by Goutzoulis et al A similar approach
which has been demonstrated? used 2x2 optical switches to route the optical
carrier through dispersive elements, such as dispersive fibre, fibre gratings, or
WDM delay lines, with the available time delays again incrementing in binary

steps.
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A 3-bit optical true time delay unit based on laser selection has been reported

by Ng et aF’ in which the desired delay increment is selected by switching on
the bias to the semiconductor laser diode pigtailed to the appropriate length of
dispersive optical fibre. This time delay unit was used to create a minimum
time delay of ~88ps, with a maximum delay of 7 times this value, for RF
frequencies in the range 1GHz to 11GHz. Four of these delay elements have
been built into a network?, and used to steer a dual-band (2GHz and 9GHz)
phased array antenna® over an angular range of -28° to +28°, and used to
demonstrate that the beam direction was unaffected on changing the RF
frequency from the L-band to the X-band®*?"#*. A 5-bit optical TTD element has
also been reported® which used 12 delay lines connected to a 4x8 coupler to
create 32 different delay paths. Laser switching was used to select one of the
four input delay lines to the 4x8 coupler, and the delay line on the output side
of the coupler was selected by switching on the photodiode connected to the
chosen delay line; all eight photodiodes were connected to a single antenna. A
total delay of 7.75ns was reported, with a resolution of 0.25ns, for an L-band
(850-1400MHz) RF signal. Control of a 96 element conformal array using a
combination of electrical waveguide TTD delay and the 5-bit optical TTD unit
has also been demonstrated’, and was used to scan the antenna beam across an

angular range of -60° to +60°.

Wavelength switched optical TTD has been dominated, until recently, by
systems which use high dispersion optical fibre in conjunction with a tuneable
wavelength laser’'*. By tuning the optical carrier wavelength the signal can be
made to acquire varying amounts of time delay; 5ns of delay has been
reported® for 1km of fibre with a dispersion of -98ps/km.nm. Either a single
length of fibre can be used* or many lengths of fibre can be constructed into a
‘fibre-optic prism’, Figure 1.6, as reported by Esman et al’. Here N equal lengths
of optical fibre, each with a different net dispersion, are connected, at opposite
ends, to the output of a 1xN coupler and N matching photodetectors
respectively; each photodetector feeds a single radiating element. For a given

optical carrier wavelength the array will radiate an RF beam in a fixed direction;



changing the optical carrier wavelength alters the time delay acquired by each

of the N signals and hence changes the radiated beam direction. The fibre-optic
prism TTD unit has been used to control a sparsely populated phased array
containing 8 active radiating elements, over an RF frequency range of 2GHz to
12GHz**, and in a 2 element sparsely populated array operating over 2GHz to
18GHz%. Good agreement between the measured and calculated beam patterns

was reported.

high dipsersion
optlce7l fibre standard

/ / optical fibre

photodiode

Figure 1.6 'Fibre optic prism'; N equal lengths of optical fibre each of _different net
dispersion; each provides different amount of delay, and delay can be varied by tuning
optical carrier wavelength ’

Other, non-fibre based, methods of creating optical TTD which have been
reported include a delay unit constructed using birefringent crystal segments®.
Light polarized along one of the principle birefringence axes of the crystal
passes through many crystal segments, separated by polarisation rotators, as it
travels from the optical source to the receiver at the array element. The time
delay is varied by switching the polarization of the light between the two
crystal axes, so that it accrues a different time delay in each segment of crystal.
Semiconductor integrated photonic waveguide circuits have also been used, on
GaAs/AlGaAs * and on Lithium Niobate® substructures, creating a 3-bit delay
line with a maximum delay of 8ps, and a beam steering sensitivity of 1.5° per

volt of applied bias voltage, respectively.
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While the switched optical TTD approaches described above offer significant

advantages over electrical waveguide/cable based systems, their requirement of
many optical switches, semiconductor lasers, and 1 to many optical couplers
makes them somewhat expensive. Their use of these bulk optic devices also
compromises the compact nature of the optical fibre delay lines which they use,
and introduces loss into the system. Dispersive fibre based optical TTD is more
compact and uses fewer lossy bulk optic elements, but it is not an ideal solution
as it uses very long lengths of optical fibre and still requires expensive 1 to

many couplers.

A simpler, cheaper, and more compact approach to wavelength switching
accesses the inherent advantage of wavelength-selected time delays through the
use of a series of Bragg gratings®. An array of gratings of different central
wavelengths, are fabricated along a single length of optical fibre, with the
individual gratings addressed by wavelength tuning the optical source. The
total length of fibre traversed by the optical signal is thereby selected and the
desired time delay to be acquired by the optical signal chosen. The principles of
operation of this type of optical TTD system are described further in 2.2.3 and
5.1. The initial demonstration and subsequent development of an in-fibre Bragg
grating based optical TTD element suitable for controlling phased array
antennas operating at RF frequencies of up to several gigahertz, forms the

driving force behind the work to be reported in Chapter 5.

1.4 In-Fibre Bragg grating sensors

1.4.1 Introduction

Much work has been reported on the use of optical fibre as a sensing element,
and it has been used to detect a wide range of measurands, including
temperature®, strain***, electric* and magnetic* fields, pressure® and chemical

species®. These sensor systems use long lengths of optical fibre as the sensing
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element and interferometric detection to determine the effect of the

measurand.

Soon after the direct write, holographic method of fabricating in-fibre Bragg
gratings was reported, described in 1.2, their potential use as sensors was
demonstrated*#+ and sensor multiplexing discussed***". Placing a fibre Bragg
grating under strain or subjecting it to a change in temperature causes its
reflection wavelength to change, and by determining the change in wavelength
the strain or temperature to which the grating is being subjected may be found;
this will be discussed in more detail in 2.3. Fibre Bragg grating sensors are
inherently wavelength encoded devices, which offer several advantages over
intensity based, sensing schemes. Most notably, the reflection wavelength is an
absolute parameter, and therefore it is not affected by losses within the sensor
system, due to environmental changes for example, or by variations in the
source power level. Uniform period fibre Bragg grating sensors easily lend
themselves to multiplexing, where each grating in the sensor arrangement is
written with a different wavelength of maximum reflectivity, and a narrow
reflection bandwidth, <0.5nm. Wavelength division multiplexing can therefore
be used to separate the signals from the different sensors at the receiving end
of the system. This can be achieved using an optical spectrum analyser or a
scanning spectrometer, but for a real sensor array, in which cost, bulk and
weight must be minimised, a more compact wavelength interrogation device is
called for. Much interest has been shown in developing such a sensor
demultiplexing scheme, and a brief overview of the work reported to date is

given below.

1.4.2 Wavelength demultiplexing fibre Bragg grating sensors

The interferometric wavelength measurement techniques used with the optical
fibre sensors mentioned in 1.4.1 have also been applied to the demultiplexing
of arrays of Bragg grating sensors. Kersey and Berkoff* have reported a Bragg

grating interrogation scheme based on an unbalanced Mach-Zehnder
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interferometer which has been used to measure strain, with a resolution of
~0.6ne/Hz'*. The measurement capabilities of the system were restricted by low
frequency drift in the interferometer arms, hence it could only measure strains
which varied periodically at frequencies of greater than 100Hz. Time division
demultiplexing was then applied to this arrangement’~* increasing the number
of sensors that it could interrogate from 1 to 4, and then to 8. A system using a
fibre Fourier transform spectrometer has also been reported™* for the
demultiplexing of fibre Bragg gratings. A Michelson interferometer was used to
create an interferogram, from which the Fourier transform was computed to
obtain the source spectra. Three gratings were multiplexed and a Bragg

wavelength sensitivity of ~0.015nm was recorded in the 1550nm region.

In addition to wavelength division multiplexing and time division multiplexing,
spatial division multiplexing has also been applied to the interrogation of Bragg
grating sensor systems®*” A bulk optic transmitting Michelson interferometers
has been used as a wavelength discriminator, to interrogate 4 identical gratings
in an arrangement capable of multiplexing up to 32 identical gratings. All of the
gratings in the sensor array were illuminated simultaneously, with the sensor of
interest selected by switching on its associated detector; a strain resolution of
2ue and a temperature resolution of ~0.2°C were achieved. The transmitting
Michelson interferometer has also been used in series with a Fabry-Perot
transmission filter; the Fabry-Perot filter, with a resonance peak bandwidth of
~0.65nm, was used to select the grating of interest, and the Michelson
interferometer, free spectral range ~0.98nm, was used to measure the grating
wavelength. The spectral characteristics of the filters restricted the absolute
wavelength measurement range of each fibre Bragg grating to ~0.65nm,

equivalent to a strain measurement range of 650ue.

A further bulk optic based Bragg grating sensor interrogation technique uses
ratiometric wavelength measurement, first reported by Melle et aP®%. The

system splits the light reflected from the Bragg grating into two beams, one of



which passes through a filter with a wavelength dependent transmission
function, while the other is used as a reference signal to compensate for any
signal intensity fluctuations; a strain sensitivity of 0.65pm/ue was achieved.
Since the filter is not wavelength discriminating, each filter can interrogate only
one sensor grating, unless time division multiplexing is applied. All optical fibre
based ratiometric wavelength determination has also been reported® using a
wavelength division coupler designed to display a monotonic dependence of
splitting ratio on wavelength. A strain measurement resolution of 3ue was
demonstrated, but again only one grating can be interrogated by each coupler.
A highly overcoupled coupler, which also exhibits wavelength dependent
coupling, has been used to implement ratiometric Bragg grating sensor
interrogation®, with a strain measurement resolution of 10ue, as has a biconical

fibre filter®®, which had a dynamic strain resolution of 1.5ue/Hz"2.

Another all fibre based grating interrogation system which has been reported is
based on the use of fibre lasers whose lasing wavelength is determined by the
central wavelength of the sensor grating: a laser cavity is constructed in a
length of rare-earth doped optical fibre using two wavelength matched Bragg
gratings, one of which is used as the sensor element and hence determines the
operational wavelength of the laser. Fibre-laser sensor systems have been
reported which can interrogate single gratings and multiple gratings®®,
through the application of mode-locking. An alternative approach to the fibre-
laser sensor has been reported in which a much smaller laser cavity is used, and
the whole laser cavity is the sensing element®*; interferometric wavelength
detection was used to interrogate these sensors. Fibre lasers may also be used
as tuneable wavelength sources for interrogating Bragg grating sensors®; the
laser wavelength is tuned through the wavelengths of the grating sensors, and
the wavelengths which return the maximum signal intensity correspond to the

grating central wavelengths. This arrangement achieved a wavelength

measurement resolution of ~2.3pm.
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Acousto-optic tuneable transmission filters can be used to interrogate an array
of fibre Bragg grating sensors illuminated by a broadband source, with the filter
output detected by a broadband receiver. This was first reported by Xu et al’®, to
track the central wavelength of a single grating sensor exposed to temperature
variations, and then developed to interrogate multiple strain sensors’7?, giving
a strain sensitivity of 0.4ue; a simple linear model which describes the grating
wavelength tracking has also been presented™. A similar system was reported

by Coroy et al’* which achieved a strain resolution of 2.24ue.

All optical fibre grating sensor demultiplexing can also be achieved by using an
arrangement of matched gratings. In this approach each sensor grating has a
twin receiving grating, which is tuned to match the sensor grating wavelength,
thus reflecting light into a photodetector, or spectrum analyser. The array of
receiver gratings can either be tuned all together” or individually™, by fixing
the gratings to piezo-electric transducers and applying strain to them; the
photodetector output is used in a feedback loop to maximise the reflected
signal and hence match the sensor and receiver grating wavelengths. Other all
optical sensor demultiplexing schemes include a feedback loop controlled in-
fibre Fabry-Perot tuneable filter””, which gave a strain measurement resolution
of 3ue for an array of 4 gratings, and strain-tuned phase-shifted Bragg gratings
which comprise single or multiple pass bands within a wide stop band grating;
the application of this type of filter to sensor grating interrogation will be

discussed further in Chapter 4.

These sensor demultiplexing schemes are based upon wavelength measurement
devices which are capable of interrogating, at best, a few Bragg grating sensors,
and rely on time and spatial division multiplexing to increase their capacity
towards the needs of a real sensor system. In order to simplify the
demultiplexing scheme architectures required for a real Bragg grating sensor
system, comprising hundreds of sensing elements, a wavelength measurement

device capable of interrogating tens of gratings is called for. One such potential
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device is a liquid crystal filled Fabry-Perot etalon tuneable transmission filter.
This has previously been used as a wavelength selection device in optical
communication systems™™, and its reported transmission characteristics
suggest that it is suitable for use as a sensor demultiplexing element. The
application of one particular form of this type of wavelength selective filter to
the interrogation of Bragg grating sensor forms a large part of the work which

was carried out on in-fibre Bragg grating strain sensor systems, and will be
reported in detail in chapter 4.

1.4.3 In-Fibre Bragg grating sensors in smart structures

A smart structure is one which senses its surrounding environment, or its own
condition, interprets the sensory data, makes a decision and then responds to
any changes that it has detected. For example, a smart structure designed to
operate at a specific temperature will detect any temperature changes,
determine the sense of the change, and implement action to return its
temperature to the correct value, by, say, turning on some peltier devices
mounted on its surface. Aircraft incorporating smart structure technology
could monitor their flight loads, structural health and airworthiness, and
reduce their vibration. They could also implement real-time, in-flight corrective
action in response to any mechanical failure and schedule their maintenance
programmes, which would result in lower operational costs and increased
safety standards. Further in the future these structures could be designed to be

‘intelligent’, using neural networks to improve their decision making®.

Smart structures consist of a sensor, or a network of sensors, which convert
environmental parameters into electrical or optical signals for processing, a
processor, and actuators to maintain the smart structure in its desired state.

Although the sensors in a smart structure measure temperature or strain, the

measurand may be one of a wide variety of variables, including deformation,

shape, force, vibration, d

and chemical concentration; all o

amage, pressure, magnetic or electric field strength,

f which can be converted to temperature or

w
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strain by an appropriate sensor. Most of the sensors used to date in smart
structures® have been electrical, such as metal-foil resistive-strain gauges and
piezoelectric ceramic strain gauges. Both of these sensor types require a pair of
electrical wires to monitor them, and suffer from transverse strain sensitivity
error. Fibre optic sensors® offer the advantages of being extremely small and
light, immune to electromagnetic interference (EMI), and corrosion and fatigue
resistant. In addition, they are compatible with composite materials, and do not

cause severe weakening of the structure in which they are embedded®.

As aerospace platforms become more advanced they will be required to
perform to increasingly tight specifications which will necessitate the use of
materials which are of lighter weight, greater strength, and have the ability to
change their parameters, such as shape, stiffness, and electrical and mechanical
properties, as demanded. In aerospace applications one of the most important
design considerations is the minimisation of the weight of the craft, and fibre
optic sensors can offer many advantages over conventional sensors in this
area*. Since they are EMI immune, fibre optic sensors do not require the costly,
heavy shielding that is used to support electrical sensors. The ability to
multiplex many sensors on a single optical fibre line offers further weight
reductions, and minimises the number of points of ingress into the structure.
Problems with routing other electrically conductive paths and lightening strikes

are also simplified due to the passive dielectric nature of optical fibre.

A technique based on the differential sensitivities of dual mode and
polarimetric sensing systems has been reported® which can simultaneously
resolve temperature and strain variations experienced by a structure. An 80cm
length of optical fibre was used as the sensing medium, and strain and
temperature resolutions of 20ue and 1K were achieved, over measurement
ranges of 2ue and 45K respectively. The successful embedding of polyimide

coated Bragg gratings in glass-fibre reinforced polyester has been achieved?,

and the gratings used to measure strain with a sensitivity of 0.65nm/1000ue.
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Damage assessment using optical fibre sensors has also been reported®, in
which the application of a large force on the structure causes the sensor to fail.
Optical fibre based sensing has also been applied to aircraft wing leading edge

damage assessment®, in which the fibres undergo a special etching process to
preset their damage sensitivity.

Smart structure systems which utilise Bragg gratings as the sensor elements
have also been reported, most notably the embedding of 15 gratings within the
precast concrete deck support girders of a two span road bridge has been
reported by Measures et al*’. The bridge, constructed near the city of Calgary in
Canada, was the first in the world to test the use of carbon composite tendons
as a replacement for steel tendons. It was demonstrated that the sensors were
capable of measuring both the strain relief experienced by the steel and carbon
composite tendons within the concrete girders, as the concrete set, and the
internal strain within the girders associated with static and dynamic loading of
the bridge with a truck. The sensor demultiplexing system which was used
comprised four independent erbium doped fibre lasers, pumped from a single
980nm semiconductor laser diode, the wavelengths of which were determined
by their respective remote Bragg gratings. A strain measurement resolution of a

few pe was recorded for a measurement range of 5000ye.

The development of in-fibre Bragg grating sensor demultiplexing systems is
vital to the future of optical fibre sensor based smart structures. Systems
capable of interrogating hundreds, or even thousands, of sensor signals will be
required to monitor, for example, entire aerospace or aircraft bodies, buildings
and bridges. The liquid crystal Fabry-Perot filled etalon based demultiplexing
scheme mentioned in 1.4.2 can, in principle, offer a compact, lightweight
plexing architecture suitable for use with smart structures, particularly

demulti

those in spacecraft and aircraft, where weight and size must be minimised.

Strong, lightweight composite materials are being developed for use in these

structures and both the sensors and the demultiplexing system must
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complement their properties. The initial part of the work to be reported on
Bragg grating strain sensors was concerned with the performance of grating

sensors embedded within a carbon composite material, and will be discussed in
chapter 4.

1.5 Overview and aims

This thesis is concerned with two distinct applications of in-fibre Bragg grating
arrays, and as such there are two main objectives. The first is to investigate the
application of in-fibre Bragg gratings as strain sensors in a composite material
smart structure, and to develop a compact, lightweight and potentially low cost
method of demultiplexing many sensors, which can then be applied, by
combining it with spatial and time division multiplexing, to the interrogation of
hundreds of sensors in a real smart structure system. The second goal is to
explore the utilisation of arrays of Bragg gratings as true-time delay control
elements for phased array antennas. In addition to these, the Bragg gratings

which are to be used in these applications must be successfully fabricated.

Much work has been reported on various approaches for interrogating Bragg
grating sensor arrays, but there is still a requirement for a wavelength
demultiplexing element which can be used to measure the wavelengths of tens
of sensors. No previous work has been reported on the use of fibre Bragg
grating arrays as true time delay elements, although the principle has been

discussed™, hence a practical demonstration of the concept is needed, followed

by some development of this type of time delay element.

This chapter has given an introduction to the relevant areas of research, so that
the reader may view the work which will be reported in the following chapters
in the context of the current state of the fields. Chapter 2 will be concerned

with discussing the appropriate theory which supports these subject areas,
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allowing the reader to follow the results presented in the subsequent chapters.
In chapter 3 the fabrication processes used to produce the gratings used in the
work which will be reported in chapters 4 and 5 will be described, and results
relating to the fabrication and characterisation of these gratings will be
presented. Results pertaining to the investigation of the use of Bragg gratings as
embedded strain sensors, in a carbon composite board, will be reported in
chapter 4, followed by the presentation and discussion of results concerning
the development of a compact, lightweight, and potentially low cost sensor
demultiplexing system. Chapter 5 will cover the initial investigation and
subsequent development of fibre Bragg grating array based true-time delay
elements for the control of phased array antennas. Discussions of the results
presented will be offered at the end of each chapter, and an overall conclusion
of the work reported herein will be given in chapter 6, including the discussion
of relevant results reported by other authors since the conclusion of this work,
and further developments which could be implemented to carry this work

forward.
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2. Background

2.1 In-fibre Bragg gratings

2.1.1 Basic grating theory

A Bragg grating is photoinscribed in the core of an optical fibre as a spatial
modulation of the refractive index through exposure to a pattern of ultra-violet
(UV) interference fringes. Light travelling down the fibre will be reflected by this
periodic index modulation if its wavelength matches the Bragg resonance

condition, given by

Ay =2n,, A

eff

Eqguation 2-1

where X is the Bragg resonance wavelength of the grating, n is the effective
refractive index of the fibre core, and A is the period of the refractive index

modulation, related to the wavelength of the UV writing beams, A _, and the

uv?

angle between them, 6, Figure 2.1, by

Ay

A =
2sin?%

Eguation 2-2

The grating can be described as a uniform sinusoidal modulation of the

refractive index throughout the core, given by**

Al (27&7,\
+ +C0S
core ’l A J

n(z)=n

Equation 2-3

40



where n__ is the refractive index of the unexposed core and An is the amplitude

of the photoinduced refractive index change.

The interaction of guided waves with a uniform-period grating can be modelled
using coupled mode theory in which a pair of first-order differential equations
are used to describe the amplitudes of the forward and backward travelling
waves. The grating provides a coupling mechanism between the two modes,

enabling energy to be transferred between them.

core __ interference fringes

o

photosensitive
optical fibre

Figure 2.1 Fabrication of a Bragg grating in optical fibre core by interfering two UV beams
of wavelength A ,,

The formation and solution of these equations is well known** and gives the

reflectivity of the grating, R, as

B x* sinh’(SL)
~ 5B%sinh?(SL) + S* cosh*(SL)

R forx?® > 6B°

Equation 2-4

and
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x?sin?(QL)

R forx? < 8p°

- 5B? —x* cos*(QL)

Equation 2-5

where L is the grating length, « is the coupling coefficient and & = B-p_is a
measure of the detuning of the incident light from exact Bragg resonance. The

mode propagation constant, j3, is given by

27m¢

2
p= A
Equation 2-6

where X is the free-space wavelength, and n_ is the mode effective index; the

grating wavenumber, B , is expressed as

Equation 2-7

where mis an integer. Variables S and Q are given respectively by

; o) 2 yz
S= (K" - 5[3‘)
Eqguation 2-8
and

>%:i5

Q:(5ﬁ2_}<2

Equation 2-9

Assuming no loss, the normalised transmission of the grating is described by T
=1-R.



Maximum reflectivity for a uniform grating occurs when 33=0 ie. when the

Bragg condition is met such that
pA=2n,A=4,

Equation 2-10

where A, is the Bragg wavelength of order p. The strongest interaction occurs
for the fundamental Bragg order, when p=1. For §f=0, Equation 2-4 simplifies to

give a maximum reflectivity of*

R =tanh’(xL)

max

Equation 2-11

The Equation 2-11 indicates that for increasing L the peak reflectivity of the
grating rises to unity, accompanied by an increase in the amplitude of the

sidelobes and a broadening of the spectral bandwidth; illustrated in Figure 2.2.

o©
o0
|

o
o

0.4

Reflectance R(L, )

02 4

Figure 2.2 Reflectance R(L,A) as a function of 6L for a periodic grating with kL values of
0.5, 1,2, 3, and 4
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From Equation 2-4 the full grating bandwidth, AA, measured between the zeros

on either side of R is given by*
maN

A

mm,, L

AA =

[(KL)2 +7r2]%

Fquation 2-12

For a uniform sinusoidal refractive index modulation in the core the coupling

coefficient, x, may be described by*

Eqguation 2-13

where n is the fraction of the normalised mode power that exists within the
fibre core, and which can therefore interact with the grating; assuming that the
grating is written uniformly throughout the core. n may be approximated by

1

nzvz

Eguation 2-14
where V is the V-value of the fibre.

This model is suitable for many cases, but it does have limitations in that it
deals with a simplified version of the experimental situation and cannot be
applied to gratings in which the period or coupling coefficient varies with
length. A more general approach appropriate for tackling such gratings solves
the coupled mode equations by a process of numerical iterations”?, or by

reducing them to a single Riccati differential equation™. Another method for
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modelling aperiodic gratings uses the transfer matrix formalism, which will be

discussed further in section 5.8.2.2.

2.1.2 Fabrication principles

Morey et aP*» demonstrated that Bragg gratings can be formed in optical fibre
by exposing the core to an interference pattern of overlapping coherent beams
of UV radiation through the side of the fibre; the gratings used in this work
were fabricated using this transverse holographic exposure technique (the
experimental arrangement will be discussed further in section 3.1.1). The UV
radiation is split into two equal intensity beams and then recombined to
produce an interference pattern within the core, normal to the fibre axis. The
intensity of the pattern can be increased by focusing the beams on the fibre
with a pair of cylindrical lenses. The UV interference pattern produces a
permanent periodic variation in the refractive index of the fibre core, see 2.1.3,
forming a phase grating which acts like a band rejection filter. Wavelengths
which are not in resonance with the grating are passed, while those which
satisfy the Bragg condition are strongly reflected. The central wavelength of the
grating is sensitive to changes in temperature and axial strain; see 2.3.1and
2.3.2.

The transverse holographic fabrication technique enables easy selection of
Bragg wavelength and allows the gratings to be formed at localised points along
the fibre, hence a large number of gratings can easily be written along a single
length of fibre”. From Equation 2-1 and Equation 2-2, the wavelength reflected

by a uniform-period grating can be described by

. nuj:f /’{'L"V
P 2sin%

Equation 2-15



The Bragg wavelength can therefore be controlled by varying either the angle,

the UV wavelength, or both. As the grating grows there is a shift in the Bragg
wavelength due to an increase in the effective refractive index of the core

during exposure®.

The grating reflectivity, at the central wavelength, is given by Equation 2-11.
The fractional index change (An/n) produced in the fibre core is of the order of
3x10°. The strength of the index perturbation is not constant along the length
of the fibre, but decreases from the centre to the edges due to the gaussian
intensity profile of the writing beams. Evidence of the taper in the depth of the
index perturbation is apparent in the spectral line shapes of the grating

reflections which exhibit very low side lobes”.

Gratings in which the period varies linearly with distance can be fabricated by
recording the interference pattern created between a collimated laser beam and
a converging one*'®. The fibre is located in the z=0 plane, Figure 2.3, the
collimated beam is incident on the fibre at an angle 6/2 to the normal to this
plane, and the angle subtended by the collimated beam and the bisector of the
converging beam is 6. The interference pattern produced where the two beams
overlap in space, arranged to be within the fibre core, is recorded over a length

s of fibre.
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Figure 2.3 Fabrication of a chirped Bragg grating using method of dissimilar wavefronts

The output of a 244nm laser is 50:50 power split to produce the two writing
beams, and the converging beam passed through a cylindrical lens of focal
length f, width d, whose focus is located at the point Ax , z). Simple geometry

then relates the focal line co-ordinates (position of the focal plane) to f, s, d, and

e 9!):
‘ cosG+cos<2rJ))
2, =%S$
ST sin(20)
Equation 2-16
t
X, =1 tan(g@)
Eguation 2-17
where
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Eguation 2-18

The electric field in the fibre core (z=0) is the sum of the collimated and

converging waves, given by”

E(x,z = O) = Aexp[~ Jhx sin(;} 9)]+aexp[jk{(x - X, )2 + ~; }V}

Equation 2-19

where k=2wAx is the wave number for the incident fields, and A and a are the
amplitudes of the collimated and converging beams respectively. The period of

the grating is given by*
A

sin(‘gG)Jr(x“x[)/ (x—xf)2+zj

Alx)=

Equation 2-20

2.1.3 Photosensitivity and hydrogenation

The dominant source of photosensitivity in optical fibre is defects associated
with oxygen deficiencies in the GeO,-SiO, glass matrix. A mechanism for the
induced refractive index change in the fibre has been suggested by Hand and
RusselP” in which Ge-Si bond breakage, driven by two-photon-absorption at
488nm, yields positively charged Si- sites (Ge-E’ centres) and a free electron. The
Si* ion is held in the matrix while the electron has enough energy to escape and
subsequently become trapped at neighbouring defect sites, creating Ge(l) and
Ge(2) colour centres. Formation of colour centres in the glass alters its UV

absorption spectrum, producing a change in refractive index through the
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Kramers-Kronig principle”. The colour centre photosensitivity model is

supported by many experimental observations!®t!0:004105 0 including  those
reported by Malo et al'® that the photosensitivity of standard germanosilicate
optical fibre can be irreversibly removed by annealing the fibre in air at a
temperature of 1200°C. However, it has not been able to explain all
experimental findings!*™%1" and this has lead to the proposal of a second
model''*!! based on glass densification induced by the photoionisation of the
GeO defects. There is also some discussion about whether photoionisation is a
one-photon process!#!t3 or a two photon process'**!!>!16 It is currently believed
that more than one process is occurring within the fibre during grating
fabrication, with the type of fibre, writing power and writing wavelength

involved in determining the relative importance of each process.

Optical fibre in which the core is co-doped with boron and GeO, is more
photosensitive than fibres containing the same amount of GeO, but no boron'",
and the UV exposure time required to saturate the refractive index change is
greatly reduced. The presence of boron in germanosilicate optical fibre causes
stress within the glass matrix, which is believed to increase the number of GeO
defect sites and hence raise the photosensitivity of the glass. The reduction in
UV exposure time required to saturate the refractive index change in boron-
germania codoped fibre supports the densification model of refractive index

Changell().lll.

The photosensitivity of optical fibres containing germania may be increased
through the use of a high-pressure hydrogen-loading technique'*!", where the
fibre is soaked in H, at a pressure in the range 20-750 atmospheres and at a
temperature of between 20°C and 75°C, for a period of several days; typical
values are 150atm and room temperature. The presence of dissolved molecular
hydrogen allows the photoinduced reaction which produces the refractive index
change to occur at all Ge sites, not just at GeO defects, however its presence
alone does not produce any discernible increase in absorption near 240nm. The

UV light used to write the gratings appears to produce dissociation of the H,
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molecules, forming Si-OH and/or Ge-OH groups in the glass matrix, oxygen-

deficient Ge defects, and a large permanent refractive index change. The
photoinduced refractive index change in hydrogenated fibres is permanent, and
typically two orders of magnitude greater than that achieved for non-hydrogen-
loaded fibre of the same type'?. A side-effect of hydrogen loading is the
appearance of loss at 1.39um due to absorption by the OH groups; this can be
overcome by loading the fibre with deuterium instead of hydrogen'!. The
presence of molecular hydrogen in the optical fibre core can change the

effective refractive index seen by guided optical modes by as much as 0.05%'*.

The hydrogen starts to diffuse out of the fibre immediately it is removed from
the pressure vessel, so grating fabrication must be carried out reasonably
quickly. It has been observed that the wavelength of a grating written in
hydrogenated fibre initially increases in wavelength, over a period of a few
hours, and then decreases to a central wavelength shorter than the value
measured immediately after inscription'*’. As described above, exposure to UV
illumination causes the dissolved H, molecules to dissociate, and Ge-OH bonds
to form. H, dissociation occurs throughout the fibre, but the Ge-OH bond
forming reaction occurs only in the core; the dissociated molecules in the
cladding most likely recombine. Immediately after UV exposure the fibre core is
virtually emptied of dissolved hydrogen, but the cladding is still fully loaded
and these H, molecules undergo isotropic dispersion. For the first 5 hours after
exposure this has the effect of partially refilling the fibre core with H,
increasing its refractive index and causing the central wavelength of the Bragg
grating to increase. Over a longer time period, however, all of the hydrogen
disperses out of the fibre, and the refractive index returns to its original ‘empty’
value. This slow Bragg grating wavelength drift can be removed by annealing
the fibre after the grating has been written'”’. The effect on grating wavelength
of post-exposure diffusion of hydrogen was characterised for the various types

of fibre used in this work, and will be discussed in detail in 3.2.3.

N
=)




Dissolved hydrogen in fused silica is an example of both physical and chemical

solubility of a polyatomic molecule'®*; physical solubility is solution without
molecular dissociation, involving relatively weak van der Waals bonding of the
dissociated species with the glass, and chemical solubility infers molecular
dissociation, and hence relatively strong chemical bonding of the dissociated
species with the glass. The solution of gases in a glass solid is generally
restricted to smaller molecular species which can interstitially diffuse through

the glass matrix, when the glass is a rigid solid.

2.1.4 Grating stability

Practical use of fibre Bragg gratings in sensor networks or as time delay
elements requires that the properties of the gratings remain stable over the
lifetime of the system. Accelerated ageing tests have shown that the drift in
central wavelength observed in gratings fabricated in hydrogenated fibre, due
to the out-diffusion of unreacted H, can be removed by a post-exposure
annealing step'®, giving the grating a lifetime of ~25 years. It has also been
observed that when a grating is heated to temperatures in the range 80°C to
4?25°C and then allowed to return to its initial temperature, the Bragg central
wavelength undergoes a permanent shift to shorter wavelengths'®. The
magnitude of the shift depends upon the type of fibre and the exposure
conditions during fabrication. The size of this effect can be significantly
reduced by annealing the grating at a temperature in excess of its anticipated

maximum operating temperature'®.

Bragg gratings written in non-hydrogenated germanosilicate optical fibres
exhibit a temperature dependent decay of the UV-induced refractive index
change, An, with time. Erdogan et al*® have shown that the decay can be
described by a ‘power-law’ function of time with a small exponent (<<1), which
results in an initial rapid decay of An with time, followed by a decreasing rate of
decay as time progresses. The decay is also highly temperature dependent, with

a reduction in the index change of several percent over a period of a few years




at room temperature. A simple model of the physical mechanism which causes

this thermal decay has been proposed'* in which the carriers excited during UV
exposure are trapped in a continuous distribution of energy states, and the rate
of thermal depopulation is dependent on the applied temperature and the
depth of the trap states. For a given temperature approximately all of the
electrons in traps of up to a certain depth will be liberated by the decay process
over a sufficiently long period of time. Therefore the decay history of a grating
must be taken into account when predicting its subsequent decay behaviour on
the application of a given set of conditions. This characteristic of the decay can
also be utilised to preanneal a grating for applications which require stable
grating properties over long times, erasing the portion of the UV-induced
refractive index excursion that would decay over the working lifetime, and

leaving only the very stable portion of the index change.

One of the attractions of optical fibre based sensing is its potential use in
hostile environments, such as those subject to ionising radiation. Niay et al'*’
have demonstrated that no significant change in the spectral characteristics of

Bragg gratings is produced under exposure of the gratings to y-radiation at

dose rates of between 14Gy/h and 122Gy/h. A dose rate of 10Gy/h is
comparable to that found in the vicinity of the reactor chamber in nuclear

facilities under normal operating conditions.

2.2 Phased array antennas

2.2.1 Beam formation

2.2.1.1 Huygen’s wavelets

In order to explain the bending of light when it is diffracted Huygens'*
proposed that each point on a wave front may be regarded as a new source of
waves. Assuming that the secondary wavelets radiated by each point on the

original wavefront all have the same phase, the new wavefront, plane of




constant phase, will be the same shape as the original one: a plane wavefront

will produce a plane wavefront, and a circular wavefront will produce a second
circular wavefront, centred upon the same point. If the secondary wavelets do
not all radiate in phase, the new wavefront will be described by a plane which

passes through points of equal phase on the secondary wavelets.

Huygen’s principle may be applied to a planar RF antenna array, in order to
determine the shape and direction of the beam produced by it. Treating the
antenna array as the original wavefront, and the individual radiators as the
sources of the secondary wavelets, Huygen’s principle describes, for zero phase
shift between the radiators, the production of a plane wavefront whose
propagation axis lies along the array normal. Similarly, plane wavefronts
propagating at an angle to the array normal, or non-planar wavefronts, can be
produced by implementing various values of phase shift between the individual

radiators

2.2.1.2 Mathematical description of phased array antenna beam formation

A simple description of phased arrays may be obtained by considering an array
of isotropic radiating elements equally spaced along a straight line and only
allowing continuous wave signals; the reciprocity principle is applied, in which
the array far field pattern appears the same from both transmitting and
receiving viewpoints. A more detailed theory of linear arrays is given by
Schelkunoff**°




Figure 2.4 Basic linear array comprising N isotropic resonators

Consider an elementary linear array comprising N isotropic resonators, equally
spaced by a distance d, Figure 2.4. In receive mode, a plane wave incident on the
array, from a direction 6 to the array normal, will produce a current, i, in the

nth array element of**
i = Aejnkdsin@

Eqguation 2-21

where A is a complex constant, known as the array factor, related to the
instantaneous amplitude and phase of the plane wave and k is the wave
number:

Equation 2-22

in which fis the RF signal frequency and c is the free space velocity of light.




From Equation 2-21 it follows that the phase of the current in the nth element

leads that of the current in the (n+1)th element by'
Ay = kdsing

Equation 2-23

This corresponds to a difference in time of arrival of the plane wave at the two

elements of

dsing
c

Equation 2-24

If a control element is placed behind each array element, with a transfer

coefficient for the nth element of**

Equation 2-25

where a_and y,_are the real current gain and phase shift of the control element,

then the sum of the currents from all N elements in the array is given by

N-1

E (8)= Ea (Vi sind)

n=0

Equation 2-26

neglecting the constant A from Equation 2-21. This is the response of the array
to a signal arriving from direction 6 to the array normal, given as a set of real

currents a , the array-amplitude taper, and real phase shifts y , the phase taper.
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In order to produce a maximum output current from the receiving array, for an

RF signal incident at an angle 6, to the array normal, the signals from all of the
array elements must be combined in phase. The set of y ‘s in Equation 2-26 will

therefore be given by
v, =—nkdsing,

Equation 2-27

indicating that a linear phase taper is required across the array: a constant
phase difference should be applied between adjacent elements. In transmit
mode, applying the reciprocity principle, a main beam will be produced in
direction 8, when the phases of the signals emitted by the individual radiating

elements in the array are set to the phase taper given by Equation 2-27.

2.2.2 Beam steering and beam ‘squint’

In order to carry information, an RF beam must contain a bandwidth of
frequencies, of the order of a few hundred MHz. The central RF frequency is
chosen in conjunction with the antenna aperture dimensions to produce the
required beam diameter, at the 3dB intensity point, for operation over the

chosen range.

The bandwidth available to a phased array antenna is determined by the
characteristics of the components within the antenna, such as the radiating
elements, phase-shifters and the feed network. The radiating elements used in
phased array antennas have been designed to operate over a wide range of
frequencies, and, in practice, do not produce any bandwidth limiting effects. To
distribute the RF signal to the radiating elements in an array either a corporate
(equal-line-length parallel feed) or space feed network'*' can be used. Phased
array antennas generally use corporate feeds, which do not exhibit any

bandwidth limiting effects since all signals travel an equal distance from the RF




signal source to the antenna elements. This leaves the phase shifters as the

components most likely to limit the antenna bandwidth.

Taking the first derivative of Equation 2-27 indicates that for a fixed phase

taper, a fixed set of y s, the antenna beam will shift from its original direction

by an amount!?®

Aa)’"
AG, =—tan 90(7[‘);“]

Equation 2-28

if the microwave frequency undergoes an instantaneous change, Aw . This
effect, known as ‘beam squint’, causes the beam pattern to scan with frequency,
and results in reduced antenna beam power in the designed direction, 8, From
Equation 2-28 it follows that an RF signal comprising a wide range of
frequencies will produce a transmitted beam in which each frequency
component propagates in a different direction, hence only a small RF signal
bandwidth can be used if most of the beam power is to reach the designated
target. In order to overcome the bandwidth limiting nature of beam squint,
arrays requiring wide instantaneous signal bandwidth use true time delay units
instead of microwave phase shifters to steer the antenna beam; for example,
R.J.Mailloux'* reported that when the RF frequency was switched from 1.9GHz
to 9.0GHz in an antenna controlled by true time delay, the spatial position of
main beam changed by only 0.5°, compared to a beam squint of the order 12.5°

under non-true-time delay control.

2.2.3 True time delay control of phased arrays

In true-time-delay control of phased array antennas beam squint is removed by
compensating for the path difference to the phase front between adjacent

radiating elements: the delay line to the radiator with the shorter path to the




microwave phase front is lengthened. For a particular beam angle 6, a fixed set

of delay lines is designed to compensate, at all frequencies, for the differences
in path length to the radiating elements!*2. The RF signal radiated by the (n+1)th

element in the array must travel through a delay line of length ni( 8,), where

_v,dsing,

L(g,)=

c

Equation 2-29

for a microwave group velocity in the delay line of v . This corresponds to a
time delay of

tn (80) _ nd sin 90

c

Equation 2-30

The phase taper required to produce a maximum array output in the direction

6,, for all RF signal frequencies, o, , 1s therefore given by

Wn = —a)mtn (60>

Equation 2-31

True time delay control of phased array antennas can be implemented using
two different types of delay line: electrical waveguide and optical fibre.
Flectrical waveguide based true time delay control faces the problem of weight
and expense of the feed networks. The advantages offered by optical time delay
lines'® include: the size and weight of the feed network are orders of
magnitude less than microwave or millimetre wave feeds; the low loss and
wideband characteristics of the optical components mean no restrictions on the

RF frequency, and bandwidth, which can be used; and there is no signal leakage.




2.3 Fibre Bragg grating sensors

2.3.1 Temperature sensitivity

A variation in the temperature applied to an in-fibre grating will induce a shift
in Bragg wavelength through a change in the grating spacing caused by thermal
expansion of the fibre, and a change in the core refractive index due to the
thermo-optic effect. The fractional change in the Bragg wavelength, A, for an

applied temperature change of AT, is given by”

AL,
A’f

]

= ((:z+§>AT

Lquation 2-32

where g is the thermal expansion coefficient for the fibre, 0.55x10° for fused
silica, and £ is the thermooptic coefficient, 8.3x10* for the germania-doped
silica core'™. The change in the refractive index due to the thermo-optic effect
is the dominant cause of the wavelength shift. A grating wavelength tuning

sensitivity of 9pm/°C has been achieved' in the 1550nm wavelength region.

2.3.2 Strain sensitivity

Application of axial strain to a Bragg grating produces a shift in the central
wavelength through a change in the grating spacing, and through a photoelastic
induced variation in the core refractive index. The fractional change in the

Bragg wavelength, A, is given by

AA,

=(1-p
1, ( rf)f

Fquation 2-33

where ¢ is the axial strain, and p, is the effective photoelastic constant, equal o

0.22 for germanosilicate glass'®. A strain sensifivity of 1.20pm/pe has heen




reported'” in the 1550nm wavelength regime, which is in good agreement with
Equation 2-33.

The maximum axial tensile strain that can be measured using Bragg gratings is
limired by fibre strength. Young’s modulus of fused silica fibre'* is ~7x10'"Pa. A
maximum strain of ~1% can be applied to fibre that has been proof tested at
690x10%Pa before the fibre strength begins to degrade, and the fibre eventually
breaks, limiting the wavelength tuning range to the order of 10nm. Silica is 23
times stronger under compression than under tension, and wavelength tuning
of a single-frequency, erbium-doped, Bragg grating fibre laser over a 32nm
range in the erbium fluorescence bandwidth has been achieved through

compression tuning of a Bragg grating'”.

Measurement of the strain applied to a grating may also be used as an indirect
measure of other quantities by applying various special coatings to the optical
fibre; the coating converts the effect of the chosen measurand into a strain on
the coated section of fibre. Polymer materials with large thermal expansion
coefficients, such as Nylon-6 and PTFE, have been used to measure temperature
in this manner, enabling a temperature sensitivity of 0.15nm/°C at 1550nm to
be recorded™. Pressure sensing can be achieved by housing the grating in a
glass bubble!! which converts pressure induced changes in the bubble diameter
into strain on the grating; producing a pressure sensitivity of 27.6pm/MPa af
1300nm. Other coatings that may be used include nickel for the measurement

of magnetic fields, and PVF, for electric fields.

2 3.3 Simultaneous measurement of temperature and sirain
Wavelength stability over a range of operating temperatures is vital far many
ngth stabilit

applications of fibre Bragg gratings including strain-based sensing systems,
irue-time-delay  elements, and wavelengrh-division-multiplexed  aptical
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communication systems. A grating mounting system which compensates for the

temperature dependence of the grating wavelength has been reported'* in
which temperature variations induce an opposite sense strain in the fibre to
offset the temperature induced wavelength change. Temperature independent
strain sensing has been performed using a chirped Bragg grating fabricated in a
length of tapered optical fibre'. A chirped grating was inscribed in rapered
fibre with a taper profile such that when tension is applied to the fibre a strain
gradient is created along the grating, inducing a linear chirp in the grating
spectral profile. A temperature independent strain measurement resolution of
1% was reported. A method of simultaneous measurement of temperature and
strain has also been reported by Xu et al' which used two, superimposed,
Bragg gratings of different wavelength (850nm and 1300nm). As (he
photoelastic and thermo-optic coefficients of fused silica are wavelength
dependent this means that each grating will experience a different wavelengih
change when subjected to the same level of strain, allowing the temperature

and strain to be measured concurrently.

Bragg grating sensor applications such as smart materials require the
simultaneous measurement of temperature and strain at a single point in the
system. A method using a fibre Bragg grating and a fibre polarisation-rocking
filter*s has been reported*” which allows the simultaneous measurement of
strain and temperature to an accuracy of 165pe and 1.5°C respectively. The twao
filters are written at the same point on the fibre and the measurements rely on
the different dependencies of the fibre refractive index and birefringence on
temperature and strain. Xu el al"® have reported a method using two Rragg
gratings, of central wavelengths 850nm and 1300nm, written at the same point
on the sensing fibre. The photoelastic and thermo-optic coefficients of the fibre
are wavelength dependent, hence the wavelength shift experienced by each
grating will be different for the same applied strain and temperature. The
change in Bragg wavelength of the grating, A, due to both temperature, T, and

strain, e, effects can be expressed by

fil




AAy(e.T)= K ,Ae+ K, AT

Eguation 2-34

where K, and K. are the photoelastic and thermo-optic coefficients respectively.

2.4 Grating array multiplexing architectures

As discussed in 1.4, fibre Bragg gratings readily lend themselves to wavelengih
division multiplexing'” (WDM). However, the bandwidih of the optical source in
Bragg grating sensor systems is finite, and although the problem can he
overcome by multiplexing optical sources of different wavelength range, this
approach will only cover slices of wavelength space, since suitable apfical
sources are not availahle at all wavelengths. Alternative methods of increasing
the number of grating sensors which can be included in a single sensing

scheme must therefore be applied.

Many of the Bragg grating sensor demultiplexing arrangements discussed in
1.4.2. are suitable for the application of time division multiplexing (TDM) to
increase the number of sensors in the system, including those based on
ratiometric filters®, acousto-optic modulators™, and interferometric wavelength
measurement systems’. TDM can be implemented through the use of a pulsed
optical source, and time gated electronics assaciated with the system's
photodetector. The grating arrangement can take the form of a single array of
wavelength identical gratings, or of a spatially division muliiplexed

arrangement of several such arrays.

Spatial division multiplexing (SPM) has also be demonstrated using identical
single Bragg gratings at the end of each sensor arm™. In this approach the
gratings are easily replaceable, should any of them fail, and the failure of ane

sensor will not affect the operafion of any others. Hawever, it does reguire a




large number of optical power splitters which results in it being less hardware
compressive than systems which comprise linear arrays of gratings at each
sensor arm. Another system of SDM which has been reported® combines its
advantages with those of WDM schemes, using a tuneable transmission filfer,
directly after the broadband optical source, to determine the grating sensor
wavelengths, and 1x8 fibre splitters to route the optical signal to the various
sensors; nine gratings were multiplexed in this way and a strain measurement
has also been reported” in which spatially multiplexed identical arrays of
gratings of different wavelength are illuminated with a pulsed optical source
and interrogated with an array of matched gratings; a sirain measurement

resolution of 4.12ue was demonstrated.

Multiplexing of true time delay control elements in phased array antenna
architectures, to feed the radiating elements, is predominantly SDM based, and
is well documented?'*, The individual time delay elements may use SDM or
WDM to create the different delays, as discussed in 1.3. RF beam multiplexing
has been reported®, using multiple RF frequencies to simultaneously modulate
the optical carrier, and hence create multiple RF beams. This can also be
implemented through the use of multiple optical source signals, of different
wavelength, to produce multiple antenna beams either by utilising different
groups of radiating elements to create each beam, or by using a pulsed optical
source which is sent to all of the radiators; different beams are made to point in

different directions by varying the optical source wavelength.
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3. Grating Fabrication

3.1 Introduction

This chapter is concerned with the fabrication of uniform period and chirped
period Bragg gratings. Results will be presented on the fabrication of both types
of grating using the method of dissimilar wavefronts and the, novel, method of
fibre deformation. The successful fabrication of uniform period gratings, both
singly and in arrays, and of chirped gratings, was a prerequisite for the work on

the application of fibre Bragg gratings as sensors and as frue time delay

¥

elements, which will be reported in chapters 4 and 5 respectively. The posi-
exposure evolution, due to hydrogen out-diffusion, of the central wavelength of
gratings written in hydrogen loaded fibres was characterised for each of the
different types of fibre in which gratings were fabricared, and will he discussed

In the context of long term grating wavelength stability.

3.2 Uniform period gratings

3.2.1 Fabrication method

The experimental arrangement used to fabricate uniform period gratings is
shown in Figure 3.1. The output from a frequency-doubled argon-ion laser,
wavelength 244nm, is intensity split with a 50:50 beamsplitter and the resulting
beams form the two arms of a kite-shaped interferometer. The beams meet and
interfere at the tip of the kite, producing interference fringes parallel to the kite
bisector. The photosensitive fibre is placed at this point and the light focused
onto the fibre core, in the vertical plane, by the cylindrical lens. The induced
core refractive index modulation has the same periodicity as the interference
pattern. The frequency-doubled argon-ion laser comprised a standard Specira
Physics 12W argon-ion laser with the front reflector remaoved and secondary
optical cavity, containing a RBO crystal and guiding optics, coupled an to i, The
jaser produced an optimised power outpui at 244nm of up o 200mW. Tn

fid



addition, ~300mW of unconverted blue/green light at 488nm was delivered,
which was used as the pump for an erbium-doped-fibre fluorescence source for

in-situ monitoring of the gratings during fabrication.

fraquency doublad
argon ion lasar

488nm _
,,,,,,,,,,,,, [ ; J
¢ 244nm
L 60:50
baamsplittar
2
</> waveplats |
Erhium do;sd m';ﬁ“"' - \ff 0 _ photosensitiva
fibre RN " aptical fire
oylindrical —— &
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.»'/
CE=L couple
optical | Ve G
spectrum
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Figure 3.1 Uniform period grating fabrication experimental arrangement

The Bragg wavelength at which the grating will be fabricated is selected by
altering the angle between the UV writing beams in the kite interferometer. This
can be done by varying the distance between each mirror, ml and m2, and the
beamsplitter, to create large changes in the grating wavelengrh. Or, for small
wavelength changes, the position of the fibre can be moved backwards or
forwards along the kite bisector, and the mirrors rotated fo maximise the heam

overlap area on the fibre; the fibre is mounted on a translation stage.

The optical path lengths of the interferometer arms must be equal fo ensure
good fringe visibility and to avoid the production of any wavelength chirp in
the grating spectrum due to the heams having different divergence, Good fringe
visibility in the interference pattern is essential to maximise the sirength of the
grating; a decrease in the visihility gives rise to a reduction in the maximum

8



refractive index modulation achievable. The Gaussian intensity profile of the UV
laser beam creates a shading effect in the interference pattern which tapers the
refractive index modulation profile of the grating towards the edges. This
causes a slight wavelength chirp to be formed across the ‘uniform’ grating

which has the effect of suppressing the grating sidebands.

The polarisation of the laser beam was rotated, using a half-wave plate, to give
vertically polarised light. An aperture was inserted into the heam path during
the fabrication of some gratings to select the central portion of the heam, in
order to produce shorter length gratings. However, this minimises the intensity
variation across the interference patrern, which decreases the amount of
shading applied to the refraciive index modulation, and thus increases the

amplitude of the grating sidebands.

The gratings used in the fibre Bragg grating sensor work were fabricated with a
large separation between them, of the order of tens of centimetres of optical
fibre, using the apparatus described above. The uniform period gratings used in
the true time delay work were fabricated with very small separations between
adjacent gratings in the array, which required some modifications to he made

to the basic fabrication rig.
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Figure 3.2 True time delay array fabrication arrangement

3.2.2 True time delay grating arrays

The time delay acquired by the optical carrier in a true time delay control
system is determined by the distance separating adjacent gratings in the
grating array. Therefore the array must be fabricated with some attention paid
to the accurate positioning of the gratings. The fabrication rig described in 3.2.1
was modified to include a second linear translation stage which would allow the
fibre to be advanced along the normal to the kite bisector, Figure 3.2. This

allowed subsequent gratings in the array to be positioned accurately.

grating fabricated optical fibre translation
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_ — ) L T &« atage 2
Ty P 7 ]
LT ; o T b /J
G LT )

Figure 3.3 True time delay array fabrication fibre mount
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After the first grating in the array had been fabricated the fibre was advanced
by the required amount along the normal to the kite bisector, of the order of a
few millimetres, using translation stage 1, Figure 3.3. To change the fabrication
wavelength for the next grating the second translation stage was used to move
the position of the fibre in the kite, along the bisector, hence changing the angle
between the UV writing beams. Translating the fibre position along the kite
bisector resulted in the interferometer becoming slightly mis-aligned. To re-
optimise the interference fringe pattern the region of overlap of the UV bheams
on the fibre was re-maximised by slightly rotating the mirrors ml and m?2,
Figure 3.2. However, in rotating the mirrors ro maximise the beam overlap, the
central position of the interference patiern on the fibre may move away from
the desired location for the next grating, and as the previous grating could not
be detected by eye it was very difficult to judge whether, and to what degree,
any misalignment had occurred. It was this realignment procedure which
formed the main source of error in the positioning of the gratings. The problem
was partially overcome by placing a marker next to the fabrication rig, fixed to
the optical bench, and aligning one end of the beam overlap region with this

during the fabrication of each grating.
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Figure 3.5 Optical spectrum of TTD grating array of 5mm long gratings, with 2.5mm
separation

g

Four uniform period Bragg grating arrays were fabricated for use as TTD
control elements: several versions of each array were produced in order to
achieve the best possible combination of physical separation, wavelength
separation, and grating reflectivity. Two of the grating arrays were produced in
hydrogenated, standard Corning single-mode fibre, and contained four Smm
long gratings, of ~0.5nm full-width half-maximum (FWHM) bandwidth and ~90%
peak reflectivity, with centre-to-centre separations between adjacent gratings af
smm and 2.5mm respectively. Two further arrays were fahricated in
hydrogenated, horon-germania single-mode fibre and comprised eight 2mm
long gratings, with FWHM bandwidths of ~0.5nm and peak reflectivities of
~60%, with grating separations of 2mm and Imm.
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Figure 3.6 Optical spectrum of the TTD grating arvay of 2mm gratings, with a 2mm inier-
grating separation; grating wavelengths 1530.80nm, 1536.55nm, 1538.35nm,
1542.55nm, 1544.55nm, 1549.30nm, 1555.70nm and 1560.00nm

The optical spectrum of the array of Smm long gratings with a 5mm grating
separation is displayed in Figure 3.4, and that of the 2.5mm grating separation
array is shown in Figure 3.5; spectra measured using Ando AQ-G310C optical
spectrum analyser, resolution O0.Inm. Figure 3.6 and Figure 3.7 contain the
wavelength spectra of the 2mm and lmm inter-grating separation, 2mm
gratings arrays respectively; spectra measured using the 1GHz TTD
experimental arrangement which will be described fully in 5.3.2. The secondary
resonance peaks displayed by the 1mm grating separation array will be

investigated further in 5.8.
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Figure 3.7 Optical spectrum of TTD array of 2mm long gratings, with ']mm grqa‘ing
separation; grating wavelengths 1494.10nm, 1498.75nm, 1501.05nm, 1503.75nm,
1515.05nm, 1518.05nm, 1521.85nm, 1524.65nm

The fabrication of the true time delay linear grating arrays was carried out in
collaboration with Dr. Lin Zhang of the Photonics Research Group, Aston

University.

3.2.3 Effect of hydrogenation on post-exposure grating wavelength

As described in 2.1.3, any unreacted hydrogen remaining in the fibre after UV
exposure undergoes isotropic diffusion. During the initial hours following
fabrication this results in some of the hydrogen which is present in the fibre
cladding diffusing into the core, with the effect of raising the core refractive

index and causing the grating wavelength to shift fo a higher value. Qver a
longer period of time, of the order of several weeks, all of the hydrogen escapes
from the fibre, the core refractive index is decreased and the Bragg wavelength
of the grating undergoes a corresponding down shift. The magnitude of the
wavelength shift is determined by the amount of unreacted hydrogen

remaining in the fibre after grating fabrication.



The short term and long term post-exposure wavelength evolution was
recorded, at room temperature, for both saturated and non-saturated gratings
written in standard telecommunications fibre, germania doped fibre (CA2114)
and boron-germania codoped fibre; saturated gratings are defined here as those
in which the fibre has been exposed to the UV fringe pattern until the grating
reflectivity has reached its maximum value i.e. all of the available
photosensitivity has been utilised; unsaturated gratings are those which have
been UV exposed until the grating reflectivity has reached a specified value, of
less than the achievable maximum. The gratings were written within 2 hours of

being removed from the hydrogen high pressure vessel.

Figure 3.8 shows the evolution of the Bragg wavelengihs of the various gratings
over the initial 6 hours following fabrication: Figure 3.8(a) and Figure 3.8(h)
show the wavelength variation of the non-saturated and saturated gratings
written in standard fibre respectively; Figure 3.8(c) and Figure 3.8(d) show the
wavelength evolution of the non-saturated and saturated gratings fabricated in
germania doped fibre; and Figure 3.8(e) and Figure 3.8(f) show the shift in Bragg
wavelength experienced by the non-saturated and saturated gratings written in
boron-germania codoped fibre. The maximum wavelength increase undergone
by the saturated gratings was greater than that experienced by the non-
saturated gratings for all of the types of fibre. In addition, the increase in Bragg
wavelength observed in the saturated grating fabricated in boron-germania

codoped fibre was significantly larger than that seen in the other fibres.
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Figure 3.9 Long term post-exposure wavelength evolution of saturated and non-saturaied
gratings written in standard, germania doped and boron-germania codoped [ibres
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Figure 3.9 shows the long fterm evolution, over 7 weeks, of the Bragg
wavelength of the gratings; Figure 3.9(a) and Figure 3.9(b) show respectively the
wavelength shift undergone hy the non-saturated and saturated graiings
written in standard fibre; Figure 3.9(c) and Figure 3.9(d) shaw the evolution of
the Bragg wavelengths of the non-saturated and saturated gratings fabricated in



germania doped fibre; and Figure 3.9(e) and Figure 3.9(f) show the variation in
wavelength experienced by the non-saturated and saturated gratings written in
boron-germania codoped fibre. In all of the fibres the final wavelength reached
by the saturated gratings was shorter than their wavelengths immediately after
exposure by a greater amount than for the non-saturated gratings: the saturated

standard fibre grating showed the largest reduction in wavelength.

maximum wavelength — maximum wavelengih

) increase/nm decrease/nm

Standard fibre saturated grating 0.34 1.18

non-saturated grating 0.17 1.3
Germania-doped fibre saturated grating 0.64 0.6

non-saturared grating  0.19 1.01
Boron-Germania saturated grating 0.9 0.51
codoped fibre

non-saturated grating 0.21 1.05

Figure 3.10 Maximum and minimum post-exposure wavelength shift experieniced by
saturated and non-saturated gratings wrilten in standard telecommunications [ibre,
germania doped fibre and boron-germania codoped fibre

These results are consistent with the isotropic diffusion process described
above. The fabrication of the saturated gratings requires all of the availahle
photosensitivity in the fibre core, and hence uses the maximum amount of
dissolved hydrogen. Thus, there is a greater difference in the hydrogen
concentration between the core and the cladding in the saturated gratings than
in the non-saturated gratings, allowing a larger volume of hydrogen to diffuse
into the core of the saturated gratings. The result being the greater Bragg
wavelength increase observed in the saturated gratings during the firat hours
after UV exposure, Figure 3.10. In addition, the greater usage of hydrogen
during saturated grating fabrication results in there heing less unreacted

¥
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hydrogen to diffuse out of the core than in the case of the non-saturated
gratings, and hence the maximum downward shift of the saturated grating
wavelength, once all of the hydrogen has out-diffused, is smaller than that

experienced by the non-saturated gratings, as observed in Figure 3.10.

The use of gratings both in sensor applications and as elements in true time
delay units requires their fabrication to exacting wavelength specifications. It is
therefore important to characterise the effect of hydrogen out-diffusion on the
grating final wavelength. The results obtained suggest that in order to produce
gratings at precisely defined wavelengths one should fahricate absolutely
saturated gratings, in which all of the dissolved hydrogen is used in the
inscription process, in germania doped T[ibres. In such gratings the Bragg
wavelength would undergo the characteristic increase during the first few
hours after fabrication, and then return to the wavelength it was fabricated at,
suffering no further decrease in wavelength. The diffusion process is
temperature dependent so removal of any unreacted hydrogen from gratings
which are not absolutely saturated can be accelerated' to produce very long

wavelength stable lifetimes.

3.3 Chirped grating fabrication techniques

3.3.1 Fibre deformation

A straightforward method for fabricating chirped gratings is that of fibre-
deformation, in which the chirp is created through the physical deformation of
the fibre during exposure to a uniform inferference fringe pattern. A lengih of
photosensitive optical fibre is curved in an approximately circular arc and
placed in a uniform fringe pattern, of periodicity A, produced by two beam

interference, Figure 3.11. The period, A(x), of the grating varies as
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cosO(x)

Equation 3-]

where 6(x) is the angle between the fibre and the normal to the interference
fringes at a position x along the fibre. This produces a chirped grating in which
the period varies from A, at x=0, to A/c0s6(L), at x=l. The grating fringes
formed in the fibre core increasingly tilt away from the normal to the fihre axis
with distance x, but providing 6(L) remains small enough coupling 1o the fibre

radiation modes will be minimal.

A
<—b
P
/—//
s <
| ; b X
0 L

Figure 3.11 Fibre deformation method for the fabrication of chirped gratings

This grating fabrication technique was used rto write several gratings of
differing chirp in boron-germania codoped optical fibre; the work was carried
out in collaboration with Dr. Kate Sugden of the Photonics Research Group,

Aston University.
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Figure 3.12 Reflection spectra for a series of gratings, lengih L=5mm, writien in boron-
germania codoped fibre; fibre curvature increases from (a) io (d)
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Figure 3.13 Reflection spectrum of chirped grating fabricated using the fibre deformation
technique in hydrogenated germania doped fibre

A series of four gratings of length I = Smm were fabricated in fihres of
increasing curvature, producing gratings with the reflection spectra'™ shown in
Figure 3.12. The grating displayed in Figure 3.12(a) was written in a straight
section of fibre resulting in an unchirped grating with a Rragg wavelengih of
1553.3nm, a peak reflectivity of 88% and a FWHM bandwidih of 0.4nm. Figure
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3.12(b) indicates how the introduction of a small amount of curvature into the
fibre significantly increased the reflection bandwidth of the grating to 2.9nm
and resulted in a reduction in the maximum reflectivity to 40%. A further
increase in the fibre curvature produced further broadening of the grating
bandwidth to 4.4nm, with a corresponding fall in the peak reflectivity to 13%,
Figure 3.12(c). A final increase in the fibre curvature, to 8(5mm) ~89, gave the
grating spectrum shown in Figure 3.12(d), with a bandwidth of 17.3nm and a
maximum reflectivity of >4%. The estimated curvatures for gratings () and (c)

were 8(5mm) ~3.5° and 6(5mm) ~4.3°.

In order to counteract the fall in maximum reflectivity as the grating bandwidih
increased, hydrogenated germanosilicate fibre was used in the fabrication of a
further grating, Figure 3.13. The grating, L = 5mm, has a FWHM handwidih of
7.5nm and a peak reflectivity of ~99%; greater than 90% reflectivity is available

over a 5nm spectral range.

Fabricating gratings Dby this method requires some degree of care to be
practised in setting the degree of curvature of the fibre in order to achieve the
desired wavelength chirp in the spectral profile of the grating. Although a range
of chirps can be produced, several iterative stages may be needed to attain the
desired value. Since completing this work on the fibre deformation fabrication
method, new techniques for writing chirped Bragg gratings have been
developed which allow greater control of the spectral characteristics of the
gratings, enabling the production of both highly linear and quadratic chirps,
and complex grating filters. These are the dissimilar wavefront fahrication
method, and techniques based on phase masks, which will be discussed in more

detail below.

These fabrication methods have the added benefit of producing gratings with
significantly lower optical loss characteristics than could he achieved with the

fibre deformation technique. This is mosi prohably due o the remaoval of the
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fringe tilt associated with gratings fabricated by the fibre deformation
technique, which, although small, is significant in comparison with the loss
characteristics of gratings produced using the dissimilar wavefront and phase-

mask methods.

The chirped gratings produced using the fibre deformation fabrication method
represented a significant improvement in the size of chirp and grating
reflectivity at the time of publication. However, the improvements in loss
characteristics and spectral profile control offered by the dissimilar wavefrant
technique prompted a move to using it for all of the subsequent grating
fabrication carried out during this work. Indeed, these advances in grating
fabrication technology facilitated much of the work on true-time delay control
of phased array antennas, which will be reported in chaprer 5, and are
necessary for the advanced demultiplexing fechniques which will he praposed
in 4.9.

3.3.2 Dissimilar wavefronts

As discussed in 2.1.2, chirped gratings may also be fabricated by a method of
dissimilar wavefronts. There are three lens arrangements which may be used in
this writing method: a single cylindrical lens in one interferometer arm and no
lens in the other*!%: a single cylindrical lens, of different focal length, in each
arm”" and a two-lens telescope arrangement in one arm and no lens in the

othert’?,

The chirped gratings used in this work were fabricated, by Dr. Lin Zhang, using
the telescopic lens fabrication arrangement. In this method of writing Bragg
gratings two cylindrical lenses of equal focal length, f, are mounted vertically af
a separation d, equal to twice their focal length, to form a telescope in one arm
of the kite interferometer, Figure 3.14. The lenses are inifially aligned to
produce a collimated beam, which results in the formation of a uniform fringe
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pattern on interference with the second writing beam. The telescope is then
slightly detuned by moving lens LI, mounted on a translation stage, a small
distance Ad towards or away from L2, along the path of the interferometer arm.
This produces a slowly converging or diverging beam, and hence introduces a

small, controllable linear chirp into the interference pattern.

photosansitive
fibre

Figure 3.14 Telescopic lens interferometric chirped grating fabrication arrangement

The effective focal point of the lens system can be calculated using the paraxial
lens theory!**. Where the lenses are of equal focal length the image distance, 8

from lens L2 is given by

o (d=s,)f
P d—s,—f

Equation 3-2

where d = (2f+ Ad ), and s is the lens LI image distance. For o > s a diverging

.

beam is formed, and for d < s | a converging beam is formed. The new focal line
coordinates, x, and z , can then be substituted into Equation 2.19 to calculate

the grating period as a function of distance, x.



Four chirped gratings were fabricated, in boron-germania codoped fibre, for use
as true-time delay control elements, each of length 4mm and reflectivity ~G0%.
Grating full width half maximum bandwidths of 7nm, 12nm, 20nm and 30nm
were selected, at random, from a range of regularly fabricated chirp
bandwidths. A physical length of 4mm was used as it was the maximum grating
size available using the grating fabrication arrangement in existence at the time
that the work was carried out, while a grating reﬂectivfty of ~60% was chaosen as
a convenient, and easily fabricated value. The optical spectra of the 7nm, 12nm,
20nm and 30nm chirped gratings can be seen in Figure 3.15, Figure 3.16, Figure
3.17 and Figure 3.18 respectively; recorded using the 1GHz TTD experimental
arrangement given in 5.3.2, and normalised to remove the f{ransmission

response of the optical coupler within the system.
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Figure 3.15 7nm chirped Bragg grating for TTD control of phased array antennas
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Figure 3.16 12nm chirped Bragg grating for TTD control of phased array antennas

normalised reflectivity

1525 1530 1535 1540 1645 1550

Wavelength/nm

Figure 3.17 20nm chirped Bragg grating for optical TTD control of phased array antennas
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Figure 3.18 30nm chirped Bragg grating for TTD control of phased array antennas

3.3.3 Phase mask

Hill et al*! first reported the use of a phase mask based method of fabricaiing
in-fibre Bragg gratings, in which the phase mask acts as a diffractive element,
splitting an incident UV beam into various diffracted orders which interfere to
produce a fringe pattern within the fibre core, Figure 3.19. A phase mask
consists of a high quality fused silica flat on which a one-dimensional periodic
structure, approximately square wave in profile, has been surface relief etched

to a depth, d, given by

Ayy

] = ——H
‘ 2(”1/\/ - 1)

Equation 3-3

where A is the wavelength of the laser fabrication beam and n, is the

uv v
refractive index of fused silica at that wavelength. This depth was chosen in
order to produce maximum suppression of the zero order for a heam incident
normally on the phase mask, and to maximise the power in the plus and minus
first orders. The phase mask is placed in contact, or near contact, with the
optical fibre, with its periodic structure oriented normal o the fibre axis. The
diffracted plus and minus first order interfere in the near field, producing a

pattern of fringes which photoimprints a corresponding refractive index
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modulation in the fibre core, with the period of the fringes, A, and hence the
grating, equal to half that of the phase mask, A

mask”

UV writing beam

. Amask
% ////

/

&
SRR UV VU OO [ Y P

-1 order & ﬁ +1 order |
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Figure 3.19 Phase mask grating fabrication arrangement

An alternative phase mask arrangement has been used in which a silica block is
placed between the phase mask and the fibre'*, guiding the diffracted beams
and combining them at the fibre core; this avoids the need to place the mask in
contact with the fibre and hence any risk of damage to it is minimised. Phase
masks can also be used to fabricate long Bragg gratings by translating either the
mask's or the UV writing beam's along the fibre, and have been used to write

gratings of 50mm and 150mm respectively.

3.3.4 Fabry-Perot grating resonators

applied to the production of in-fibre Fabry-Perot filters™ " which can he used
as Bragg grating sensor demultiplexing elements, sec 4.9. A chirped Fabhry-Ferot
grating resonator is produced by fabricating two linearly chirped gratings,
ideally of equal strength, at a separation D along the fibre, Figure 3.20. The
wavelength range of the resonator is determined by the bandwidths of the two



gratings, and, as for a bulk optic Fabry-Perot etalon, the free spectral range is
set by the grating, mirror, separation; if there are no internal losses the finesse
of the filter can be determined from the grating reflectivities. In-fibre Fabry-
Perot resonators have been reported'* with operational ranges of up to 200nm,
and with resonance peak separations of between 0.09nm and 11.27nm, with
FWHM bandwidths of the order of 0.02nm.

grating 1 grating 2
1 ey weereay
4 4
D

Figure 3.20 Arrangement of linearly chirped gratings for the [abrication of in-fibre Fabry-
Perot resonators

3.4 Fabrication considerations for arrays of gratings

There are several characteristics which gratings intended for use in sensor
applications and in true time delay elements must have. Uniform period
gratings for use as sensors must have a high maximum reflectivity in order fo
reflect as much of the low power, broadband light source as possible. They
should be physically short in length, as they are intended for use as point
sensors in many applications, and the grating linewidth should be kept small fo
allow dense packing of sensors into the available wavelength range. These two
requirements are in conflict with one another, as detailed in equation 2.12, and
a compromise must be reached between the grating length and handwidth

requirements in each sensor systeni.

The wavelength spacing between grafings adjacent in wavelength should he
greater than the expected maximum measurand induced wavelengih change; a
strain of 1000pe will produce a wavelength increase of 1nm, so a system which

will experience a maximum strain of 3000ue will require a grating wavelengih
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separation of greater than 3nm. The separation must be increased if the system
is to be exposed to compression also. The width of a grating, in sensor systems
in which the grating sidebands are not suppressed, is taken to be 3AX, where AL
is the full grating bandwidth, given by Equation 2.11. This is to ensure that the
sidebands of adjacent gratings do not interfere and cause measurement error.
Ideally, the grating refractive index modulation profile should be shaded or
apodised in order to suppress the sidebands, allowing closer packing of

gratings in wavelength space.

The requirements for uniform gratings fabricated in true time delay elemenis
are slightly different than those for sensor gratings. The ahsolute reflectivity
value is not required to be as high, since the optical carrier is a tuneahle jaser,
but the all of the gratings in the system musi have the same refleciivity. This is
because the magnitude of the optical carrier amplitude modulation determines
the magnitude of the RF signal produced by the individual microwave emitters
in the phased array antenna, and these must all have the same amplitude in
order to produce the correct beam shape. The positioning accuracy of the
gratings in each array is critical to ensure that the specified time delays are
produced. In addition, the fabrication system must be capable of reproducing
identical gratings in many different time delay elements. The chirped gratings
used as time delay elements must have a linear wavelength chirp in order to
produce a linearly increasing time delay across the bandwidth of the grating,
and, similarly to the uniform period gratings, the reflectivity must be constant

across the working wavelength range. These requirements will be discussed

further in Chapter 5.

3.5 Conclusion

The fabrication of uniform period gratings both individually and in arrays of up
to eight gratings has been successfully achieved, and the spectra of the arrays
have heen recorded. The effect of hydrogenation on the posi-exposure
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evolution of the Bragg wavelength of the gratings has been characterised for
three types of fibre.

Chirped gratings with bandwidths of up to 7.5nm have been fabricated using
the fibre deformation writing technique in both hydrogenated and non-
hydrogenated optical fibre. At the time that the results for the fabrication of
chirped gratings using the fibre deformation technique were first reported we
believed that it produced linearly chirped Bragg gratings. Subsequent work on
this method of chirped grating formation has heen reparted by Zhang et al'®™, in
which they have demonstrated that the expression given to describe the graring
periadicity in the fibre deformation approach used here, Equation 3-1, in faci

describes a quadratic wavelength chirp.

Four chirped gratings have been fabricated using the method of dissimilar
wavefronts, for use as true time delay elements in the control of phased array
antennas, and their spectral characteristics recorded. Each grating was of length
Amm, and reflectivity ~60%, with chirps of 7nm, 12nm, 20nm and 30nm

selected from a range of values regularly produced
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4. In-fibre Bragg grating strain sensor systems

4.1 Introduction

As discussed in chapter 1, much work has been reported on the use of in-fihre
Bragg gratings as both strain and temperature sensors, including several
demultiplexing methods. One of the most significant potential applications of
in-fibre Bragg grating sensors is as smart structure sensing elements. Although
much work has been done on the strain and temperature response of fihre
Bragg gratings, little work has been reporied® on their performance when
embedded within a structure. In this chapter the first report, of which T am
aware, of the strain response of fibre Bragg gratings embedded within a carbon-
composite material, for potential use in avionics and aerospace cralt, will be

discussed.

Many different approaches for demultiplexing the optical signal returned from
an array of Bragg grating sensors have been reported, see Chapter 1, but most
use bulky, bench-top equipment. Hence there is still the need for a compact,
lightweight, low cost system capable of demultiplexing an array of many
gratings, which will complement the compact, lightweight nature of the in-fibre
Bragg grating sensor array. This chapter reports the construction and testing of
such a Bragg grating sensor demultiplexing system based on a liquid-crystal

filled Fabry-Perot etalon transmission filter.

4.2 In-fibre Bragg gratings as smart structure strain Sensors

4.2.1 Introduction
In-fibre Bragg gratings have great potential use as sensors embedded within
smart structures ‘Nhe’[‘e t]’ley can he USEd to manitor Thﬁ’ Iﬂfﬂrﬂﬂi Hﬁ’}”}]‘}ﬁ]’”dﬂ,ﬂ’ﬁ

-

and strain experienced by structural components. This will enable real-fime



structural monitoring to be implemented, permitting maintenance to be carried
out as and when faults develop, and allowing the ‘health’ of the structure to be
continually assessed. Another application of real-time strain monitoring
involves damping structural vibrations by applying equal magnitude, opposite
sense, vibrations to the structure through piezo-electric transducers embedded
within it. This has applications in aerospace and aviation craft, where reducing
the amount of vibration in the aircraft wings and body greatly enhances its

aerodynamics, and hence its fuel efficiency and flying lifetime.

4.2.2 Carbon composite board

A composite board constructed from carbon (graphiie), epoxy resin and glass
plies, containing several emhedded fibre Bragg gratings, was fabricated by GEC-
Marconi Materials Technology (San Diego, C.A., US.AL), Figure 4.1. The hoard
was of length 251mm, and thickness 1.73mm. It was constructed from four
graphite/epoxy plies, with glass/epoxy plies in between; the gratings were laid
down after the first graphite/epoxy ply (thickness ~350pm), and were therefore
closer to the surface without the flanges, as indicated in Figure 4.1. The optical

fibres were laid parallel to the glass fibres in the glass/epoxy layer.

graphite/epoxy glass/epoxy plies
plies ‘

neutral axis

o optical fibre

Figure 4.1 Carbon composite board construction
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4.2.3 Embedded gratings

4.2.3.1 Theory

The strain experienced by a thin sheet of solid material upon hending is related
to the bend induced deflection of the sheet away from its initial horizontal
position, Figure 4.2. A solid sheet of length I, measured from the hending axis,
Figure 4.3, width w and thickness (, will undergo a deflection Z, at a point a
distance x from the bending axis, given by

g V[
S DL2 6

Equation 4-1
where Vis the applied force and the stiffness of the sheet, D, is
D= Yr'w
12(1-47)
Fquation 4-2

in which Yis the Young’s modulus of the material and p ~1/3 is Poisson’s ratio.

For | >>t no shear will occur within the board.

clamp

force, V

N ‘“‘-«.;lj { deflection, Z
AN

thin\\sheet

Figure 4.2 Bend induced deflection from horizontal plane in thin sheet, on application of
downwards force



Figure 4.3 Bending a thin sheet; length 1, width w, thickness i

1

The strain experienced by the upward facing surface af the sheet, for a force

applied downwards onto this surface, is given by

Al t(d*zZ) t(V
—_— 5 :“(”’—j(l“’if)
l 2\ dx” 2\ D

Equation 4-3

Fquation 4-4

Hence the strain on the top surface can be written as

Al 1 l’ﬁ)
I ‘2“_")( g

Equaiion 4-5



The plane in the middle of the sheet, a distance t/2 from either surface, is
known as the neutral axis and experiences no strain. The magnitude of the
strain increases linearly with distance from the neutral axis to the upper
surface, and, similarly, the amount of compression increments linearly from the
neutral axis to the lower surface. The gratings were embedded within the board
at a distance of ~515um from the neutral axis, and hence experienced 59.54% of

the strain or compression felt at the surface of the sheet:

Al B t 3Z,
i 0.3954(5)(/ —x) 77

Equation 4-6

4.2.3.2 Measuremeni systems and graling specira

The experimental arrangement used to interrogate the in-fibre Bragg gratings is
shown in Figure 4.4. The broadband optical source, which covered the erbium
fluorescence spectral range (~1525nm to ~1560nm), comprised a length of
erbium-doped-core optical fibre pumped by a 980nm solid state laser diode. A
3dB fibre coupler was used to couple light into the embedded fibre, and to
separate out the optical signal reflected by the grating. The reflected signal was
monitored using an optical spectrum analyser (HP7004A); wavelength

resolution 0.2nm; ten scan averaging applied.
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Figure 4.4 Experimental configuration used to interrogate embedded Braga gratings

Four optical fibres containing a single uniform period grating'® and one fibre
containing an array of four uniform period gratings'* were embedded in the
carbon composite board. Of these, three optical fibres survived the embedding
process, and subsequent shipping, with enough fibre extruding from the board
to facilitate measurement of the grating. On investigation, one of these fibres
did not return a signal from the grating, indicating that it was broken within
the board itself. The reflection spectra of the two remaining gratings are shown
in Figure 4.5; grating (a) has a central wavelength of 1541.84nm and grating (b)
has a central wavelength of 1549.06nm; the reflectivity of both gratings was
within the range 50% to 60%. Grating (b) was used in the following

measurements.
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Figure 4.5 Embedded fibre grating spectra: (a) A=1541.84nm; (b) A=1549.06nm
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Figure 4.6 Experimental arrangement used to exert strain on embedded fibre grating

The carbon composite board was clamped to the edge of an optical hench,
Figure 4.3, and force applied in both the upwards and downwards directions in
order to strain and compress the grating respectively. The experimenial
arrangement used to exert strain on the embedded grating is shown in Figure
4.6, The hoard was clamped to the optical bench at a distance of 65mm from
one edge, leaving 186mm of board available for use. Force wag applied o the
hoard by placing weights on it at the opposite, unclamped, edge. The deflection
wase measured using a micrometer fixed at a point 23.5mm from rhe unclamped
end, aligned along the normal to the unstrained hoard, resulting in an effective



hoard length, I =162.5mm. The gratings were located at a distance x=6mm from
the bending axis. The grating was compressed using the arrangement shown in
Figure 4.7; the effective board length and the grating position remained the
same. Here force was applied to the board in the upwards direction by placing a
variable height stage underneath the unclamped edge and incrementally
increasing the height; as the stage is raised the board is deflected upwards. The

deflection was measured using the fixed point micrometer set up as hefore.

micrometaer

Figure 4.7 Experimental arrangement used to compress embedded fibre grating

4.2.3.3 Strain and compression measurement results

Figure 4.8 shows the experimental and theoretical dependence of wavelength
change, A\, on deflection, for strain applied to the grafing. The theoretical
values of the Bragg wavelength change were calculated using Equation 4-6,
assuming a grating wavelength strain sensitivity"”” of 1.15pm/nm. Least-squares
straight-line fitting statistics were applied to bhoth sets of data. The
experimental points lie on a Ak/deflection dependence of -0.029nm/mm, and
the theoretical points lie on a Ar/deflection dependence of -0.065nm/mm. The
experimental and theoretical variation of wavelength shift with deflection, for
the graiing under compression, are shown in Figure 4.9. The straight-line fits o
the experimental and theoretical data points have gradients of 0.023nm/mm

and 0.065nm/mm respectively.
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Figure 4.8 Embedded grating under strain: wavelength change as a function of deflection

0.8

071 @ experimental

0 theoretical

0.6 +

0.5 +

0.4 4

Adx/nm

03 ¢}

0.2 ¢

0.1 -

o " 4 6 8 10 12 14

Daflection/mm

Figure 4.9 Embedded grating in compression: wavelength change as a function of

deflection
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4.2.3.4 Discussion of results

The experimental results show a clearly linear dependence of the grating
wavelength on the applied deflection. The change in Bragg wavelength
experienced by a grating is known to be linearly related to the strain'’, or
compression, applied to it. The difference in the gradients of the straight-line
fits to the experimental and theoretical data values suggests that incomplete
transfer of strain from the board to the optical fibre is occurring. This could he
caused by the fibre slipping inside the board due to poor bonding between the
fibre and the epoxy resin. An alternative explanation for the pooy agreement
between the experimental and theoretical data straight-line fit gradients is thai
ihe presence of the glass plies in the composite may move the bending axis'™,
in which case the theory which has been applied is inappropriate for this type

of composite board.

4.2.4 Surface mounted gratings

4.2.4.1 Introduction

In order to test the validity of the theory used for the embedded gratings, and
as a comparison to the results obtained from them, a uniform period grating
and a Fabry-Perot filter grating were mounted on the surface of the board, and
the strain and compression measurements repeated. If the glass plies are
affecting the position of the bending axis within the board there should be

significant disagreement between the experimental and theorertical values of AX

for these measurements also.

4.2.4.2 Measurement systems and grating specira

The gratings were glued, using cyanoacrylate adhesive, after removing the
protective jacket from the length of fibre containing the grating, onto the upper
surface of the carbon composite board; they were therefore on the opposite side
of the neutral axis with respect fo the embedded gratings. The board was fixed
fo the optical bench in a gsirnilar arrangement to that used for the embedded

UH]



fibre grating measurements: the board was clamped to the optical bench at a
distance of 68mm from one edge, leaving 183mm of board available for use.
The deflection was measured using a micrometer at a point 30.5mm from the
unclamped end, resulting in an effective board length, | =152.5mm. The
gratings were located at a distance x=83mm from the bending axis. The
gratings were strained and compressed using the experimental arrangements of

Figure 4.6 and Figure 4.7 respectively.

photodiode
tuneable .
laser ﬂ’”‘
grating
chart
recorder

Figure 4.10 Fxperimental arrangement used to record transmission spectra of surface
mounted uniform period grating and fibre Fabry-Perot filter

The grating spectra were interrogated using the experimental arrangement
shown in Figure 4.10. An external cavity grating-tuned semiconductor laser
(Photonetics Tunics 1550) was wavelength tuned across the grating bandwidth.
The transmitted optical signal was detected using a photodiode, and the
resulting voltage plotted on a chart recorder, set to a suitable scan speed. Figure
4.11 shows the transmission response of the uniform period grating; ceniral
wavelength 1540.02nm. Figure 412 shows the fibre Fahry-Perot (filter
transmission spectrum; FWHM bandwidth ~4.64nm; stophand peak wavelength

1543.93nm: and stopband FWHM linewidth ~0.1/nm.
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Figure 4.12 Surface mounted fibre Fabry-Perot filter transmission spectrum

4.2.4.3 Strain measurement resulls

Figure 4.13 shows the experimental and theoretical change in Bragg wavelength
of the fibre Fabry-Perot filter passband as a function of the defleciion
experienced by the hoard, under the application of strain to the fibre.

Application of least-squares straight-line-fit statistics to the experimental and
theoretical data points gave ar/deflection dependencies of 0.069nm/mm and

0.070nm/mm respectively.
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The experimental and theoretical dependence of Bragg wavelength change on
deflection, for strain applied to the uniform period grating, is shown in Figure
4.14. Straight-line fits to the data returned a\/deflection dependencies of

0.079nm/mm for the experimental values and 0.070nm/mm for the theoretical
values.
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Figure 4.13 Surface mounted fibre Fabry-Perot filter under strain: experimental and
theoretical wavelength change as a function of deflection

i1



0.6

N —
| & experimental

| oytheoretical
04| e

0.3 -

An/nm

0.2 4

0.1 4

0 2 4 6 a

Deflection/mm

Figure 4.14 Surface mounted wuniform period grating under strain: experimental and
theoretical wavelength change as a function of deflection

4.2.4.4 Compression measurement resulls

Figure 4.15 shows the experimental and theoretical AA/deflection dependencies
for the fibre Fabry-Perot filter in compression. Applying straight-line-fit
statistics, the experimental dependence was -0.063nm/mm, and the theoretical

dependence -0.070nm/mm.
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Figure 4.15 Surface mounted fibre Fabry-Perot filter in compression: experimenial and
theoretical wavelength change as a function of deflection
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Figure 4.16 Surface mounted uniform period grating in compression: experimental and
theoretical wavelength change as a function of deflection

Compressing the uniform period grafing gave the experimental and thearefical

dependence of Bragg wavelength on deflection shown in Figure .10, The
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gradients of the experimental and theoretical straight-line-fits were -
0.072nm/mm and 0.070nm/mm respectively.

4.2.4.5 Discussion of results

The two gratings were glued to the board at the same point in time, and the
order in which the results are presented above is the order in which the
measurements were made; it is important that this is kept in mind while
discussing the results. All of the experimental resulis display a clear linear
dependence of Bragg wavelength change on applied deflection. The
displacement of the experimental data from the corresponding theorerical
values indicated that some initial slippage was being experienced by the lengihs
of optical fibre containing the gratings. This can be accounted for hy the grafing
slipping in the glue due to incomplete bonding or through take up of slack in
the fibre during the initial loading of the board.

There is very good agreement between the experimentally recorcded and
theoretically predicted Al/deflection dependencies for the Fabry-Perot filter
strain measurements. Better than 98% of the strain felt on the surface of the
board, as predicted by Equation 4-5, is detected by the fibre grating. Closer
agreement might be achieved by taking into account the distance from the
surface of the board to the fibre axis. Equation 4-5 can therefore be said to he a
good model of the dependence of the surface strain experienced by this type of

composite board on the deflection applied to it.

The uniform period grating experimental strain results agree less well with the
calculated values than the Fabry-Perot filter resulis, in fact they shaw mare
o A1 5 - o . - I

by the grating than the theory predicted. This may be

| strain in the fibre, although the source of this

strain being experienced
due to the presence of additiona

exira strain is unclear.
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Under compression, the experimentally measured values of the wavelength
change experienced by the fibre Fabry-Perot filter passhand are in poorer
agreement with their corresponding predicted values than was observed for the
filter under strain. It appears that this fibre may bhe experiencing some
additional strain here also, which must be cancelled out before compression

can occur. Hence a smaller wavelength change than expected was observed.

The three sets of measurements discussed above were carried out consecutively
within the space of one day. The dependence of Bragg wavelengrh change on
deflection for the uniform period grating under compression was made the
following day, allowing the hoard to relax back towards its unstrained siate.
The experimental results show that the fibre is experiencing more compression
than the theory predicted, although the mismatch is less severe than in the two
preceding measurements. The source of the additional compression is again

unclear

4.2.5 Discussion

The results obtained for the application of strain to the surface mounted fibre
Fabry-Perot filter support the model of strain experienced by a thin sheet, given
by Equation 4-5. From this it may be concluded that the presence of the glass
plies within the carbon composite board structure do not significantly affect
the position of the bending axis, as suggested in 4.2.3.4. Therefore, the cause of
the observed mismatch between the experimental and theoretical values for the
embedded gratings must be slippage of the fibre within the hoard. The most
probable causes of this are insufficient bonding between the uncoated length of
fibre containing the grating and the epoxy resin, and slippage of the fibre

within its coated sections.

It



The observation that the carbon composite board required a long time to relax
back to its unstrained state highlights the need to consider the elasticity of any
materials being proposed for the fabrication of smart structures. The type of
carbon composite board used here is most suited for structures which would
experience small amounts of strain over long periods of time. It is obviously
unsuitable for smart structures which would be repeatedly exposed to large
strains over short time periods.

This work forms the first report, of which I am aware, of the utilisation of in-
fibre Bragg gratings as strain sensing elements within composite material smart
structures. For commercial reasons further investigation of the performance of
the smart board could not be carried out, and the work was not publically
reported. The subject has since been further investigated by Rao el al'™ and rthe
government sponsored Link Photonics Programme project  ‘Maritime

Applications of Smart Structures Technology’ (MAST).

4.3 Requirements for a Bragg grating sensor demultiplexing
system

An ideal demultiplexing system should be able to remotely interrogate many
tens of sensors, and must be low cost, stable and, in the case of avionics and
aerospace applications, lightweight and compact. In addition, it should be
suitable for serially examining each grating in the sensor system and for
tracking a single grating in real-time. Both periodically variable and static strain
and compression must be detectable, and the system should bhe either

temperature independent or able to measure this also.

A realistic measurable strain range is of the order 100ue to a few 1000ye. One

suggested application', 10 provide quasi-distributed strain - monitoring,
requires 100 sensors to e equally spaced across an 8m span hridge, each with



a4 measurement range of 100ue to 1000pe. This strain is equivalent to a
wavelength change of 0.15nm to 1.15nm; assuming a strain sensitivity™ of

1.15pm/nm, on gratings with an average FWHM linewidth of ~0.3nm.

Few of the fibre Bragg grating sensor demultiplexing systems described in
chapter 1 are suitable for interrogating more than one sensor with a single
detection unit, and use expensive laboratory equipmeni to measure (he
wavelength change incurred by a grating. The sensor demultiplexing solution
offered in this work is based upon a Fabry-Perot etalon tuneahle filter in which
the etalon cavity is filled with a liquid crystal, and has the potential to meef all

of the above requirements.

4.4 Liquid Crystal Fabry-Perot etalon tuneable filter

4.4.1 Introduction

Use of a liquid crystal filled Fabry-Perot etalon (LCFP) as a wavelength tuneable
transmission filter was first reported by Gunning et al'*’, for operation in the
visible and infrared (3-5um) wavelength ranges. LCFP filters have since been
developed for wavelength-division-multiplexing in optical communications
systems, and high performance, including low loss, narrow transmission peak

linewidth and wide tuning range, has been achieved!®/*!7,

The results reported on the use of LCFP filters for wavelength selection in
optical transmission systems’™” suggest that these devices could he readily
applied to the dernultiplexing of fibre Bragg grating sensors. Transmission peak
linewidths from 0.07nm to 3.4nm have been reported'™", with funing ranges

of >9nm and 127nm respectively.
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Figure 4.17 Liquid crystal Fabry-Perot etalon constriction

4.4.2 Construction and theory of operation

The LCFP filter is a Fabry-Perot interferometer with a homogeneously aligned,
nematic liquid crystal (Merck'” Licrilite® E7) filled cavity. The liquid crysial
layer is sandwiched between two glass subsirates, comamimz alignment films,
indium tin oxide (ITO) electrodes and dieleciric mirrars, Figure 4.17. The 1TO
electrodes must be placed outside the etalon cavity since the transmittance of
ITO is less than 100% at 1.5um; the ITO electrodes reduce the etalon
transmittance”™ by ~5%. The dielectric mirrors have a reflectivity of between
95% and 99%. The purpose of the polyimide alignment layer is to control the
initial orientation of the liquid crystal molecules, when no voltage is applied to
it, so that they lie parallel to the glass substrates, Figure 4.18(a). When voltage is
applied to the liquid crystal the molecules become realigned, Figure 4.18(b), and
the refractive index changes from n, to n, as the voltage increases, for light
polarised parallel to the molecules. This alters the optical length of the etalon
cavity and produces a shift in the resonance wavelength; the resonance
wavelength decreases as the amplitude of the applied vaoltage increases. The
resonance wavelength of the cavity is given by™

Lk

Hi ’n

Equation 4-7
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where nis the refractive index of the liquid crystal, I is the cavity length, and m
is an integer, and shifts from 2n L/mto 2n L/m with increasing applied voltage.
For light polarised orthogonally to the liquid crystals, the refractive index does
not change and no variation in the resonance wavelength is observed. Only a.c.
voltages, with frequencies of the order of kilohertz, should be applied to the

liquid crystal; use of d.c voltages leads to degradation of the liquid crystal.

OFF ON

Figure 4.18 Liquid crystal molecule alignment: (a) when no voltage is applied the molecules
are aligned parallel to the etalon faces, and the transmitted light polarisation; (b) when
voltage is applied they become realigned

The Fabry-Perot etalon transmission spectrum, as a function of wavelength, 2,

can be described by”

T

max

= 1+ (4/n2)F? sin(27nL/A)

Fquation 4-8

where T is the maximum transmittance at the resonance wavelength, and Fis
the tﬂta;m}inesse of the Fabry-Perot interferometer, determined by the mirror
reflectivity and loss, the absorption coefficient of the liquid crystal, ihe
curvature, waviness and roughness of the glass substrates, and the parallelism

of the two subsiraies.
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The resonance peaks are separated in wavelength by the free spectral range
(FSR),

FSR = _%L
m-1

Eguation -9

and the tuning range of the resonance peaks is

A An
A) = e

n

Fguation 4-10

The time required for a LCFP filter to tune across a specified wavelength range
depends upon the magnitude of the tuning range, the length of the etalon
cavity and the type of liquid crystal. The response time of the liquid crystal
increases with increasing cavity length and tuning bandwidth, and it takes a
greater length of time to tune the resonance wavelength to a longer value than
to a shorter value because the turn-off time of a liquid crystal is longer than its
turn-on time: the length of time required for the molecules to relax is greater

than the length of time it takes for them to align when voltage is applied to the

liquid crystal.

The refractive index of a liquid crystal is strongly temperature dependent, and
the glass substrates can also distort when the temperature changes™, which
results in a corresponding temperature dependence of the etalon resonance
wavelength: a wavelength temperature dependence of -0.2nm/°C has heen
reported for an LCFP eralon filled with the liquid crystal ZLI-3103"7+™,



4.5 Initial LCFP characterisation measurements

Initial investigations of the transmission characteristics of the LCFP etalon were
carried out using the experimental arrangement shown in Figure 4.19. A 980nm
solid state laser was used to pump a length of erbium-doped-core optical fibre
to provide a broadband optical source. As described above, the LCFP etalon
resonance peak wavelength is determined by the voltage applied to the liquid
crystal. Therefore, the resonance wavelength can be tuned by applying a voltage
of varying amplitude. A function generator (HP 3311A), with an in-built
amplitude ramp, was used to provide a 1kHz square-wave voltage to the liquid
crystal; the voltage amplitude was monitored with an oscilloscope, voltage
measurement resolution 0.1V. The LCFP etalon transmission specirum was
recorded using an optical spectrum analyser (Ando AQ-6310C).

Erbium doped

fib
| r@ LCFP etalon
980nm _
laser diode optllcal spectrum
B - analyser
* [
| l
L |
oscilloscope —
function
generator

Figure 4.19 Experimental arrangement used to carry out initial characterisation of LCFP

etalon

Figure 4.20 shows the LCFP etalon optical transmission spectrum, optical

spectrum analyser resolution bandwidth 0.2nm. The resonance peaks at

1572nm and 1500nm were ohserved to scan towards shorter wavelengths with

increasing volrage amplitude, while the peaks at 1605nm, 1540nm and 1490nm

did not wavelength tune; the latter three peaks correspond fa light which is

nolarised orthogonally to the liquid. This polarisation sensitive transmission
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characteristic is currently the subject of a PhD research project at University
College London'”. The free spectral range of the etalon was measured to be
/1.7nm. The variation of resonance peak wavelength with applied voltage
amplitude is shown in Figure 4.21; optical spectrum analyser resolution
bandwidth 2nm. For voltage amplitudes greater than ~2.5V the resonance

wavelength was observed to vary linearly with voltage.
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Figure 4.21 Resonance peak wavelength tuning as a function of applied voltage




Figure 4.23 shows the experimental arrangement used for the initial detection
of fibre Bragg gratings using the LCFP tuneable filter. The LCFP voltage was
controlled as above, and the optical spectrum analyser (HP70004A) scan was
triggered by the function generator. After some effort, the optical spectrum
analyser was successfully set fo scan synchronously with the voltage amplitude
ramp, and Figure 4.22 shows a typical recorded wavelength scan: gratings af
1545.28nm, 1547.58nm, 1556.61nm and 1557.93nm.

Power

! | f}\. |
mew A WW W‘WM’WW M

1.527e-06 1,54538-06 1.56e-06 1.576e-06 1.592e-06
Wavelength (m)

1 ] - i .' lyser
Figure 4.22 Typical wavelength scan of LCFP etalon recorded on thrcal spec{rum analys
ar?d displayizz signal peaks corresponding to Bragg gratings at at 1545.28nm,
1547.58nm, 1556.61nm and 1557.93nm.

Although the gratings were successfully detected, the measurement was not

casily repeatable or controllable due to difficulties in setting the voliage

amplitude ramp range, caused by the poor voltage measurement resolution, and

matching this to an appropriate optical spectrum analyser wavelength sc%n
width. This experimental arrangement was therefore unsuitable for qccura@y
characterising the LCFP etalon, and did not offer sufficient controllability of the
LCFP etalon far it to be used as the demultiplexing element in a Rragg grafing

SENsor system.



In order to move towards the application of the LCFP etalon as a Bragg grating
sensor demultiplexing element a precisely controllable voltage source is
required to drive the etalon, operating in conjunction with a wavelength
measurement system of significantly higher resolution. The design and
development of such a control and measurement system comprises the major
part of this work on LCFP etalon tuneable transmission filters, and will be

reported in the following sections.
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Figure 4.23 Experimental arrangement used for initial detection of fibre Bragg gratings

using LCFP tuneable filter

4.6 Experimental LCFP runeable filter demultiplexing system

4.6.1 Experimental arrangement

Several developmental stages Were progressed through in order to develop the
0 b . o | Ll al

.LCFP control system from t
led arrangement cuitable for calibration and system festing

-

he prototype, described in 4.5, into the final,

computer control



measurements. Only the final experimental arrangement will be discussed in
detail as it includes all of its predecessors.

Figure 4.24 shows the generalised experimental arrangement used 10
characterise the LCFP etalon and test its application as a Bragg grating sensor
system demultiplexing element. A broadband optical source was constructed by
reverse pumping ~20.5m of erbium-doped-core optical fibre with a 1480nm,
fibre pigtailed, semiconductor laser diode (AT&T M255D) (~30mW outpuf
power); a 1480nm optical isolator was placed between the laser diode and the
erbium-doped fibre. Two chirped fibre Bragg gratings, central wavelengih
~1480nm, bandwidth ~17nm, were included at either end of the erhium-doped
fibre to maximise the available pump power and ito remove any residual
1480nm radiation from the measurement system. The erhium fluorescence was
coupled into the sensor arm, containing the Bragg gratings, via a 3dB optical
coupler, which also separated the reflected optical signals from the incoming
broadband illumination. During some of the LCFP Characteriéation
measurements the broadband source was turned off, and an external-grating
tuned semiconductor laser (HP8168B) was used in place of the fibre Bragg

gratings, as a narrow linewidth source of accurately known wavelength, to be

detected by the LCFP etalon.
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Figure 4.24 Generalised experimenial arrangement used to characterise the LCFP etalon
and test its application as a Bragg grating sensor system demultiplexing element

A polarising beamcube was used to remove light polarised orthogonally to the
liquid-crystal molecules, eliminating the non-tuneable resonance peaks from
the LCEP etalon spectrum; this is necessary when the detector used is a
photodiode as any background illumination will reduce the system’s
measurement accuracy. The detector was either an optical spectrum analyser
(HP70004A) or a photodiode (Nortel DRP2-43T2). The voltage applied to the
LCFP etalon was provided by a specially constructed electronic circuit,
described in detail in 4.6.2, where the amplitude was controlled by computer
through an analogue input/analogue output (AIAO), analogue to digital

conversion board (NIDAQ Lab PC+), interfaced to the control program described

in 4.6.3.

When the LCFP etalon resonance wavelength matches rhat of a Bragg grating in

the sensor system the light reflected by the grating will be transmitted hy rhe

etalon, and a peak will appear in its fransmitted optical spectrum.



4.6.2 LCFP square-wave drive voltage generation circuit

The initial characterisation measurements performed on the LCFP etalon
showed that the etalon resonance peaks wavelength tuned for applied voltage
amplitudes in the range 2-5V. Since the AIAO board in the computer had an
output range of 0-10V some method of converting this into 2-5V was required

in order to make full use of the board’s output resolution.

The circuit used to convert the 0-10V d.c. voltage output from the AIAO hoard
in the computer into the 2-5V 1kHz square-wave required to drive the LCFP
etalon is shown in Figure 4.25. The input voltage (OV to 10V) from the computer
is inverted by the first semiconductor amplifier (UA741CP) (-10V to OV), and
then divided by three (-3V to 0V) by the voltage divider resistor arrangement.
The second inverting amplifier performs (wo fupctions: -2V is added to the
voltage (-5V to -2V) and the voltage is inverted again (2V 1o 5V). The 1kHz
square-wave is generated using a semiconductor IC timer chip (NES55), running
at 2kHz, to drive a J-K flip-flop [C (4027B) which produces an output signal
frequency of 1kHz. The 1kHz signal and the d.c. voltage are input into a single-
pole double-throw analogue switch IC (DG303ACJ) fo create a square-wave

whose amplitude is determined by the voltage produced by the computer. This

electronic circuit was successfully constructed and tested, and accurately

performed the required voltage conversion.
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Figure 4.25 Electronic circuit used to convert the 0-10V d.c. voltage output from the AIAQ
board in the computer into the 2-5V 1kHz square-wave required to drive the LCFP etalon

4.6.3 LCFP measurement control program

In order to allow the system user to define the limits of the square-wave voltage
amplitude scan a user interface program was written in the Visual Basic
programming environment through which the voltage applied to the LCFP
etalon was controlled, and which had the facility to record the output signal
from the photodetector. The desired voltage amplitude range for the LCFP
etalon is entered on screen by the user and when the ‘start’ button is selected,
this voltage scan is converted into the values which the computer will output fo
the electronic circuit given above; in order to make use of the full output range
of the AIAO board, and hence achieve the maximum voltage resolution, a 2V fo
=\ user defined range is converted for oufput as 0OV to 9V. The output voltage is

ihen incremented through these values in a user defined step size; see

Appendix Bl for program code.
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When the photodiode is being used as the transmitted optical signal detector
the computer reads in the voltage from the photodiode at each step in the
voltage scan, storing both the LCFP voltage and photodiode voltage values in an
array. On completion of the voltage scan the program contains an option which
converts the photodiode voltages into their equivalent wavelength values,
Appendix B2, and normalises them, Appendix B3, to remove the effect of any
optical power/wavelength dependencies of other optical elements within the
system. The values are then processed by the peak searching code, Appendix
B3, in order to find any peaks in the photodiode measurements, in either
voltage or wavelength form, which represent the Bragg gratings. The

wavelength, or voltage, peak values are then displayed on screen.

The computer conirol program evolved through several developmental stages,
and many changes to the code were implemented hefore the final version was
reached. The program successfully scanned the LCFP drive voltage for any user
defined range and step size, and recorded and processed the output voltage

signals from the photodiode.

4.6.4 Discussion

An improved LCFP etalon control and measurement system was designed and
constructed. Use of a higher power, fibre-pigtailed semiconductor laser diode to
pump a longer length of erbium-doped optical fibre produced a significantly
higher power broadband optical source for interrogating the LCFP etalon and
the fibre Bragg gratings. Coupled with the use of more sensitive optical
measurement devices, this dramatically raised the resolution available for

measuring the optical signal rransmitted by the LCFP etalon.

The construction of a computer program to control the voltage applied to the
LCEP etalon, and to measure the signal produced by the detector photadiade,

allowed the LCFP voltage to pe accurately controlled, and the LCFP eralon
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transmitted optical spectrum to be recorded in detail. These improvements
produced a measurement system which offered a 10mV LCFP voltage
resolution; equivalent to 0.09nm resolution. In addition, it enabled the use of a
highly accurate wavelength source in place of the Bragg grating sensor elermnent
array for the investigation of the wavelength dependent characteristics of the
LCFP etalon. The LCFP etalon can therefore he fully characterised and its

suitability for use as a demultiplexing element investigated further.

4.7 LCFP tuneable filter characterisation

4.7.1 Optical spectrum

The optical transmission spectrum of the LCFP filter was analysed using the
experimental arrangement shown in Figure 4.24, using the broadband erhium-
fluorescence source to illuminate the filter and the optical spectrum analyser to
record the transmission spectrum; wavelength resolution bandwidth 0.1nm.
The polarising beamcube was removed initially, in order to view all of the
resonance peaks, and then replaced when the effect of applying voltage to the

liquid crystal was to be investigated.

The LCFP etalon optical transmission spectrum, with no voltage applied to the
liquid crystal, is shown in Figure 4.26: both polarisations of light are present.
Resonance peaks are clearly visible at 1487.3nm, 1528.2nm, 1560.6nm and

1592.7nm, and the optical profile of the spectrum clearly follows the shape of

the erbium fluorescence spectrum.
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Figure 4.26 LCFP etalon transmission spectrum: both polarisations of light present; no
voltage applied to the liquid crystal

Inserting the polarising beamcube and applying OV and 2V, from the computer
(equal to 2V and 2.67V after the square-wave generation circuit) to the liquid
crystal, gave the transmission spectra shown in Figure 4.27. The 0OV spectrum
displays peaks at 1596.4nm and 1531.9nm while the 2V spectrum peaks are at
1591.2nm and 1528.2nm, indicating that applying increasing voltages shifts the
resonance wavelengths to shorter values, as predicted. The different
wavelengths displayed by corresponding resonance peaks in Figure 4.26 and
Figure 4.27(0V) are produced by hoth the different applied voltage and a change

in ambient temperature, which will be discussed further in 4.7.5.
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Figure 4.27 LCFP transmission spectrum: only light polarised parallel to the liquid crystal
molecules is present; computer voltages of OV and 2V applied

4.7.2 Capacitance

In order to select the correct J-K flip-flop semiconductor IC, in Figure 4.25, the
input impedance of the LCFP etalon must be known, and was found by
measuring its capacitance using the experimental arrangement shown in Figure
4.28. A 1kHz sine wave, \/rms=1.075\/, was applied to the effective RC circuit, and
its phase hefore and after the LCFP filter compared using an oscilloscope; this
gave the phase difference between the voltage at the resistor and the voltage at
the ‘capacitor’. A phase shift, 8, of 21.6" was measured between the fwo
voltages, which was converted to the equivalent impedance, X, and capacitance,
C, using the following theory; where V, and V, are the voltages across the
resistor, resistance R, and capacitor respectively; o (=2xnf) is the sine wave

frequency; and Zis the reactance of the capacitor.



V=V, +V,
Ve =V, sin(wr +09)

V.=V, sin(wr+9+80)

Equation 4-11
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Equation 4-12

For a resistance of 10kQ and [ =0.028mA, this gave an impedance of 3.96kQ

and a capacitance of 40.2nF.
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Figire 4.28 Electrical circuit for measurement of LCFP et alon capacitance



4.7.3 Resonance peak wavelength / Applied voltage

As described in 4.4.2, the wavelength at which the LCFP etalon resonance
conditions are met can be changed by altering the refractive index of the liquid
crystal, through varying the amplitude of the square-wave voltage applied to
the liquid crystal. There are four resonance peaks which are visible during a full
computer voltage scan of 0V to 9V, three are visible initially, as seen in Figure
4.27(0V), and a further peak appears at the high wavelength end of the
spectrum when the voltage reaches ~6V. The variation of wavelength with
applied voltage was measured (at T=19.55°C) for each resonance peak, using the
experimental arrangement of Figure 4.24, employing the broadhand optical
source and the optical spectrum analyser, and is shown in Figure 4.29. A
straight-line fit to the linear section of Figure 4.29(peak?2), voltage range 2V io

9V, gives a resonance-peak-wavelength/applied voltage dependence of

A =-10.642V, +1619.39

computer

Eguation 4-13

In the voltage range OV to 4V three peaks are present in the transmission
spectrum, this is reduced to two peaks for a voltage of ~4V to ~GV, and returns
to three peaks for the ~6V to 9V range. The existence of multiple resonance
peaks at any one voltage value presents a problem for the photodiode detection
based demultiplexing system. If the computer voltage is set at, say, 5V, there
will be two wavelengths at which the LCFP etalon can transmit: 1500nm and
1564nm. Should the sensor systemn contain Bragg gratings at both of these
wavelengths, the system will be unable to discriminate between them, since the
photodiode can only measure total optical power. This reduces the operational
wavelength tuning range from the full 81-85nm experienced by each resonance
pealk, as the voltage 18 fuped from OV to 9V, to between Glnm and 65nm. One

. . . ; I PACR e il . P T . — i)
LCFP etalon can therefore be used to demultiplex gratings within only one al



the ranges 1610-1545nm and 1545-1464nm, as indicated by the shaded areas in

Figure 4.29, requiring a computer generated voltage range of OV to ~7V.
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Figure 4.29 Applied voltage dependence of the wavelength of the four resonance peaks
present in the LCEP spectrum over the full voltage range, ambient temperature 19.55°C;
initial peak wavelengths: (1) 1624.2nm; (2) 1611nm; (3) 1544.5nm; and (4) 1483.5

4.7.4 Transmitted optical power/Applied voltage

The optical power transmitted by the LCFP etalon as a function of applied
voltage was measured (at T=25.6°C) with the experimental arrangement of
Figure 4.24, using the hroadband optical source and the photodiode detector,
The results, shown in Figure 4.30 display a pronounced fall in the transmitted

optical power level, to approximately one quarter of the maximum transmitted

power, between applied voltages of 3V and 6.5V.
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Figure 4.30 LCFP transmitted optical power as a function of applied voltage

The shape of the curve can be related to the wavelengths of the two central
resonance peaks (peaks 2 and 3 of Figure 4.29) and the erbium fluorescence
source spectral profile. Over the voltage range 0V to 3V peak 3 tunes from
~1544.51m to ~1524nm, traversing the spectral region in which the erbium
fluorescence optical power is at its maximum, while peak 2 tunes from
~1611nm to ~1588nm, where the erbium fluorescence is very low power. The
voltage range 3V to 6.5V finds resonance peak 3 in the spectral region
~1524nm to ~1485nm, while peak 2 tunes from ~1588nm to ~1559nm. Hence
neither resonance peak enters the main erbium fluorescence bandwidth of
~1525nm to ~1560nm, and the total available optical power is very low. For the
voltages 6.5V to 9V peak 2 tunes across the spectral range ~1559nm 1o

~1526nmm, accessing the full erbium fluorescence optical power, and the total

transmitted optical power rises again.

These results indicate that the erbium fluorescence bandwidth does nat cover
the full tuning range of the filter, resulting in approximately one third of the

voltage range being unusable. This limitation can he overcome by using an



optical source with a larger spectral bandwidth. However, such a device was not
available for this work.

The fraction of incident optical power transmitted by the LCFP etalon was
measured, using the experimental arrangement of Figure 4.24, in which a power
meter (Antritsu ML910A & MA9301A) replaced the photodiode. Three values of
voltage (at computer) applied to the etalon (0V, 4.4V and 6V), which was
illuminated with 0.6uW of 1530nm radiation from the tuneable laser. The LCFP
efalon transmitted 5.2nW, 35nW and 1.6nW, 0.9%, 5.8% and 0.3% respectively, of
the optical power at these voltages; the maximum fractional fransmission
recorded corresponds to transmission at a resonance peak. The extremely low
opfical power transmission of the LCFP etalon means that the vast majority of
the reflected optical signal power is lost, and therefore a relatively high power
source is required. 28.3mW of 1480nm radiation was used to pump ~20.5m af
Erbium-doped fibre to produce ~640uW of Erbium fluorescence, of which 50% is
lost at the 3dB coupler, ~99% is lost at the gratings (assuming 40nm
fluorescence bandwidth and 0.5nm grating linewidth), a further 50% 1is lost
returning through the 3dB coupler, 50% is lost at the polarising beamcube and
~65% is lost coupling the light from fibre to fibre to allow it to pass through the
bulk optic LCFP etalon. Hence the poor transmission characteristics of the LCFP
etalon were compounded by an already low optical power budget. The loss
could be reduced by replacing the 3dB coupler with an optical circulator, and by
using a single polarisation optical source, however neither of these devices were

available for this work.

4.7.5 Resonance peak wavelength/Temperature

The resonance peak wavelength temperature dependence was invesrigated

using the experimental arrangement shown in Figure 4.24, in which the
tuneable laser was used as the narrow linewidth signal source, A=1550nm, and
the transmitted optical signal was detected with the photodiode. The

iemperature of the [CFP etalan was measured using a plarinum-fim
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temperature detector (conforming to BS 1904 Grade 1I) which was fixed to the
front face of the etalon, on which the light is incident, with thermal heat-sink
compound. The platinum film detector was connected to a lineariser module
(RS 158-418) containing electronic circuitry designed to produce a linearised
ImV output per degree centigrade within the range -100°C to +500°C, with a
long term stability of better than 0.1°C per annum,; the lineariser output was
displayed on a digital power meter. The temperature values were the room
temperatures that the laboratory experienced over a period of several days. At
each temperature point the control program scanned the applied voltage over
the range 4.5V to 9V, and the transmitted optical signal detected by fhe
photodiode was recorded at every voltage step; a 4.5V to 9V range was selected
in order that only one resonance peak was being used and to ensure that a
measurable optical signal power level was transmitted by the LCFP eralon. The
stored V(computer) and V(photodiode) values were then proacessed o find
V(computer) at the maximum V(photodiode) value, which corresponded to
A=1550nm; the results are displayed in Figure 4.31, and lie on a straight-line fit

given by

v =026017(C)+0616

C{)Iﬂpl”t’r

Equation 4-14

From the resonance peak wavelength/voltage dependence of Equation 4-13, the

temperature dependence of the LCFP etalon resonance peak wavelength is

therefore -2.77nm/°C.
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Ff"’gx,n‘f_z 4.31 Peak applied voltage as a function of LCFP temperature; detecting a 1550nm
signal

4.7.6 Discussion

The optical transmission spectrum of the liquid crystal Fabry-Perot etalon was
recorded, and exhibited resonance peaks at wavelengths of 1487.3nm,
1528.2nm, 1560.6nm and 1592.7nm, when illuminated by light polarised both
parallel and orthogonally to the liquid-crystal molecules. For parallel polarised
light the application of a 1kHz square-wave, of 2.67V peak-to-peak amplitude,

two resonance peaks were observed to tune from 1596.4nm to 1591.2nm, and

from 1531.9nm to 1528.2nm respectively.

A clear dependence of the LCFP etalon transmission specirum on the erbium
fluorescence spectrum was observed, with the resonance peaks rising and
falling in magnitude as they tuned across the erbium spectral bandwidth. This
was also reflected in the dependence of the power rransmitted hy the efalon an
the amplitude of the voltage applied to it. The transmitted power level was not
constant, falling to approximately one quarter of its maximum value aver fhe
computer voltage range 3V to 6.5V. For the signal power levels availahle here
this resulted in the loss of more than one third of the voltage tuning range,
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since the transmitted optical signal fell below the detection threshold. This
limitation can be overcome by using a higher power erbium fluorescence
source, however any signals from Bragg grating sensors within the wavelength
range covered by these voltages, from ~1485nm to ~1524nm, and from
~1559nm to ~1588nm, will be of significantly lower power, necessitating the

normalisation of all experimental data before a peak search can be performed.

The impedance and capacitance of the LCFP etalon were measured in order to
facilitate construction of the square-wave voltage drive signal electronics:
values of 3.96kQ and 40.2nF were recorded respectively.

The characterisation of the voltage dependence of the resonance peak
wavelengths gave a wavelength tuning range for each resonance peak of
approximately 85nm. It was also observed that for certain applied voltages the
LCFP etalon transmitted at more than one wavelength. In order to achieve
measurement clarity it was therefore necessary to restrict the resonance peak
tuning range to ~35nm, requiring a computer voltage range of OV to 7V, so that
only one wavelength was passed by the etalon at each voltage setting. This
reduced the available wavelength tuning capacity to two distinct ranges:

1545nm to 1610nm, and 1464nm to 1545nm.

The temperature dependence of the resonance peak wavelength was found to
he -2.77nm/°C, which is more than an order of magnitude larger than the -
0.2nm/°C previously reported by Hirabayash” for the liquid-crystal type ZLI-
3103. Hirabayashi reported that the temperaturc variation experienced hy the
LCFP etalon must be kept to less than 0.25°C in order to achieve better than
0.1nm stability of the resonance wavelength. To be able to produce this level of
wavelength stahility for the LCFP etalon reported here, the temperature must he

held constant to hetter than 0.04°C.
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The transmitted power characteristics of the etalon and the presence of
multiple resonance peaks at certain applied voltages impose restrictions on the
number of Bragg grating sensor signals that a single LCFP etalon can
demultiplex. Assuming a 65nm tuning range for a single LCFP etalon resonance
peak, one can in principle wavelength division multiplex 18 Bragg grating strain
sensors, of Inm linewidth (to the zeros on either side of the first secondary

resonance peaks), each with a 3000ue measurement range.

The number of sensors which can be interrogated by a single LCFP filter may be
increased through the use of a wavelength selective switch, which can be set fo
transmit wavelengths which fall within the tuning bandwidth of the chosen
etalon resonance peak. Such a filter can be constructed using an optical switch
and two chirped graiings, arranged to act as fransmission filters!7t7m, The
chirped gratings should each have a bandwidth of G5nm, to match the tuning
ranges of the resonance peaks; reflectivities of up to 80% are available!77.178.179
over this size of bandwidth. The working wavelength range of the LCFP etalon
tuneable filter can then be chosen by activating the optical switch, preferably a
2x2 single-mode fibre routing switch'®’, thus swapping from one Bragg grating
transmission filter to the other, Figure 4.32. The optical switch is activated
through the application of an acoustic wave to the fused, tapered-fibre pair,
generated by a piezo-electric device and focused through a horn onto the
optical fibre. The application of this switch arrangement would overcome the
restriction imposed on the available tuning range of the LCFP filter by the
presence of multiple transmission peaks at certain values of applied voltage.
However, the most significant restriction on the use of the LCFP etalon as a
runeable wavelength selective filter 18 presented by the temperaiure
dependence of the resonance peak wavelength; this must be surmounted if the
LCFP etalon is to be applied as a demultiplexing element in Bragg grating sensor

systems.
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Figure 4.32 Switch to select LCFP filters in sensor demultiplexing system; an all fibre
routing switch is used to select which of the Bragg grating iransmission filters the optical
signal is sent to

4.8 LCFP temperature compensation / control

4.8.1 Introduction

As evidenced in 4.7.5, the room temperature in the laboratory was not stahle,
due to a lack of air conditioning and to the presence of several people, and
much electrical equipment. The high temperature sensitivity of the LCFP
resonance wavelength required that either the room temperafure or the LCFP
etalon temperature must be stabilised, or that its temperature sensitivity must
he compensated for. Controlling the room temperature was impractical, hence

the other two options were investigated.




4.8.2 Temperature compensation

4.8.2.1 Introduction

In order to compensate for the temperature dependence of the LCFP etalon its
temperature must be measured during each voltage scan. This was achieved hy
reading the voltage signal output by the platinum film temperature sensor into
the computer at each step in the LCFP voltage scan. The temperature sensor
output was of the order of millivolts, while the AIAO board required voltages of
preater than 1V, hence an electronic circuit was constructed which amplified
the signal; the gain of the circuit was ~100, but not exactly 100, due to the
nature of the circuit components. Once the LCFP voltages have been converted
into wavelength, the wavelength values can be scaled to those at the
characterisation temperature (19.55°C) (Appendix B2), normalised (Appendix

B3), and the peak search performed.

4.8.2.2 Temperature averaged over whole voltage scan

In the initial measurement procedure the temperature of the LCFP etalon was
recorded at every voltage scan step, and averaged to give the temperature to be
used in the conversion equations: Equation 4-13 and Equation 4-14. In order to
compensate for the non-perfect gain in the electronic circuit used to amplify
the electrical signal from the platinum film temperature sensor, slight changes

to the conversion equations were implemented.

The measurement accuracy of the system was tested using the experimenial
arrangement of Figure 4.24, with the tuneable laser acting as a precisely known
signal source for the system fo detect. Using this arrangement, with the
runeable laser output set at 1540nm, the LCFP/computer system measured the
wavelength to be 1540.97nm; the temperature of the LCFP etalon was stahle 10
within 0.01°C over the scan, and the voltages representing the temperature at
the outpur of the temperature defector and at the computer, after amplification,

both gave a value of 19.80°C.
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Temperature at  Temperature at Wavelength

platinum film computer/“ measured by

sensor/°C computer/nm
17.99 17.93 1539.88
18.11 18.06 1531.83
18.16 18.11 1531.83
18.16 18.14 1531.83
18.19 18.15 1532.17
18.20 18.18 1532.05
18.27 18.26 1531.00
18.36 18.37 1542.32
18.38 18.37 1542.47
18.41 18.40 1535.07
18.46 18.44 153045
18.52 18.54 1530.45
18.55 18.54 1528.51

Figure 4.33 Wavelength measured by computer at various values of LCFP temperature,
recorded at the platinum film temperature sensor and at the computer; source signal

wavelength 1530nm.

However, when the temperature of the LCFP etalon was not stable over the

period of a voltage scan, as was generally the case, the system measured the

wavelength incorrectly, by up to 10nm. Figure 4.33 shows a typical series of

wavelength measurements made using the experimental arrangement of Figure
4.24, with the tuneable laser output set at 1530nm, as the LCFP etalon
§ § - )
temperature increased. The temperature of the LCFP eralon was observed 1o

fluctuate by several tenths of a degree during a complefe scan, hence the
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average value may not have been the actual temperature at the moment that
the signal peak was detected.

4.8.2.3 Temperature found at time grating peak measured

In order to overcome this mismatch in temperature values, the data processing
technique was changed so that the temperature at the time that the signal was
detected was known exactly. The photodiode and temperature sensor outpufs
were recorded by the computer at every voltage scan step, and a peak search on
the photodiode voltage readings performed. From this the temperature at the
grating peak was found by looking-up the corresponding temperature reading
in the data stored by the computer. The LCFP etalon applied voltage values were
then scaled to the appropriate temperature, and the peak search on the
photodiode voltage readings repeated in order to find the LCFP voltage at the

maximum photodiode value, which was then converted to the corresponding

wavelength.

6.8 +

6.6

6.4

Vcomp/V

6.2

20 22 24 26

Temparature/C

Figure 4.34 Peak applied voltage as a function of LCFP temperature; detecting a 1550nm
signal: temperature measured at computer
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In parallel, the temperature calibration was repeated using the temperature
values recorded at the computer in order to remove the need to build in
compensation factors to the conversion equations; the same measurement
procedure as that used in 4.7.5 was applied. The recalibrated temperature
dependence of the peak applied voltage, detecting a 1550nm source signal, is

shown in Figure 4.34. The results lie on a straight-line given by

= 0.168T("C) +2.541

conpier

Equation 4-15

4.8.2.4 Measuring temperature and strain applied (o a Bragg graling

This processing system was tested using the experimental arrangement of
Figure 4.24, with the broadband source used to illuminate a single Bragg
grating; peak wavelength 1557.01nm. Both temperature and strain were
applied, independently, to the grating and the LCFP control programme used to
measure the wavelength of the Bragg reflection. The grating was heated by
mounting it on a peltier device, with the temperature controlled through use of
a thermistor based feedback loop. Strain was applied to the grating using the
experimental arrangement shown in Figure 4.35: the length of fibre containing
the grating was fixed at one end, with the other end clamped to a displacement
stage, and the distance between them increased incrementally. Both the
temmperature and strain were applied using a computer control system,
connected to the computer via a GPIB board (JEF488). These measurements were

carried out in collaboration with Dr. Lin Zhang and Richard Fallon of fthe

Photonics Research Group, Aston University.
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Figure 4.35 Experimental arrangement for applying strain to Bragg grating

The measured grating wavelength at each applied temperature and strain is
and Figure 4.37 respectively. The LCFP temperature used in the wavelength
calculation was averaged over 10 points either side of the peak voltage to allow
for any response time of the liquid crystal refractive index to temperature
changes. At applied temperatures of 20°C and 40°C the measured value of the
grating peak wavelength and the predicted value agree to within the
experimental error caused by the fluctuation in the LCFP temperature during a
voltage scan. However, at the other applied temperatures and the applied
strains, the measured peak wavelength of the grating is not in agreement with

the predicted values.
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T(grating)/ grating peak wavelength theoretical

°C wavelength/nm  error/nm wavelength/nm
10 1545.04 0.75 1557.10
20 1555.78 1.61 1557.19
30 1554.15 0.82 1557.28
40 1556.07 1.39 1557.37
50 1547.35 0.64 1557.46
60 1550.46 1.04 1557.55
70 1548.96 0.38 1557.64

Figure 4.36 Experimental and theoretical grating wavelength for application of
femperature to grating

strain/ue grating peak wavelength theoretical

wavelength/nm  error/nm wavelength/nm
0 1544.49 0 1557.01
666 1548.73 0.43 1557.81
1333 1548.33 0.52 1558.61
3333 1535.75 0.82 1561.01

Figure 4.37 Experimental and theoretical grating wavelength for application of strain (o
grating

There are two probable causes of this disagreement hetween the experimentally
measured peak wavelengths and their corresponding predicted values. Firsily,
the LCFP etalon has a significant thermal mass, therefore the temperature
measured by the platinum film temperature sensor mou nted on the front f’acvﬁ
could, in principle, be different to that at the point on the efalon iih‘i“(‘ﬂ.’lgb. which
the optical signal passes. Secondly, the peak search merhod may coniain some
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error due to the method of determining the voltage at the peak transmitted
signal, since the shape of the transmitted signal peak is determined by both the
Bragg grating spectral profile and the LCFP etalon resonance peak prafile. The
data processing code searches for the maximum value of V(photodiode), and
records the corresponding V(computer) as the voltage at the grating peak.
However, this may not correspond to the central wavelength of the grating in
all cases, and an improvement would be to implement a peak searching
mechanism that removes the effect of the LCFP resonance peak profile from the
recorded transmission profile and then performs a peak search bhased on

finding the centre of mass of the spectrum.

4.8.2.5 Temperature conirol

Temperature control of the LCFP etalon was attempted using a peltier device
with a central, circular aperture, fixed to the front face of the etalon, and a
thermistor based feedback loop was used to control the temperature. Various
sizes of heat sink were applied, several different thermistor beads used, and
their position altered, and the feedback loop gain altered, however the
temperature of the etalon did not stabilise, but rapidly increased. A possible
cause of this is that the liquid crystal type (E7) has a long thermal response
time, hence the temperature measured at the etalon face is not the same as that
of the liquid crystal. This would result in the temperature measured by the
thermistor cyclically heating and cooling. After the peltier device has applied
heat to the etalon for a short period it stops and waits to see how the
thermistor reading changes, but due to the large thermal mass and slow
response of the liquid crystal no noticeable change is detected, so the peltier
device applies more heat, again little increase in the etalon temperature is
recorded and the peltier applies heat again, and so the temperature of the
peltier device spirals upwards, which is what was observed to happen. The large
thermal mass of the LCFP etalon therefore makes it unsuitable for direct
femperature control in this manner.
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An alternative approach involves mounting the LCFP etalon inside a bhox
constructed from a material of high thermal mass, in an attempt to reduce the
variation in the temperature of its surrounding environment. A box was
constructed from brass for this purpose and the temperature variation inside it
was compared to that of the room temperature over a period of several hours;
the temperatures were measured using two separate platinum film temperature

sensor/lineariser arrangements, identical to that described in 4.7.5.

Temparatura/C

0 100 200 300 400 500

Time/minutes

Figure 4.38 Variation of room temperature and temperature in brass box as room heated
slowly
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Fi’gxfrg 4.39 Variation of room temperature and femperature in brass box as room heared
rapidly

The variation of the room temperature and the temperature inside the box, as
the room was allowed to heat up naturally, are shown in Figure 4.38. The
results lie on straight lines of gradient 0.00296°C/minute  and
0.00307°C/minute respectively, indicating that the box offered no improvement
to the temperature stability of the LCFP environment. Figure 4.39 shows the
variation of the two temperatures as the room was rapidly, actively heated.
Straight line fits to the data give a gradient of 0.0193°C/minute for the
temperature within the brass box, while a gradient of 0.0246°C/minute was
recorded for the room temperature. The temperature within the box is clearly
more stable than that of the room when the room temperature rises quickly,
but it still does not offer the level of stability required to practically implement
the LCFP etalon as a tuneable transmission filter for demultiplexing Bragg

grating sensor signals.
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4.8.2.6 Comments

The approaches to temperature compensation which have been attempted
enjoyed limited success, and further developments to improve them have been
suggested. It has been demonstrated, in 4.8.2.2, that if the temperature of the
LCFP etalon can be kept stable to better than 0.1°C over the duration of a
voltage scan then its use as a Bragg grating sensor demultiplexing element
becomes feasible; however, temperature control to better than 0.04°C is
required to obtain the wavelength measurement accuracy (0.1nm) needed for a
real Bragg grating sensor system. Placing the etalon inside a brass hox offered
some degree of protection from room temperature variations if the temperature
increased rapidly, but no beneficial effect was observed when the room heated

up slowly.

The temperature sensitivity of a liquid crystal is greaiest at remperatures
approaching its nematic to isotropic phase transition. The liquid crystal E7 has
a transition temperature of ~68°C, while other liquid crystals are available
which have significantly higher transition temperatures, of the order of 100°C.
Using these liquid crystals in the LCFP etalon will increase the separation of the
operating temperature and the transition temperature, and hence reduce the
temperature sensitivity of the etalon. Unfortunately all of the LCFP etalons
manufactured by GEC Marconi Materials Technology™' were filled with E7,
therefore the temperature sensitivity of LCFP etalons filled with other liquid

crystal materials could not be investigated.

The temperature sensitivity of the resonance peak wavelength significantly
compromised the performance of the LCFP etalon. For implementation of this
device as a wavelength demultiplexing element it is vital that the temperafure
instahility be greatly reduced. The LCFP etalon is unsuitable for this task in itg
current form, even with the application of temperature conirol and
compensation techniques. A move 1o a liquid crystal with a higher transition
temperature and hence a reduced temperature sensitivity, could, in principle,



make it a viable alternative to existing demultiplexing techniques if used in

conjunction with the temperature control and compensation methods detailed
in 4.8.2.

4.9 Further system developments

4.9.1 Introduction

v

Assuming that the temperature dependence of the LCFP etalon resonance peak
wavelength has been minimised, by changing the liquid-crystal to a type with a
significantly smaller refractive index temperature dependence, and through the
application of one or more of the above temperature campensation and control
techniques, the resolution of the demultiplexing system can he enhanced
through the use of a second stage filter. The LCFP eialon can be used ta select a
1nm band of wavelength space, containing the grating sensor of interest, with a
second stage filter, of narrower resonance peak linewidth, then tuned across
this 1nm in order to more accurately determine the peak wavelength of the
grating reflection response. Two such secondary filters are a narrow linewidth
LCFP, and a fibre Fabry-Perot; demultiplexing systems using these tuneable
transmission filters will be discussed further in sections 4.9.2 and 4.9.3

respectively.
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Figure 4.40 Experimental arrangement for an LCFP demultiplexing System based on iwo
etalons of different linewidih

4.9.2 Concatenate two LCFP etalons of different resonance peak
linewidih

The experimental arrangement for a two stage LCFP etalon filter demultiplexing
system is shown in Figure 4.40. The first stage filter is operated as described in
section 4.6, and selects the grating to be interrogated by the second stage filter.
Once the signal peak has been found the control system can be set to follow
this peak, thus maintaining the signal power transmitted to the secondary filter
at its maximum level. The optical signal transmitted by the first stage filter is
intensity split in the ratio 90:10, where 10% of the signal power is routed to the
photodetector used to control the first stage filter, and 90% continues on to the
secondary LCFP etalon. The narrow linewidth LCFP etalon was filled with the
same liquid crystal as before, and thus suffered from the same temperature
based instability of the resonance peak wavelength. The spectral profile of the
secondary etalon was measured, Figure 4.41, and it displayed a resonance peak
FWHM linewidth of ~0.1nm and a free spectral range of 1.1nm. The necessary
optical mounts and detectors were consiructed, however the temperature
dependence of both etalons prevented the sysiem from reaching the tesiing
stage. The secondary filter would be controlled identically ta the first siage
filter, with the computer voltage tuning range selected fo produce a resonance
peak wavelength scan of 1nm. Use of the narrow linewidth LCFP efalon would,
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in principle, allow the grating resonance peak to be measured to better than

0.1nm, the spectral resolution required to detect the minimum expected strain
of 100ue.
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Figure 4.41 Optical transmission spectrum of narrow linewidth LCFP elalon

4.9.3 LCFP etalon combined with a Fibre Fabry-Perot filter

Rather than using a second bulk optic wavelength filter, an in-fibre Fabry-Perot
(FFP) transmission filter can be used, such as those shown Figure 4.42 and
Figure 4.43. The first stage LCFP filter is controlled as described in 4.6, and the
transmitted optical signal is then split using an optical fibre coupler, Figure
4.44, with part of the signal used to control the first.stage filter, and the rest
coupled into the FFP filter.
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Figure 4.42 Optical transmission spectrum of Fibre-Fabry Perot filter; bandwidth ~12nm;
free spectral range 1.43nm

45 R
40 -
35 -
30 - I
25 - |
20 -
~15 -
10 —
S —

0 - :
1450 1500 1550 1600 1650

Wavelength (nm)

transmission

Figure 4.43 Optical transmission spectrum of Fibre Fabry-Perot filter; bandwidth ~150nmy;
free spectral range ~1.5nm

Wavelength tuning of the FFP resonance peak wavelength is achieved by
straining, or compressing, the section of fibre containing the filter, as described
in 4.2. Instead of fixing the FFP filter onto a solid sheet and bending it, the filre
can be axially strained by applying force along the fibre axis in order to stretch
or compress it. To integrate this filter with the LCFP etalon control system, the
FFP filter tuning can be computer controlled through the use of the mount
shown in Figure 4.45, which is based on a piezo-electric containing micrometer

positioner (Pl mezgmjke@ M-311.80 and P-853.00). The micromefer has a Gmm
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manual travel range and a 30um piezoelectric travel range, achieved by
applying 120V. For a 4mm long grating (standard fabrication length using
holographic two beam interferometry), mounted such that 10mm of fibre will
be strained, this can produce a 3nm resonance peak tuning range. Hence lnm
wavelength tuning can be achieved by applying 40V to the piezoelectric device.
This filter would, in principle, be capable of determining the sensor grating
peak wavelength to better than 0.17nm. The FFP filter tuning mount was
successfully constructed and the electronic control circuit designed. The TFP
fransmission peak wavelength was shown to vary linearly with applied strain in
4.2.4.3, Figure 4.13. However, the demultiplexing scheme could not be

implemented due to the temperature sensitivity of the LCFP etalon.

LCFP
etalon

Z — i .
| <X>%coupler _________ photodiode
polarising e

beamcube
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Figure 4.44 Experimental arrangement of demultiplexing system based on combination of

LCFP etalon and fibre Fabry-Perot (FFP) filter

FFP piezo-slectric
micrometer
filter ' , s

.....

Figure 4.45 Fibre Fabry-Perot filter tuning mount; fibre is sirained by displacing
micrometer stage through activation of piezoelectric element
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4.10 Conclusion

The employment of in-fibre Bragg gratings as smart structure strain sensors
was investigated, using gratings embedded in, and mounted on the surface of, a
sheet of carbon composite material. The shift in central wavelength of the
embedded grating was measured under the application of strain and
compression. Incomplete transfer of the strain experienced by the composite
hoard to the fibre grating was observed, which can be explained hy slippage of
ihe fibre within the board due to poor bonding between the fibre and the
composite material. In order to verify the bending theory applied in the
embedded grating measurements, the response, o strain and compression, of a
uniform period grating and a fibre Fabry-Perot  (FFP) filter, mounted on the
curface of the sheet, were measured. Fxcellent agreement was achieved berween
the theory and the experimental results for the FFP filter under strain,
supporting the theory which was applied to both the embedded and surface
mounted grating measurements. This work was the first, of which I am aware,
on the investigation of in-fibre Bragg grating strain sensors embedded in
composite materials. For commercial reasons the work did not continue, but it
has since been taken up be Rao et al'®, of the University of Kent at Canterbury,
and through the Link Photonics Programme MAST project.

A discussion of the requirements for a demultiplexing element for a Bragg
grating sensor system was offered, and a scheme based on the use of a liquid
crystal filled Fabry-Perot etalon tuneable transmission filter proposed. Previous
reports of the use of such a device for wavelength selection in optical
transmission systems suggested that it could be readily applied ta grating
sensor demultiplexing. Initial characterisation of the LCFP etalon was followed
hy the design, construction and testing of a computer controlled demultiplexing
scheme. The characterisation of the LCFP etalon highlighted some aperational

limitations of the tuneable filter.
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The available tuning range of the LCFP etalon resonance peaks was reduced
from the full tuning range of ~85nm, as the applied voltage is tuned from 0V to
9V, to between G6lnm and 65nm due to the presence of more than one
fransmitting wavelength at certain applied voltages. The transmitted power
level was not constant across the full voltage scan, which led to the loss of one
third of the voltage tuning range, since the optical power level fell below the
photodiode detection threshold; although this can be overcome through the use
of a broader band width source or a higher power source, neither option was
available here.

The resonance peak wavelength was highly temperature dependeni due to the
femperature  sensitivity of the liquid crystal refractive index; a
wavelength/temperature dependence of -2.77nm/*C was recorded, more than
an order of magnitude larger than that previously reported by Hirabayashi®. In
order to produce the 0.lnm wavelength measurement accuracy required to
detect a minimum strain of 100ue the temperature of the LCFP etalon must be

held constant to better than 0.04°C.

Schemes to compensate for, and control, the LCFP temperature sensitivity were
investigated. The temperature compensation approach enjoyed limited success
when the temperature was averaged over the whole voltage scam; when the
remperature of the LCFP etalon remained constant to within 0.1°C over the
duration of the scan, the signal wavelength was measured to within 1nm of the
actual value. The compensation system which averaged the temperature over a
smaller number of points about the actual signal peak was used to measure the
wavelength of a Bragg grating under the application of temperature and strain.
This was also partially successful, with the experimentally measured
wavelength agreeing with the theoretically predicted value, to within the
measurement error, for two readings. Two probable causes for the generally
poor agreement between the experimental and theorefical wavelengih values
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were offered, based on the bulk thermal properties of the LCFP etalon and the
method of determining the position of the peak in the recorded photodiode

voltage values, which represent the wavelength of the etalon resonance peaks.

The operational limitations associated with the non-constant optical power
transmission characteristic and the presence of multiple resonance peaks at
certain values of the applied voltage amplitude can be overcome by applying
some straightforward changes to the experimental arrangement, as described in
4.7.6. However, the temperature dependent nature of the etalon resonance peak
wavelength presents a more serious limitation to the use of the LCFP etalon as a
tuneable wavelength filter. Although limited success was achieved hy applying
the temperature confrol and compensation schemes of 4.8, it musi he
concluded that LCFP etalons filled with this particular liquid crystal (E7) are nat
suitable for use as wavelength demultiplexing filters in a Bragg grating sensor

system.

The future of this demultiplexing approach 1is ultimately dependent on
overcoming the temperature sensitivity of the LCFP etalon resonance peak
wavelength, and use of a liquid crystal material with a higher transition
temperature would reduce the temperature sensitivity, but it will not remove it.
The developments of the LCFP etalon based Bragg grating sensor
demultiplexing system proposed, using a second, narrower linewidth, LCFP
etalon, and a fibre Fabry-Perot filter respectively, can then, in principle, be
attempted. The most promising arrangement is therefore to use the mosi
temperature-insensitive liquid crystal material availahle, house it in a hox
constructed from a material of high thermal capacity, as in 4.8.2.5, in order fo
minimise the temperature variation of its surround environment, and apply one

of the compensation schemes discussed in 4.8.2.
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5. True time delay control of phased array

antennas

5.1 Introduction

As discussed in 1.3, the principles of a compact, potentially low cost approach
to wavelength switched optical true time delay (TTD) control of phased array
antennas based on in-fibre Bragg gratings have been proposed by Lembo et al*.
The work which comprises this chapter recounts the initial demonstration of
such a TTD scheme and the subsequent development of the first 3-bir fibre
Bragg grating based optical TTD control element o be reported. Progression
from the first 3-bit to the first G-bit Rragg grating optical TTD element will then

be presented.

In a phased array antenna controlled by optical TTD the RF excitation signal is
impressed on an optical carrier as an intensity modulation. The optical signal is
then transmitted, via an optical link, to a fibre Bragg grating true-time delay
line, and then to the antenna element, where the RF electrical signal is
recovered by a photodiode. The photodiode output is subsequently amplified
and used to drive the microwave radiator. In the simplest antenna array conftrol

network the signal path to each antenna element contains a single TTD line.

A fibre Bragg grating delay line, Figure 5.1, comprises a single length of optical
fibre with high reflectivity Bragg gratings, of different central wavelengihs,
fabricated along its length. The delay line is connected via optical fibre links,
through a 3dB coupler, or an optical circulator, to the optical source at one end
of the system and a photodetector at the other. By tuning the optical source o
the appropriate wavelength the optical signal can be reflected from any of the
Rragg gratings within the delay line, hence determining the optical path lengrh
iraversed hy the signal, and selecting the required time delay. The reflecied



optical signal is separated from the incoming signal by the optical coupler, and
then routed to the photodiode. The 3dB coupler will introduce a loss of 6dB into
a basic 3-bit (8-element: 8 fibre Bragg gratings) delay line; approximately equal
to the loss suffered by a typical 4-bit, non-wavelength-switched optical TTD
device. One of the attractions of the fibre Bragg grating TTD approach is that
the delay line could be expanded up to 6 or 7-bits without any increase in loss.
The optical link system remains the same while the number of Bragg gratings in
the delay line, and the tuning range of the optical carrier, is increased. Use of an
optical circulator would, in principle, reduce the loss still further, to potentially

less than 4dB, dependent on the insertion loss.

RFIN
tunable
laser RF optical Bragg grating delay line
m Imodulator
| | HHHHHHH—
B LJ MM
3dB coupler

RF out +—

optical receiver

Figure 5.1 Basic 3-bit fibre Bragg grating delay line

The time delay acquired by the RF signal is determined indirectly through
measurement of the phase delay which it acquires on reflection from the delay
line. As described above, the RF signal is impressed on the optical carrier as an
intensity modulation. The optical signal is launched down an optical link, via
the 3dB coupler, to the optical TTD line, where It is reflected from the
appropriate grating. The return signal is detected by a photodiode and the
phase of the resulting electrical signal from the photodiode compared to that of



RF modulation signal. Any phase delay acquired by the signal is then converted

to the equivalent time delay using the following expression:

A0 = 27ATf

Equation 5-1

where A6 is the phase delay acquired by the signal, AT is the equivalent time
delay, and f is the RF modulation frequency.

The phase of the RF signal rotates continuously as the optical carrier travels
along the fibre link to the delay line. It is therefore necessary to define a phase
reference point, close to the delay line, with respect to which the phase of the
reflected signal can be compared, in order to determine how much extra phase
is acquired by the signal as it travels further along the delay line. The phase of
the signal returned from the first grating in the array was chosen as the
reference phase, and the phase incurred by the signal on reflection from

subsequent gratings in the array was compared to this value.

2 Nto1

optical switch

4‘::’] Bragg grating delay line
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tuneable laser 7,\_
\

RF antenna element

Figure 5.2 Wavelength multiplexing several tuneable lasers to increase the source
bandwidth for a grating based true time delay line

153



5.2 Delay line fabrication

The maximum number of time delay elements that can be fabricated in each
delay line is determined by the tuning range of the optical source and the
optical bandwidth of each grating. The optical bandwidth, AA, of a Bragg grating
is described by Equation 2-12 and determines the minimum possible
wavelength spacing between adjacent gratings in the delay line and, hence, the
maximum number of discrete time delay elements, N_, which can be

addressed by a single optical source:

AA

N, ~—
max Al

Eguation 5-2

where AA is the tuning range of the optical source. The minimum achievable
time delay, T_, is given by

. 2nd .

nun

C

Equation 5-3

where d, is the centre-to-centre spacing between gratings, n is the refractive

index of the optical fibre and c is the free space speed of light.

The maximum number of Bragg gratings which can be written in a single TTD
element can be increased by expanding the optical carrier tuning range. This
can be achieved by wavelength-division-multiplexing several tuneable lasers of
different optical bandwidths, such that as the limits of one tuning range are

reached the adjoining laser is switched in as the optical source, Figure 5.2.



5.3 Measurement systems

5.3.1 500-S900MHz frequency range

The prototype system, designed to verify that true-time delay measurement via
phase delay measurement could be achieved, operated over the microwave
frequency range SO0MHz to 900MHz. Light from an external cavity, grating-
tuned semiconductor laser (Photonetics Tunics 1550) was amplitude modulated
at the RF signal frequency, provided by a signal generator, using a GaAs Mach-
Zehnder optical modulator (GMMT LC1476), and coupled into the delay line
under test via a 3dB coupler, Figure 5.3. The optical signal reflected from the
delay line was detected with a standard large area photodetector, and the phase
of the resulting electrical signal compared to that of the RF modulation signal
using a vector voltmeter. For each RF frequency setting (500MHz, 600MHz,
700MHz, 800MHz and 900MHz) the wavelength of the optical carrier was
manually tuned to the peak grating wavelengths in the array, and the phase
delay recorded; both steps were performed manually and were the most

significant sources of error within the system.

optical
tuneable I
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e
[ vector —1;
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Figure 5.3 500MHz-900MHz measurement system



5.3.2 1GHz RF modulation frequency

Real phased array antennas require RF signal frequencies of the order of a few
gigahertz. In order to more closely approximate true system requirements, a
second measurement system, which operated at 1GHz, was built. The RF signal
was generated by a frequency synthesiser, and used to drive the optical
modulator and as the reference signal to the vector voltmeter (HP8508A) Figure
5.4. The optical carrier, an external grating, semiconductor tuneable laser
(HP8168B), was amplitude modulated using a Lithium Niobate optical
modulator (GMMT Y35893001). The optical signal reflected from the delay line
was detected with a highspeed photodetector (Anritsu MA9301A & ML910A),
and the phase of the resulting electrical signal compared to that of the RF
modulation signal at the vector voltmeter; phase measurement resolution 0.1
degrees. The optical carrier wavelength was tuned in 0.02nm steps, under
computer control, across the delay line spectral bandwidth. The vector
voltmeter reading and the reflected signal intensity were recorded at each
wavelength step. The delay line grating peaks were identified from the recorded
reflected intensity information, enabling accurate determination of the grating

peaks, and their respective phase delays read and converted to equivalent time

delays.
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Figure 5.4 1GHz RF frequency measurement system

5.3.3 130MHz-20GHz modulation frequency

To facilitate independent verification of the 1GHz time delay results, and to
simulate the effect of a signal pulse, containing a range of RF frequencies, being
reflected from the delay line, the delay line measurements were repeated in a
second measurement system. This operated over a broad range of RF
frequencies, with a notably higher maximum RF signal frequency of 20GHz, and
is illustrated in Figure 5.5. Light from an external cavity, grating-tuned
semiconductor laser (Photonetics Tunics 1550), resolution 1pm, linewidth less
than 0.01nm, was amplitude modulated using a GaAs Mach-Zehnder optical
modulator (GECLC1376). The network analyser (HP8703A) combined the
functions of the frequency synthesiser, photodetector and vector voltmeter,
acting as the source of the swept RF signal, monitoring the optical signal
reflected from the delay line, and comparing the reflected signal phase with

that of the RF modulation signal; a full calibration was carried out before each

period of work commenced.
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Figure 5.6 Phase difference between measurement and reference signals recorded at

network analyser: phase as a function of RF frequency
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Figure 5.7 Phase difference between measurement and reference signals nulled by adding

electrical delay to the reference signal path

The optical carrier wavelength was tuned to that of the first grating in the
array, the reference grating, and the network analyser output recorded; for
example, Figure 5.6. The phase difference between the reflected optical signal
and the modulation signal was then nulled by adding electrical time delay to
the modulation signal path, Figure 5.7. The time delay incurred by the signal on
reflection from subsequent gratings in the array was then measured by tuning
the carrier wavelength to the next grating wavelength and recording how much
more electrical delay must be added to the modulation signal path to renull the

phase difference. Both the optical carrier wavelength tuning and the addition of
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electrical delay were performed manually, and hence formed the main sources

of error in this measurement system.

5.4 Discrete grating arrays

5.4.1 Grating length 5mm, centre-to-centre separation Smm

As reported in 3.2.2, an optical fibre delay line, comprising four Bragg gratings,
was fabricated with a centre-to-centre spacing between adjacent gratings of
5.0mm, and had grating central wavelengths of 1542.27nm, 1545.13nm,

1547.65nm and 1553.86nm; optical spectrum Figure 3.4.
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Figure 5.8 Phase delay as a function of frequency for grating delay line with S5mm
separation; delay path lengths of 5mm, 10mm, and 15mm

The variation in phase delay acquired by the RF modulation signal as a function
of frequency was recorded for each grating in the delay line'*, Figure 5.8. The
gradients of the straight-line fits to the experimental data yield the equivalent

time delays incurred by the signal on reflection from the gratings. An average
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time delay step of 48.18ps was produced, which compared well with the value
of 48.37ps predicted by Equation 5-1. This delay line is suitable for
beamforming control at RF frequencies of up to 576MHz, with 10 degrees phase
resolution; the operational system requirement for a phased array antenna

radar.

5.4.2 Grating length 5mm, centre-to-centre separation 2.5mm

A second delay line containing four Smm long gratings was fabricated with a
grating separation of 2.5mm, and central wavelengths of 1547.24nm,
1549.72nm, 1553.48m, and 1557.86nm; optical spectrum Figure 3.5.
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Figure 5.9 Phase delay as a function of RF frequency for grating delay line with 2.5mm
separation: delay path lengths of 2.5mm, S5Smm and 7.5mm

The variation of phase delay as a function of RF frequency'® for each grating in
the delay line can be found in Figure 5.9. The average minimum time delay
created using this delay line was 30.88ps, compared to the theoretical

prediction of 24.18ps. The discrepancy between the average experimentally
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measured value and the theoretical value can be attributed to uncertainties in
the precision of the positioning of the gratings during fabrication, and to
system measurement error. RF beamforming control, with 10 degrees phase

resolution, can be performed at frequencies of up to 896MHz using this delay

line.

5.4.3 2mm long gratings, 2mm grating separation

The provision of 10 degrees phase resolution for antennas operating at higher
RF signal frequencies requires the production of significantly smaller time
delay steps. This demanded a decrease in the centre-to-centre separation
between adjacent gratings within the delay line. For ease of fabrication this was
implemented by reducing the width of the UV writing beams, enabling 2mm
long gratings to be produced. A 2mm grating separation could then be achieved
by fabricating gratings ‘back-to-back’ along the delay line. In parallel,
improvements to the delay line fabrication rig design facilitated an increase in

the number of gratings which could be written in a single delay line.

The optical spectrum of the fibre Bragg grating delay line containing eight
gratings, with a 2mm centre-to-centre spacing between the gratings, and central
wavelengths of 1530.80nm, 1536.55nm, 1539.35nm, 1542.55nm, 1544.55nm,
1549.30nm, 1555.70nm and 1560.00nm, 1s shown in Figure 3.6.

From Equation 5-3, a 2Zmm spacing between neighbouring gratings in a delay
line corresponds to a minimum time delay of 19.35ps. To confirm this
prediction, the minimum achievable time delay for the above delay line was

measured using both the 1GHz and 130MHz-20GHz measurement systems'®*
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Figure 5.10 Time delay as a function of wavelength (position along delay line); 2mm
separation array, 130Mhz-20GHz measurement system

5.4.3.1 130MHz-20GHz measurement system results

The measured absolute time delay, at wavelengths corresponding to each of the
grating peaks, is plotted as a function of wavelength in Figure 5.10. The
gratings lie on a dispersion of -4.66ps/nm, with a standard deviation of
0.26ps/nm; the time delay measurement resolution was less than 1.0ps. The
small deviations of the experimentally measured values away from the straight-
line fit can be attributed to uncertainties in the precision of the positioning of
the Bragg gratings during the fabrication of the delay line, and to measurement

system error in the determination of the amount of additional electrical time

delay required to renull the network analyser output.
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Wavelength/nm delay/ps delay step/ps

1530.8 -1794.4
1536.55 -1813.5 -19.1
1539.35 -1833.4 -19.9
1542.55 -1851.7 -18.3
1544.55 -1868.2 -16.5
1549.3 -1886.8 -18.6
1555.7 -1905.9 -19.1
1560 1927.8 -21.9

gradient = -4.65642

Figure 5.11 Delay step size between gratings in delay line of 2mm long gratings with 2mm
separation; 130MHz-20GHz measurement system
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Figure 5.12 Time delay as a function of wavelength; delay line with 2mm long gratings
and 2mm separation, 1GHz measurement system
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Referencing from the first grating in the delay line, the additional time delay
acquired by the optical signal on tuning the source wavelength from one
grating peak to the next, is shown in Figure 5.11. The average delay step size is
19.06ps, with all the delay step sizes agreeing with the predicted value of

19.35ps to within 3ps; equivalent to a grating positioning error of <0.29mm.

Wavelength/nm delay/ps delay step/ps

1530.4 278.89
1536.2 300.28 -19.1
1539.05 318.33 -19.9
1542.25 340.28 -18.3
1544.25 353.89 -16.5
1549.0 374.72 -18.6
1555.4 391.39 -19.1
1559.7 411.94 -21.9
gradient = 4.62926

Figure 5.13 Delay steps between gratings in 2mm long, 2mm separation delay line; 1GHz
measurement system

5.4.3.2 1GHz measurement

The measured absolute time delay as a function of wavelength is shown in
Figure 5.12. The gratings lie on a dispersion of 4.63ps/nm, with a standard
deviation of +/-0.29ps/nm; the time delay measurement resolution was less
than 0.3ps. Referencing to the first grating in the delay line, the optical source
was tuned to wavelengths corresponding to each subsequent grating peak, and
the time delay steps between adjacent gratings measured, Figure 5.13. The

average measured delay step size is 19.01ps, and all measurements agree with



the predicted value to within 3ps. This delay line is suitable for beamforming

control at RF frequencies of up to ~1.44GHz, with 10 degrees phase resolution.

5.4.4 Grating length 2mm, centre-to-centre separation 1mm

To further increase the RF frequency at which 10 degrees phase resolution is
available the grating separation was reduced to lmm. This was achieved, using
the 2mm UV writing beams, by fabricating adjacent gratings such that they
physically overlapped by one half of their length. The spectral profile of the
delay line is shown in Figure 3.7; the secondary peaks displayed by the grating
spectra will be investigated further in 5.8. The minimum achievable time delay
was measured using both the 130MHz-20GHz and 1GHz measurement

systems!®
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Figure 5.14 Time delay as a function of wavelength; 2mm long gratings array, Imm
separation; 130MHz-20GHz measurement system

5.4.4.1 130MHz-20GHz measurement system results

The measured absolute time delay as a function of wavelength is shown in
Figure 5.14; the gratings lie on a dispersion of -2.65ps/nm, with a standard

deviation of 0.15ps/nm. The average delay step size is 12.36ps.
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5.4.4.2 1GHz measurement

Figure 5.15 shows the measured absolute time delay as a function of
wavelength. The measurements lie on a dispersion of 2.04ps/nm, with a

standard deviation of 0.22ps/nm, and the average delay step size is 9.09ps.
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Figure 5.15 Time delay as a function of wavelength; 2mm long gratings array, Imm
separation; 130MHz-20GHz measurement system

The small deviations of the experimentally measured values away from the
straight-line fits in both sets of measurements can be attributed to error in the
precision of the positioning of the Bragg gratings during fabrication, and to
their spectral characteristics; discussed further in 5.7 and 5.8. This fibre Bragg
grating TTD delay line is capable of producing time delays of the order of 10ps,

making it suitable for beamforming control, with 10 degrees phase resolution,

at RF frequencies up to ~2.8GHz.
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5.4.5 Discussion

The 9.09ps delay steps represent the practical lower limit on the time delay
step size which can be produced through the use of delay lines comprising
individually fabricated linear gratings. As discussed in Chapter 3, producing
delay lines with grating separations of less than 1mm is prohibitively difficult
due to the inability to know the exact position of the previously fabricated
grating on the fibre. Using 2mm long gratings would also be a problem for
shorter time delays as the number of gratings which could be written on the
same length of fibre will be limited by the fibre photosensitivity. A move to the
use of 1mm long gratings could be made, but such short gratings would have
an increased optical bandwidth, hence reducing the number of gratings which

could be written within the optical carrier bandwidth.

5.5 Chirped grating ‘arrays’

5.5.1 Introduction

In order to produce time delay steps 'significantly smaller in duration than
10ps, a single chirped fibre Bragg grating can be used in place of the discrete
grating array. Chirped grating delay elements enable production of
continuously variable time delays, rather than discrete steps as in the grating
arrays reported in 5.4. Tuning the optical source wavelength across the
bandwidth of the grating results in the point of reflection within the grating
‘sliding’ along its length. The minimum time delay which can be created using a
chirped grating ‘array’ delay line is determined by the optical carrier tuning

step size and the optical bandwidth of the grating.
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Figure 5.16 Time delay as a function of wavelength for 7nm chirped grating; 130Mhz-
20GHz measurement system

As described in 3.3.2, the chirped gratings used here were fabricated, using the
dissimilar-wavefront, holographic writing technique, and had FWHM
bandwidths in the range 7nm to 30nm. The minimum achievable time delay for
each grating was measured using both the 1GHz and 120MHz-20GHz

measurement systems, and the individual spectral profiles recorded.

5.5.2 7nm chirp

The normalised spectral profile of the 7nm bandwidth grating is shown in
Figure 3.15. In the 130MHz-20GHz measurement system the optical carrier
wavelength was tuned in 0.175nm steps. The experimentally measured points
lie on a dispersion of -14.442ps/nm, Figure 5.16, with a standard deviation of
0.563ps/nm; calculated using least-squares straight-line fit statistics on the
experimental data. The optical carrier in the 1GHz measurement system was
tuned in 0.02nm steps, under computer control. The 1GHz system experimental

results, Figure 5.17, lie on a dispersion of -11.841ps/nm, with a standard

deviation of 0.196ps/nm.
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Figure 5.17 Time delay as a function of wavelength for 7nm chirped grating; 1GHz
measurement system
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Figure 5.18 Time delay as a function of wavelength for 12nm chirped grating; 130MHz-
20GHz measurement system
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Figure 5.19 Time delay as a function of wavelength for 12nm chirped grating; 1GHz
measurement system

5.5.3 12nm chirp

Figure 3.16 shows the normalised spectral profile of the 12nm chirped grating
array. The 130MHz-20GHz system experimental results, Figure 5.18, lie on a
dispersion of -5.681ps/nm, with a standard deviation of 0.096ps/nm. The 1GHz

system experimental results, Figure 5.19, lie on a dispersion of -5.231ps/nm,

with a standard deviation of 0.048ps/nm.

5.5.4 20nm chirp

The normalised spectral profile of the grating can be found in Figure 3.17. The
130MHz-20GHz system experimental measurements, Figure 5.20, lie on a
dispersion of 2.497ps/nm, with a standard deviation of 0.04ps/nm. The 1GHz

system experimental results Figure 5.21, lie on a dispersion of 2.169ps/nm,

with a standard deviation of 0.044ps/nm.
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Figure 5.22 Time delay as a function of wavelength for 30nm chirped grating; 130MHz-
20GHz measurement system
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Figure 5.23 Time delay as a function of wavelength for 30nm chirped grating; 1GHz
measurement system

5.5.5 30nm chirp

Figure 3.18 displays the normalised spectral profile of the grating. The 130MHz-
20GHz system results, shown in Figure 5.22, lie on a dispersion of -
1.713ps/nm, with a standard deviation of 0.019ps/nm. The 1GHz system
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results'®, Figure 5.23, lie on a dispersion of -1.962ps/nm, with a standard
deviation of 0.011ps/nm.

5.5.6 Discussion

In principle, the chirped grating delay lines above can be used to create time
delays from as small as 40fs to as large as 59ps; the former being that available
using the smallest wavelength tuning step size in the 1GHz measurement
system and the 30nm grating; and the latter being that produced by tuning the
wavelength across an entire grating bandwidth and hence utilising the full 4mm
grating length. In practice, the smallest delay step size available here was
approximately 0.6ps; determined by the 1GHz system characteristics and the
optical linewidth broadening effect of modulating the optical carrier. This
grating is therefore suitable for controlling an array at an RF frequency of up to
~48GHz, with 10 degrees phase resolution. In the case of the 30nm grating, in
principle, use of 0.23nm wavelength tuning steps would produce 130 ~0.3ps
time delay increments across the grating bandwidth, making it suitable for 7-bit
(128 steps) time delay control. Similarly, wavelength steps of 0.14nm, 0.06nm
and 0.03nm will produce 7-bits of 0.3ps delay with the 20nm, 12nm and 7nm
gratings respectively. In practice, the ~0.6ps minimum time delay step size

reduces the number of delay steps available to 6-bits.

The dissimilarity in the values of dispersion (straight-line fit gradient) measured
with the two systems is created by the variance in the wavelength tuning step
size; having the smaller wavelength tuning step size, the 1GHz system

therefore has the higher measurement resolution.

5.6 RF frequency pulses

As discussed in 1.3, phased array radar systems are required to transmit beams
which have a wide instantaneous signal bandwidth, of the order of a few

hundred megahertz. Further, should a phased array antenna be required to
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produce a pulsed RF beam an even wider RF signal bandwidth may be called for,
depending on the temporal characteristics of the pulse; a 75ps pulse
corresponds to a 16GHz bandwidth spectral envelope. It has been suggested'®
that modulating the optical carrier with an RF pulse signal would produce
prohibitively large phase errors in the signals transmitted by the antenna
elements because all of the different frequencies present in a pulse will
experience different delays, through being reflected from different sections of

the grating.

While it is true that modulating an optical signal with high frequency RF signals
will result in linewidth broadening, to the scale of 0.018nm/GHz, the
modulating frequency and chirp rate (nm/unit length) can be selected such that
the required system phase resolution is not compromised. In the case of the
20nm chirp, 4mm long grating reported in 5.5.4, the laser linewidth (<0.01nm)
would be broadened by 0.36nm on the application of a 20GHz RF modulation
signal, resulting in a reflection point error of +/-36um. This translates into a
time delay error of +/-0.348ps, which is equivalent to a phase error of 2.5°. The
insignificance of this error can be appreciated by comparing the measured
phase response of the optical modulator, Figure 5.24, used in the 130MHz-
20GHz experimental arrangement with the phase response over the same range
of the 20nm chirped Bragg grating, Figure 5.25; both recorded with the
(HP8703) network analyser.

The optical modulator, GaAs Mach-Zehnder (GMMT 9550Z), was specified for
operation within the frequency range 2GHz-18GHz, and displayed the
characteristic phase roll-off above 14GHz, with small phase oscillations present
across the entire frequency bandwidth, and a significant phase excursion below
2GHz. The phase response of the chirped grating exhibited the same degree of
roll-off at frequencies above 16GHz, and a similar response below 2GHz. In the
frequency range 2GHz-5GHz the oscillations present in the modulator response

appear amplified in the grating phase response, this is most probably caused by



a poor quality RF cable since it was not observed in all measurements. The
effect cannot be due to the presence of the Bragg grating as it was not seen at
the high frequency end of the response, where the linewidth broadening is
most pronounced. Both traces are flat between 5GHz and 16GHz, apart from
the small scale ripple caused by the modulator, from which it can be concluded
that the various frequencies are not experiencing significantly different time

delays; at 10GHz the phase error for the 20nm grating is +/-0.6°.
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Figure 5.24 Phase response of GaAs Mach-Zehnder modulator (GMMT 95507) used in
130MHz-20GHz measurement system

The dispersion-induced pulse spreading for short pulses (75ps) travelling down
even highly dispersive fibre has been derived by Marcuse', and found to be
negligble, hence no phase errors will be incurred as a result of the optical

carrier traversing long lengths of fibre optic link.

Bragg grating TTD elements are therefore suitable for use with both continuous
wave RF signals and wide band RF signals if the chirp rate and maximum
operating frequency are matched; the frequency should not exceed the value at
which the phase response of the modulator starts to roll off. The noise at the
lower modulation frequencies is a characteristic of this modulator only, devices

with flatter phase responses over this range can be produced, but one was not

available for this work.
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Figure 5.25 Phase response of 20nm chirped Bragg grating measured using 130MHz-
20GHz measurement system

5.7 Individual grating profiles

5.7.1 Introduction

Fach linear grating within the discrete grating delay lines has a unique time
delay profile: the time delay incurred by a signal on reflection from a single
grating varies depending on which wavelength within the grating bandwidth
the optical carrier is tuned to. There are two sources of this time delay
variation: the individual Bragg grating coupling coefficient profiles and changes
to the average core refractive index produced by the physical overlapping of
gratings within an array. A variable time delay across the individual grating
bandwidths within an array can allow very sensitive time delay tuning across a
small optical carrier wavelength range. However, when more coarse tuning is
used this can lead to the production of dissimilar time delays for optical carrier
wavelengths of nominally the same value: for example, should the tuneable
laser wavelength drift away from its initial value, two different time delays may

be created on reflection from the same grating within the delay line.
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5.7.2 Grating profiles

Using the 1GHz experimental measurement system, the phase and intensity of
the signals reflected by the 2mm grating delay lines were recorded for each
optical carrier wavelength step across the delay line bandwidths, allowing the

time delay profile of each grating within the arrays to be investigated.

The time delay profiles of the gratings in the delay line with a 1mm grating
separation'® can be seen in Figure 5.26, and those of the gratings in the delay
line with 2mm grating separations'** are shown in Figure 5.27. Comparing the
two sets of graphs, one can see that the time delay profiles of the 2mm
separation delay line gratings display less variation than the profiles of the
Imm separation delay line gratings. It may also be observed that the 1mm
separation delay line grating profiles vary only at the extremes of the grating
bandwidths.
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Figure 5.26 Individual time delay profiles of gratings in delay line of 2mm long gratings,

with 1mm inter-grating separation
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Figure 5.27 Individual time delay profiles for gratings in delay line of 2mm long gratings

with 2mm inter-grating separation
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The variation in the shapes of the profiles can be explained by the difference in
the physical properties of the arrays. As described previously, adjacent gratings
within the 1mm separation delay line physically overlap, whilst those in the
2mm separation delay line do not. Therefore, the 2mm separation array
gratings will contain less average core refractive index variation than those in
the 1mm separation delay line, and hence less variation in time delay along

their length i.e. across their bandwidth.

The grating delay profiles were magnified in order to observe any fine detail

which they might contain:

Figure 5.28 shows the central sections of the grating profiles of the lmm
grating separation delay line and Figure 5.29 shows the profiles of the gratings
in the 2mm separation delay line. Time delay variations of the order of 10ps to
SOps can be seen on all of the graphs. These time delay fluctuations are real,
and are a result of resonance effects within the individual gratings caused by
their refractive index profiles. Time delay fluctuations occur in gratings with
sharp edges to their refractive index profiles because the pronounced boundary
between the core refractive index and that of the grating acts as a broadband
reflector, which some fraction of the incoming light is reflected off. Gratings
with shaded edges to their refractive index profile will not experience this
effect, and will produce smooth time delay profiles. The individual Bragg
grating coupling coefficient profiles used here did not contain much ‘shading’
or apodization due to the intensity profile of the interference pattern used to

fabricate the gratings; see 3.2.1 and 3.2.2.
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Figure 5.28 Magnified central sections of individual time delay profiles of gratings in array
with 1mm grating separation
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5.8 Delay line modelling

5.8.1 Introduction

The spectra of the gratings in the delay line constructed from 2mm long
gratings with an inter-grating separation of 1mm displayed multiple reflection
peaks, the probable cause of which are resonance effects occurring within the
grating array. There are several factors which could contribute to this: grating

separation, linewidth and strength, and average core refractive index.

In the fabrication of this delay line adjacent gratings were positioned so that
they were physically overlapping. In the ideal case, this would lead to the
production of a grating structure, for n gratings of length /, in which the first
and last sections of the structure, length /2, contained only one refractive
index variation, and the main section comprised (n-2) sections, of length /2,
each containing two superimposed refractive index variations of different
periods. In practice, due to errors in the positioning of the gratings during
fabrication, it is possible that individual lengths of fibre contained one, two, or

even three, superimposed refractive index variations of different periodicity.

The process of writing a grating in a length of fibre raises the average index of
the core, and writing a second grating on the same length of fibre will raise it
further still. This would result in the ideal grating array containing two values
of average core refractive index: the first and last sections of the array structure
having one value of average index, assuming all gratings are of equal strength,
and the central section being of a different, higher value. In the experimental
array, the positioning errors and the variation in the grating reflectivities will
have produced many distinct variations in the value of the average refractive

index of the core along the length of the array structure.

In order to determine which of these factors are contributing to the multiple

resonances in the grating spectra, and to ascertain the relative importance of
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each factor, a mathematical model of the delay line was constructed on which
they could be tested. The amplitude and phase response of the modelled
structure were calculated using a program called ‘tf’, (thin film)'* based on the
transfer matrix formalism. The size of the effect of each factor on the grating
spectra was measured through comparison of the calculated response with the
experimentally recorded array spectrum. These effects are also thought to be
causing the variations in the individual time delay profiles of the gratings. By
varying the properties and the relative positions of the gratings within the array
and analysing the reflection responses calculated by the tf program, further
insight into the cause of the multiple resonances in the grating spectra and the
nature of the individual grating delay profiles can be obtained.

5.8.2 tf analysis program

5.8.2.1 Introduction

Several different techniques can be used to calculate the response of a periodic
waveguide structure such as an in-fibre Bragg grating. Analysis of purely
periodic structures and nearly-periodic structures is generally carried out using
numerical techniques. While either coupled-mode theory""!! or transfer matrix

techniques'®*1 can be used to calculate the response of more general

structures.

Under coupled-mode theory a pair of first-order coupled differential equations
is used to approximately relate the amplitudes of the forward and backward
travelling modes. A numerical solution can be reached by combining these
equations to give a single, solvable, second-order Ricatti differential equation'”.
Coupled-mode theory provides a good description of the interaction of the fibre
modes with the Bragg grating core-refractive-index perturbation in all but the
strongest gratings; the approximations which are used break down when the
induced refractive index modulation is greater than the refractive index

difference across the core/cladding boundary. In the transfer matrix technique




the grating structure is ‘sliced’ into a large number of thin, homogeneous,
rectangular sections, for which the optical field continuity conditions can be
solved exactly to give a 2x2 transfer matrix. Multiplying the transfer matrices of

all of the sections together gives the overall response of the structure.

Coupled mode theory and the transfer matrix technique are related, however as
the transfer matrix technique is applicable to the analysis of both general
waveguide structures and sequences of waveguide structures, it is this which is

used in the tf program.
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Figure 5.30 Electric fields, E, at each layer in the grating structure under transfer matrix
analysis technique; refractive index n; thickness d.

5.8.2.2 Transfer matrix technique

At each layer in the grating structure the electric field is split into forward and
backward travelling components E and E, Figure 5.30, and, similarly, the
magnetic field is split into components H and H. Solving for the boundary
conditions and the phase change across each layer gives a transfer matrix

relating the electric field at one layer to the next as follows:
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i
Ej+| Cosg; —sing. Ej EJ
= U, ’ =M
H,,, T . H. I\ H,
zUj sin g, cos g, j j

Equation 5-4

where

g = (275//1)njdj cos )

Equation 5-5

is the change in phase across the jth layer for an angle of incidence ¢, d is the
thickness of the layer, and U is the generalised refractive index for the
polarisation components normal (s) and parallel (p) to the plane of incidence,

given respectively by:

U, =ncos?d

Equation 5-6
U, =nfcosd

Equation 5-7

The matrix is for one jth film, and one polarisation. For a sequence of dielectric

films, the iterative result is given by:

E, E,
g | MM MM

q

Equation 5-8
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M, M,

M= -

iM, M,
Equation 5-9

The complex reflection and transmission coefficients are described by:

E; U{,Mn“U0M22+i(UqUoM12”M2|)

Ey UM, +UMy, +i(UUM,, ~ M,

r

Equation 5-10

E! 2U,
ES U M, +U,My, +i(U,UM,, + M)

Equation 5-11

These equations apply for a general stack of planar dielectric films. For non-
absorbing structures, having only real values of n, all terms M, - -M,, are real. In
optical fibre the light always strikes the dielectric structure at normal incidence,
¥ =0, so the polarisations, s and p, are degenerate. The coefficients r and t are
the complex amplitude responses, therefore the reflectivity and transmissivity

of the structure are given respectively by:
R=r’
Equation 5-12
)

T =t

Equation 5-13

A structure with a continuously spatially varying refractive index n(z) is divided

up into a large number of homogenous layers, and solved as above. To increase
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the accuracy of the calculation the spacing between the slices can be decreased,;

In practice about 20 layers per sinusoidal period is sufficient.

5.8.3 Results

5.8.3.1 Introduction

The computer code modules relating to this section can be found in Appendix
A; to aid the interested reader all the functions in the code are given in italics,
and the variables are given in brackets, alongside the relevant text. In the thin
film model, the grating array structure is defined as a series of Shortgrating
sections, each Shortgrating has a TopHat intensity profile and a Bragg
sinusoidal refractive index variation, whose periodicity ($period) must be
defined. The length of the grating array structure (@z) must be defined, as must
the length of the Shortgratings ($length), and the position of each Shortgrating
within the array ($centre). In addition, values for the core refractive index ($n),
Shortgrating spectral bandwidth ($stopband), array spectral bandwidth
(@lambda), any chirp across the Shortgratings ($chirpfactor), the effect of the
average refractive index change (env), and the grating reflectivity must be
defined. For comparison, the reflection response of an ideal array of eight 2mm
long linear gratings of equal strength, grating separation 2mm, was calculated,

Figure 5.31.

5.8.3.2 Linear gratings

The first model of the grating array was constructed from eight linear gratings
of length 2mm, with a Imm centre-to-centre grating separation, Appendix A.l.
Initially, the spectral response of an ideal array with perfect grating separations,
was calculated, Figure 5.32. This displayed very clean grating spectra, with low
intensity sidebands. In order to produce closer correspondence between the
theoretical and experimental grating spectra, Figure 3.7, the grating separations
used in model were changed from the ideal value. The spectrum of an array

with grating separations which varied by up to 20% from the ideal case 1is
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shown in Figure 5.33; little degradation of the individual grating spectra was
observed.
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Figure 5.31 Calculated reflection response of an ideal grating array comprising eight
equal strength, 2mm long gratings, separated by 2mm
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Figure 5.32 Calculated reflection response of array of eight 2mm long, equal strength
gratings, separation Imm
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Figure 5.33 Calculated reflection response of array of eight 2mm long, equal strength
gratings; grating separations varied by up to 20% from the 1mm ideal separation

5.8.3.3 Chirped gratings

In order to make the Shortgratings in the model more like the experimental
gratings a small amount of wavelength chirp, chirpfactor, was designed into
them, Appendix A.2. The response of an ideal array, with a 1nm chirpfactor,
was calculated, Figure 5.34; compared to the spectra for the linear grating
arrays, the bandwidth of the gratings has increased, and the grating spectra
have developed small, secondary resonance peaks. The grating separations were

then changed, producing an increase in the size of the secondary peaks in the

grating spectra: grating spacings of 1mm, 1.5mm, lmm, Imm, 1.5mm, 1.5mm,
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and 1mm, gave an array reflection response as shown in Figure 5.35 Increasing
the chirpfactor to 2nm, while keeping the grating separations as before,
resulted in a dramatic increase in the size of the secondary peaks and a

decrease in the maximum reflectivity Figure 5.36.
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Figure 5.34 Calculated response of an ideal array of 2mm long, Inm chirp, gratings, with
a 1mm inter-grating separation
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Figure 5.35 Calculated response of array of 2mm long, Inm chirp gratings, in which the
inter-grating separations of Imm and 1.5mm
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Figure 5.36 Calculated response of array of 2mm long, 2nm chirp gratings, in which the
inter-grating separations of Imm and 1.5mm
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Figure 5.37 Calculated response of array of 2mm long, Inm chirp gratings, with Imm
grating separation, including effect of change of average core refractive index on

fabrication of a grating

5.8.3.4 Chirped gratings and average core refractive index change

The third model of the delay line, Appendix A.3, included the change in the
average refractive index of the fibre core when a grating is fabricated in it. An
array of perfectly spaced, 1nm chirpfactor, gratings produced the reflection
response shown Figure 5.37; the reflectivity is reduced compared to the ideal

array of 1nm chirped gratings in Figure 5.34, in which the effect of the average

refractive index change was not included.
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Figure 5.38 Calculated response of array of 2mm long, Inm chirp gratings, with grating
separations of 1mm and 1.5mm, and including effect of change of average core refractive
index on fabrication of a grating

Various different grating spacings were subsequently built into the model, with
the largest change to the grating spectra seen for an array where the third, sixth
and seventh gratings are 50% away from their ideal positions; grating
separations of 1mm, 1.5mm, lmm, Imm, 1.5mm, 1.5mm, and lmm. The
reflection response of this delay line is shown in Figure 5.38; the reflectivities of
some of the gratings has decreased and the amplitude of the sidebands
increased. The chirpfactor was then increased to 2nm, grating spacings as
before, and a significant increase in the amplitude of the sidebands was

observed, again with a reduction in the maximum reflectivity, Figure 5.39.
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Figure 5.39 Calculated response of array of 2mm long, 2nm chirp gratings, with grating
separations of 1mm and 1.5mm, and including effect of change of average core refractive
index on fabrication of a grating
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Figure 5.40, Calculated reflection response of an array of 2mm long, Inm chirp_ facror
gratings, inter-grating separations of Imm and 1.5mm, and with the reflectivities of

gratings 3 and 6 set to 0.8.

5.8.3.5 Chirped gratings, average core refractive index change and different
reflectivities

Gratings in a non-ideal array will differ in strength, so some variation in grating
reflectivity was included in the fourth model of the grating array, Appendix A.4.
An array with grating spacings of Imm, 1.5mm, lmm, lmm, 1.5mm, 1.5mm,
and 1mm, 1nm chirp factor, and with the reflectivities of gratings 3 and 6 set to

0.8, produced the reflection response shown in Figure 5.40. The reflectivities of




some of the other gratings were affected by the reduced reflectivity of gratings

3 and 6, but the secondary resonances were unchanged.
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Figure 5.41 Calculated response of array as for Figure 5.40 but also including an extra
grating with a reflectivity of 0.2, and a wavelength of ~1510nm, sharing same position as
grating 5 (1515.2nm)

During fabrication of the experimental array a very weak grating was written in
the grating number five (1515.2nm) position, at a wavelength of 1510nm, as can
be seen in the experimental array spectrum, Figure 3.7. The fifth grating was
then written on top of the weak grating. In order to investigate the effect of this
grating on the array spectrum, an extra grating, with a reflectivity of 0.2, was
included in an array like that used for Figure 5.40. Comparing this reflection
response, Figure 5.41, to Figure 5.40, no change was observed, indicating that
the extra grating was too weak to have any significant effect on the array

characteristics.

Using the same separations and reflectivities as for Figure 5.40, the chirpfactor
was increased to 2nm, Figure 5.42. As above, the increase in the size of the

chirp across the gratings had a notable effect on the grating spectra.

196




0.30 |

Reflectivity

0.20 |-

0.00 LA " AN LY
1480.0 1500.0 1510.0 1520.0 1530.0
wavslength/nm

Figure 5.42 Calculated reflection response of an array of 2mm long, 2nm chirp factor
gratings, inter-grating separations of 1mm and 1.5mm, and with the reflectivities of
gratings 3 and 6 set to 0.8.

5.8.4 Discussion

From the delay line modelling results it is clear that an increase in the
bandwidth of the individual gratings produced the most significant effect on
the array spectrum, causing large secondary resonance peaks to appear in the
grating spectra. It was also shown that non-ideal grating separations induce a
similar, though smaller, degradation of the spectra, and inclusion of the change
in average core index created during grating fabrication resulted in an overall

reduction in grating reflectivity.

In the experimental array spectrum all of the grating spectra displayed multiple
resonances, and were of different reflectivity. Several of the gratings displayed
more pronounced secondary peaks, which the modelling results would suggest
is due to these gratings having a larger chirp across them. Different linewidths
would be produced if the lengths of the gratings were not the same, which
could be caused, during the fabrication process, by the UV writing beams not
overlapping by an equal amount each time; thus forming interference patterns

of varying length. The dissimilarity in the grating reflectivities can be explained
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by the variation in exposure times used for different gratings during

fabrication, and the amount of error in their positioning.

For a real phased array antenna system it is important that the optical signals
arriving at the output photodiodes, where the recovered RF signal is amplified
to drive the microwave radiators, are all of approximately the same amplitude.
If this is not the case different radiators will emit signals of different amplitude,
and the RF beam will not have the desired profile, or may point in the wrong
direction. This requires that the gratings within each delay line in the control
architecture have the same reflectivity and that the grating profiles are of a
constant shape, containing only one peak. The delay line modelling results
indicate that this can be achieved through the use of gratings with a spectral-
linewidth of ~1nm. It will also be necessary to fabricate the gratings with equal
reflectivities, and to maintain the grating separation at a constant value.
Another factor which can affect the grating reflection profiles, but which could
not be included in the model, is fringe tilt. This is caused when the interference
fringes used to write a grating are not perpendicular to the fibre axis, and leads

to out-coupling of light at certain wavelengths.

5.9 Conclusion

Four discrete grating arrays have been fabricated in hydrogenated, standard
single-mode fibre. The first comprised four 5mm long gratings, centre-to-centre
separation 5mm, and the second four Smm long gratings, grating separation
2 5mm. These delay lines were used to produce delays of 53.49ps and 30.88ps
respectively. The third delay line contained eight 2mm long grating, with an
inter-grating separation of 2mm, and yielded a minimum time delay of 19.01ps,
while the fourth array consisted of eight 2mm long gratings separated by 2mm,
and was used to create a minimum delay of 9.09ps. These delay lines are

suitable for the control of phased array antennas, with 10 degrees phase
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resolution, at frequencies of up to 519MHz, 896MHz, 1.44GHz and 3GHz
respectively.

The 9.09ps time delay represented the lower limit available for delay lines
fabricated as arrays of discrete gratings. In order to produce significantly
smaller time delays the discrete grating array was replaced by a chirped Bragg
grating. Four such arrays were fabricated in hydrogenated, boron-germania co-
doped, single mode fibre, with bandwidths of 7nm, 12nm, 20nm and 30nm. A
minimum time delay of 0.6ps was imposed by the 1GHz measurement system,
while a maximum time delay of 59ps was available, and all of the gratings were

capable of producing 6-bit time delay control.

The time delay profiles of the individual, 2mm long, gratings were recorded
using the 1GHz measurement system, and were observed to contain some
fluctuations. Two sources of these time delay variations were identified: the
large scale fluctuations seen on the 1mm separation array were due to average
index variations caused by the spatial overlapping of adjacent gratings; and the
smaller scale fluctuations, of the order of 10ps to 50ps, originated in the Bragg

grating coupling coefficient profiles, which did not contain much apodization.

A mathematical model of the delay line which comprised eight 2mm long
gratings, with 1mm inter-grating separations, was constructed. Using the ‘tf’
program the reflection response of the array was calculated for various
different values of grating separation, linewidth and reflectivity. The
comparison of the mathematical model reflection spectra with that of the
experimental array allowed the most important resonance effects occurring
within the grating array to be identified. Changing the grating linewidth from
1nm to ?2nm had the most significant effect on the array reflection response,

producing the grating spectra which most closely resembled those in the

experimental array.
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The performance of the discrete grating array time delay lines could be
enhanced in several ways. Some apodisation of the coupling profile of the
gratings could be included through the use of the phase mask fabrication
technique, or by applying the simple apodisation scheme reported by Kashyap
et al', hence reducing the small scale fluctuation on the individual grating
delay profiles. The larger scale variations in the time delay profiles, visible at
the extremes of the profile, can be wholly or partially removed, depending on
the relative grating length and separation, by reducing any positioning errors,
to within a few percent of the grating length, through improvements to the
grating fabrication rig positioning system. Ideally, the fibre movement and the
UV beam alignment should be carried out under computer control, by a system
designed to remember the exact position of the previous grating. The grating
linewidth should be maintained at 1nm or less in order to produce grating
spectra which do not contain secondary resonance peaks, as indicated in
5.8.3.4. However, the inverse relationship between grating linewidth and length
will always result in some degree of trade off between these two properties. To
assist in minimising any secondary resonances which do occur, the gratings

should all be fabricated with the same reflectivity, to within a few percent.

Using gratings with apodized coupling coefficient profiles, where the sidebands
in the grating spectra have been suppressed, will also reduce the required
wavelength separation between gratings, hence allowing the fabrication of a

larger number of gratings within the available optical bandwidth, and

improving the system resolution.

Whether a discrete grating array or a chirped grating should be used is
determined by the application for which the delay line is intended. If very small
time delays, of less than 10ps, are required, then for ease of fabrication and to
minimise RF signal amplitude fluctuations, chirped gratings should be chosen

as the time delay elements. However, for larger time delays, particularly those
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greater than 60ps, it is most appropriate to utilise discrete grating arrays. For
delays which lie between ~10ps and ~60ps, a discrete grating array can be used
to produce an incremental delay, whilst a chirped grating should be chosen if a
continuously tuneable time delay is required. It has also been shown that the
fibre Bragg grating TTD elements are suitable for use with wide instantaneous
bandwidth RF signals, and with pulsed RF signals.

Any further work on these fibre Bragg grating true time delay lines must
commence with the implementation of the improvements to the fabrication
process described above. Having completed this the fabrication of delay lines
with a larger number of time delay bits can be attempted, in order to progress
towards real phased array antenna system requirements. Control of a phased
array antenna by fibre Bragg grating based true time delay demands the
fabrication of many delay lines comprising wavelength identical arrays of
gratings, but with different, accurately known, grating separations. To produce
significantly longer continuously variable time delays an array of chirped
gratings can be fabricated back-to-back in both physical space and wavelength

space.

Once arrays containing a large number of gratings have been successfully
fabricated they can be arranged into a control architecture in a test-bed RF
phased array antenna. Beam steering through wavelength tuning the optical
carrier can then be attempted, and the accuracy of the beam steering can then

be investigated to determine the quality of the delay lines.
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6. Conclusions

The work reported in this thesis can be arranged into three main parts: fibre
Bragg grating fabrication; the application of fibre Bragg gratings as strain
sensors in smart materials, with the associated development of a sensor signal
demultiplexing scheme; and the application of fibre Bragg gratings as true time
delay elements for the control of phased array antennas. The results obtained
have been fully discussed in chapters 3, 4 and 5 respectively, and may be

summarised as follows:

o Several arrays of uniform period Bragg gratings were successfully fabricated
using the transverse holographic exposure technique: two arrays of four
Smm long gratings were produced with centre-to-centre separations of Smm
and 2.5mm respectively; and two arrays of 2mm long gratings were
fabricated, in which the inter-grating separation was set at 2mm and 1lmm.

The spectral response of each array was recorded.

o Chirped fibre Bragg gratings were produced using the fibre deformation
fabrication method, the first reported production of gratings using this
technique, and had a chirp which varied quadratically with distance along
the grating structure. A series of four Smm long gratings were written in
fibres of increasing curvature, resulting in chirps of between 2.9nm and

17.3nm.

o The effect of hydrogenation on the post exposure evolution of the Bragg

wavelength of gratings written in three types of optical fibre was

characterised.

e Four chirped gratings were fabricated using the method of dissimilar
wavefronts, and their spectral characteristics recorded. Each grating was of
length 4mm, and peak reflectivity ~60%, with chirps of 7nm, 12nm, 20nm

and 30nm selected from a range of values regularly produced.

o The application of fibre Bragg gratings as strain sensors embedded within a
sheet of carbon composite material was investigated, with sensitivity to

applied strain and compression measured for both embedded and surface
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mounted gratings. Excellent agreement of the experimental and theoretical

results was achieved for strain applied to a surface mounted Fabry-Perot
filter grating.

A fibre Bragg grating sensor demultiplexing scheme based on a liquid crystal
filled Fabry-Perot (LCFP) etalon tuneable transmission filter, capable, in
principle, of interrogating many grating sensors, was proposed, successfully
constructed and fully characterised.

The LCFP etalon filter was found to have several limitations to its
performance which severely affected its potential use as a wavelength
selective tuneable transmission filter. The most significant limitation was
posed by the temperature dependence of the resonance peak wavelength;
measured to be -2.77nm/°C. The optical power transmission was found to be
a non-constant function of the voltage amplitude applied to the liquid
crystal, and at certain values of applied voltage the LCFP filter transmitted at
more than one wavelength. These characteristics greatly reduced the

available wavelength tuning range of the filter.

Several approaches for overcoming the temperature dependence of the LCFP
etalon were investigated, including methods for compensating for the
temperature sensitivity within the system’s computer control programme,
and a method of controlling the temperature of the surrounding

environment of the device. Limited wavelength measurement success was

achieved using these methods.

It was concluded that LCFP etalons filled with the liquid crystal E7, as used

here, are not suitable for use as wavelength demultiplexing filters in a Bragg

grating sensor system.

The arrays of uniform period Bragg gratings reported above were
constructed for use as true time delay elements for the control of phased
array antennas, and the minimum time delay available with each array was
measured. No work had previously been reported on this application of Bragg

grating arrays, hence the measurement of arrays of 5mm long gratings took
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the form of a demonstration that they could be used in this manner. Success
was achieved and the work carried forward.

A minimum time delay of 30.88ps was created using the arrays of 5mm long
uniform period gratings, méking them suitable for controlling phased array
antennas operating at RF frequencies of up to 896MHz, with 10° phase
resolution

The 2mm long grating arrays comprised eight Bragg gratings, and as such
were the first reported 3-bit fibre Bragg grating true time delay elements.
These arrays were used to produce minimum time delays of 19.02ps and
9.09ps, for the 2mm and lmm separations respectively, making them
suitable for the control of phased array antennas, with 10° phase resolution,

at frequencies of up to 1.44GHz and 3GHz.

The chirped Bragg gratings produced using the dissimilar wavefronts
fabrication technique, as described above, were utilized to create time delays
of significantly smaller step size. A minimum time delay of 0.6ps was
measured, with a maximum delay of 59ps available. All of the gratings were
capable of producing 6-bit time delay control, and as such were suitable for
the control of phased array antennas at frequencies of many tens of

gigahertz, with 10° phase resolution. This work forms the first report of 6-bit

fibre Bragg grating true time delay elements.

The time delay profiles of the individual gratings within the arrays of 2mm
long gratings were recorded, and were observed to contain some
fluctuations. A mathematical model of the array of 2mm long gratings of
1mm centre-to-centre separation was constructed and used to identify the

most significant resonance effects occurring within the array structure.

The results recorded in the experiments investigating the application of fibre

Bragg gratings as strain sensors embedded within a sheet of carbon composite

material indicated that incomplete strain transfer was occurring between the

sheet and the embedded gratings, most probably caused by slippage of the fibre

within the sheet due to incomplete bonding between the optical fibre and the
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composite material. This highlighted the need to apply care when selecting the
composite material to be used in each application, ensuring that its elastic
properties are compatible with the type of strain to which it will be exposed.
The excellent agreement of the experimental and theoretical values for the
surface mounted fibre Fabry-Perot filter grating under strain supported the
bending theory which was being applied.

The significant temperature dependence of the LCFP etalon resonance, -
2.77nm/°C, required that in order to be able to measure the wavelength of a
sensor signal to the required 0.lnm accuracy the temperature of the etalon
must be held stable to better than 0.04°C. Although several different methods
for minimising the effects of the LCFP temperature sensitivity were fully tested,
the required temperature stability, for its successful application as a
wavelength selective filter in a Bragg grating sensor system, could not be
achieved. The variation of the transmitted optical power level with the
amplitude of the voltage applied to the liquid crystal, due to the tuning
characteristics of the resonance peaks relative to the source, erbium
fluorescence, bandwidth rendered one third of the applied voltage tuning range
unusable. In addition, at certain values of applied voltage more than one
resonance peak existed within the source bandwidth, hence more than one
wavelength could be transmitted by the LCFP etalon. The available tuning range
of each resonance peak was therefore reduced from ~85nm to between 61lnm
and 65nm in order to ensure that only one wavelength signal was transmitted
at any one voltage. Together, these three characteristics of the E7 filled LCFP
etalon make its use as a Bragg grating sensor demultiplexing element
impracticable. Further developments of the LCFP etalon based Bragg grating
sensor demultiplexing system Were proposed, and some of the necessary
elements built and characterised. However, the success of these schemes is

dependent on overcoming the temperature sensitivity of the LCFP etalon.

Since the completion of this work a novel liquid crystal filled fibre Fabry-Perot

etalon filter has been reported by Bao et al' which has a 12nm tuning range
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centred about 1550nm, a linewidth of ~0.07nm, and which can be accurately
temperature controlled due to its small size. The filter is filled with liquid
crystal type BDH764E, and can tune over its full range in <33us. This device
appears to offer several advantages over the LCFP etalon used here, including
fibre compatibility, the ability to be temperature controlled, and significantly
narrower linewidth and faster tuning; the LCFP etalon used here required ~1ms
to settle between each applied voltage increment. Placed in the optical switch
and transmitting chirped Bragg grating arrangement of Figure 4.31 this filter
could be applied to the demultiplexing of large numbers of Bragg grating
sensors. Another recent development in the demultiplexing of grating sensors
has been reported by Davis et al'”” which can interrogate five arrays of twelve
gratings, making a system total of 60 grating sensors. A tuneable fibre Fabry-
Perot filter with a 45nm free spectral range and a measurement resolution of
0.7pm was used to wavelength demultiplex the 12 gratings in each array, with
spatial division multiplexing, via optical switches, applied to increase the

number of gratings which the system could interrogate.

The total amount of time delay required for a phased array antenna, and the
desired time delay resolution, determines which type of Bragg grating delay line
should be used in each application. For ease of fabrication, and minimisation of
RF signal amplitude fluctuations, chirped gratings should be used when a
minimum time delay of less than 10ps is called for. When larger time delays are
required, particularly when the delay is to be in excess of 60ps, it is more
appropriate to utilise arrays of discrete Bragg gratings. If the delay lies between
these values then either approach may be used: an incremental delay can be
produced by using a discrete grating array; while a continuously tuneable delay
can be achieved through the use of a chirped grating. Since the completion of
this work an extremely long chirped grating has been fabricated by Kashyap et
al'ss, which can be used to produce 13.5ns of time delay over a reflection
bandwidth of 10nm. Applying the smallest wavelength tuning step available
with the 1GHz experimental measurement system reported in 5.4.3.2, this
grating can, in principle, be used to create 13.5ns of time delay with 27ps time



resolution, and would therefore be suitable for 8-bit time delay control of
phased array antennas operating at frequencies of up to 1.03GHz, with 10°
phase resolution. Although this grating offers a high total delay, the bandwidth
needs to be increased considerably to be able to offer the same time delay
resolution that was achieved with the chirped gratings reported here: the
bandwidth must be increase to >29nm in order to produce time delays of ~9ps,
equivalent to the best available using the discrete grating arrays; while an
unattainably large bandwidth of ~900nm would be needed to create the 0.3ps

time delays available with the chirped gratings reported here.
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7. Appendices

7.1 Appendix A: Array Modelling

7.1.1 Linear gratings

@z = (0, 9e-3, 400000);
@lambda = (1492¢-9, 1529e-9, 0.04e-9);

sub ShortGrating {
my ($z, $period, $center, $length, $phase) =@_;
TopHat (($z-$center)/$length)*Bragg ($z, $period, Sphase);

sub n {

my $z = shift

return 1.5+0.4e-3*(ShortGrating ($z, 4.98066666e-7, le-3, 2¢-3)+
ShortGrating ($z, 4.99766666¢-7, 2e-3, 2¢-3)+
ShortGrating ($z, 5.00366666e-7, 3¢-3, 2e-3)+
ShortGrating ($z, 5.013e-7, 4¢-3, 2e-3)+
ShortGrating ($z, 5.05166666¢-7, 5¢-3, 2e-3)+
ShortGrating ($z, 5.06033333¢-7, 6e-3, 2e-3)+
ShortGrating ($z, 5.073e-7, 7e-3, 2e-3)+
ShortGrating ($z, 5.08233333¢-7, 8e-3, 2¢-3));

7.1.2 Chirped gratings
@z = (0, 9e-3, 400000);
@lambda = (1492¢-9, 1529¢-9, 0.04e-9);
use Math::Envelopes;

use Grating::Functions;

sub ShortGrating {
my ($z, Speriod, dcenter, $length, $chirpfactor) =@_;

TopHat (($z-$center)/SIength)*Bragg ($z, $period+($z-Scenter)*Schirpfactor);
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7.1.3

my $stopband = le-9;
my $n = L.5;
my S$length = 2e-3;

$chirpfactor = $stopband/(4*$n*$length);

sub n {

my $z = shift

return $n+0.4e-3*(ShortGrating ($z, 4.98066666e-7, 1e-3, $length, $chirpfactor)+
ShortGrating ($z, 4.99766666e-7, 2e-3, $length, $chirpfactor)+
ShortGrating ($z, 5.00366666e-7, 3e-3, $length, $chirpfactor)+
ShortGrating ($z, 5.013¢-7, 4e-3, $length, Schirpfactor)+
ShortGrating ($z, 5.05166666¢-7, Se-3, $length, $chirpfactor)+
ShortGrating ($z, 5.06033333¢-7, 6e-3, $length, $chirpfactor)+
ShortGrating ($z, 5.073e-7, 7e-3, $length, $chirpfactor)+
ShortGrating ($z, 5.08233333¢-7, 8e-3, $length, $chirpfactor));

}
Chirped gratings and average refractive index

@z = (0, 9.5e-3, 400000);
@lambda = (1492¢-9, 1530e-9, 0. le-9);
use Math::Envelopes;

use Grating::Functions;

sub ShortGrating {
my ($z, $period, Scenter) =@_;
$z- = $center;
my $env = TopHat (Sz/$length)/2;

$env+$env*Bragg(3z, $period+$z*$chirpfactor);

my $stopband = le-9;

my $n= 1.5

$length = 2e-3;

$chirpfactor = Ss[opband/(4*$n*$length);



sub n {

my $z = shift

return $n+0.4e-3*(ShortGrating ($z, 4.98066666¢-7. le-3)+
ShortGrating ($z, 4.99766666e-7, 2¢-3)+
ShortGrating ($z, 5.00366666¢-7, 3.5¢-3)+
ShortGrating ($z, 5.013e-7, 4.5e-3)+
ShortGrating ($z, 5.05166666¢-7, 5.5¢-3)+
ShortGrating ($z, 5.06033333e-7, 6¢e-3)+
ShortGrating ($z, 5.073e-7, 7.5¢e-3)+
ShortGrating ($z, 5.08233333¢-7, 8.5¢-3));



7.1.4 Chirped gratings, average refractive index, and varying
reflectivities

@z = (0, 10.5e-3, 200000);
@lambda = (1492e-9, 1530e-9, 0.1e-9);
use Math::Envelopes;

use Grating::Functions;

sub ShortGrating {
my ($z, $period, $center) =@_;
$z- = $center;
my $env = TopHat ($z/$length)/2;

$env+$env*Bragg($z, $period+$z*$chirptactor);

my $stopband = le-9;

my $n = 1.5;

$length = 2e-3;

$chirpfactor = $stopband/(4*$n*$length);

sub n {

my $z = shift

return $n+0.4e-3*(ShortGrating ($z, 4.98066666e-7, le-3)+
ShortGrating ($z, 4.99766666¢-7, 2e-3)+
0.9*ShortGrating ($z, 5.00366666e-7, 3.5¢-3)+
ShortGrating ($z, 5.013e-7, 4.5e-3)+
0.05*ShortGrating ($z, 5.03333333¢-7, 5.5¢-3)+
ShortGrating ($z, 5.05166666¢-7, 5.5e-3)+
0.7*ShortGrating (3z, 5.06033333e-7, 7e-3)+
0.7*ShortGrating ($z, 5.073e-7, 8.5e-3)+
0.7*ShortGrating (3z, 5.08233333e-7, 9.5¢-3));

211



7.2 Appendix B: LCFP control program

7.2.1 . Form

The window viewed by the user is constructed in a ‘form’ which has code
associated with it to run the various devices in the window, such as the START
button, the STOP button and the PRINT TO FILE button. The variables used in
these code ‘subroutines’ (Sub) must be defined, and this is done in the General
Declarations section of the form for variables which are used by more than one
subroutine within it. The Form_Load subroutine is initiated when the program
is loaded and it is here that the AIAO board is configured. The BtnSearch_Click
subroutine initiates the LCEP voltage scan driven by the TmerRampPeriod
subroutine. When the LCFP voltage scan is completed the Scan_Finished
subroutine is called which scales, converts and normalises the experimental
data, and then calls the GetPeaks subroutine, B3. To stop the voltage scan at any
time the STOP button can be selected and this activates the code in the
BtnStop_Click subroutine. When the program has, the LCFP voltage and
photodiode voltage values stored by the program can be printed to file, for
viewing through spreadsheet software, by selecting the PRINT TO FILE button

which runs the code in the PrintFile_Click subroutine.

General declarations

‘Declare ramp start and stop voltages as doubles
Dim Volts As Double
Dim StartVolt As Double, StopVolt As Double, Stepsize As Double
Dim PhotodiodeVolts As Double
'define array so can use throughout the form
Dim C As Integer
Dim X As Integer
Dim winorm() As Double, vnorm() As Double
Dim lcfp As LCFPData
Dim Tvolts As Double



Sub Form_Load ()
Dim fname As String
fname = GetPrivateProfileStr("Normalization", "Filename". "lcfpnorm.ixt”. config_fname)
TBoxfname.Text = fname
Call ReadLCFPData(fname, lctp)
LCFP_VtoLConvert lcfp, winorm(), vnorm()

'‘Configure the NIDAQ board

frmSearch. TBoxErrorCode. Text = Str$(AO_Configure(1, 0. 1, 0, 0, 0)) 'lefp! Vout

frmSearch. TBoxErrorCode. Text = Str$(AI_Configure(1, 0, 1, 10, 1, 0)) 'lefp! photodiode input

frmSearch. TBoxErrorCode. Text = Str$(Al_Configure(1, 1, 1, 10, 1, 0)) ‘lefp] thermometer input
End Sub

Sub btnSearch_Click ()
'convert (2-5)V input in textbox on settings form
to (0-9)V using the ConvertVoltage function
'these variables are global to this form only
StartVolt = ConvertVoltage(Val(TBoxSlaeroltage,Text))
StopVolt = ConvertVollage(Val(TBoxStopVollage.Text))
Stepsize = (Val(TBoxStepsize. Text) * 001

‘redeclare Voltages array

C = ((StopVolt - StartVolt) / Stepsize) - 1
ReDim Vout(C), Vpd(C), Thermometer(C)
Volts = StartVolt ‘first output value

x =0 'put first results inarray element 0

TimerRampPeriod.Enabled = True ‘ramp voltage in TimerRamp Sub

End Sub

Sub TimerRampPeriod_Timer 0O

Dim status As Integer

‘read pd voltage: 1o start LCFP volts =2V always, if controller switched on
Is [o R
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status = AI_VRead(1, 0, 1, PhotodiodeVolts)

If (status <> 0) Then TBoxErrorCode. Text = StrS(status)

'output voltage to controller

status = AO_VWrite(1, 0, Volts)

If (status <> 0) Then TBoxErrorCode. Text = Str&(status)

'read temperature

status = AI_VRead(l, 1, I, Tvolts) read in voltage from lcfp! thermometer

If (status <> 0) Then TBoxErrorCode. Text = Str$(status)

If (x Mod 10) = 0 Then ‘update display
TBoxPhotodiode. Text = Str$(Photodiode Volts)
TBoxBoardOutput. Text = Str§(Volts)
TBoxCircuitOutput. Text = Str$(InvertConvertVoltage(Volts))

End If

'store Volts, PhotodiodeVolts and Tvolts in arrays
Vout(x) = Volts
Vpd(x) = PhotodiodeVolts

Thermometer(x) = Tvolts

‘increment the voltage output
Volts = Volts + Stepsize
If x = C Then
TimerRampPeriod.Enabled = False
ScanFinished 'searches for peaks and displays results
End If
"move to next elements in arrays
x=x+1

End Sub

Sub ScanFinished ()

‘called at end of LCFP voltage scan
scales and converts experimental data
'then normalises experimental data

‘then finds peaks in experimental data



Dim LCFPTemp As Double, value As Currency, D As Double, T As Double. j As Integer, n As Integer
T=0
Forj=0ToC
T =T + Thermometer(j)
Next j
n=C+1
D=(T/n)
LCFPTemp = (D * VtoT_m) + VoT_c
value = LCFPTemp
TBoxLCFPTemp.Text = Str(value)

‘construct, scale and convert exptl results

LCFPConstruct LCFPTemp, Vout(), Vpd(), lcfp 'read exptl data into d_exptl
Call SaveData("c:\tmp\exptlv2.txt", Vout(), Vpd())

LCFP_VtoLConvert lcfp, Vout(), Vpd()

Call SaveData("c:\tmplexptil2.txt”, Vout(), Vpd(}))

'seale and convert normalisation data to active temperature

Call SaveData("c:\tmp\norm!2.txt", wlnorm(), vnorm())
Normalise winorm(), vnorm(), Vout(), Vpd()

Call SaveData("c:\tmp\exptin2.txt”, Vout(), Vpd())

'peak search

Dim peaks() As Double, 1 As Integer

GetPeaks Vout(), Vpd(), peaks()

istPeaks.Clear

For i = 0 To UBound(peaks)
IstPeaks.AddItem Str¥(peaks(i))

Next i

End Sub

Sub btnStop_Click ()
TimerRampPeriod.Enabled = False
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trmSearch. TBoxErrorCode. Text = Su$(AO_VWrite(1. 0, 0))
frmSearch. TBoxBoardOutput. Text = ""
frmSearch. TBoxCircuitOutput. Text ="

End Sub

Sub PrintFile_Click ()
CMDialog.Flags = &H2&
CMDialog.CancelError = True
On Error GoTo Oops
CMDialog.Action =2
Dim i As Integer
Dim fnum As Integer
fnum = FreeFile
Dim fname As String
fname = CMDialog.Filename
Call SaveData(fname, Vout(), Vpd(})
GoTo Penultimate

Oops:

Resume Penultimate:

Penultimate:

End Sub

7.2.2 . LCFPData code module

In the general declarations section of this code module the constants used by
the program are defined and a ‘user-defined-type’, LCFPData, 1s declared which
the experimental values are converted into for ease of processing by the
program, and they are entered into an array called dexptl by the
[.CEP_Construct subroutine. The photodiode voltage values are converted to
waveiength by the VtoL_Convert subroutine, before they are processed to find

the peaks, and the normalisation data is read in with the ReadLCFPData

subroutine.



General Declarations

‘constants for T/V(recorded for I=1550nm) and V/l(recorded ar T=23.43C) conversion equations
Global Const temp_m = .2601
Global Const temp_c = .616
Global Const lambda_m =-10.532
Global Const lambda_c = 1580
Global Const ref_temp = 19.55
Global Const ref_wavelength = 1550
Global Const VtoT_m = 10.428
Global Const VtoT_c =-.7737

' define user defined type for experimental data
Type LCFPData
Temperature As Double
N As Integer
LCFPVariable(1023) As Double  "Vouror LCFPwavelength
Vpd(1023) As Double
End Type

Sub LCFPConstruct (T As Double, Vout() As Double, Vpd() As Double, ‘reads Vour, Vpd, Temp and
number_elements into d_exptl
d_exptl As LCFPData)
d_exptl. Temperature = T
d_expth.N = UBound(Vout) + 1
Dim i As Integer
Fori=0Tod_exptlN-1
d_exptI.LCFPVariable(i) = Vout(i)
d_exptl.Vpd(i) = Vpd(i)
Next i
End Sub

Sub LCFP VtoLConvert (sIc As LCFPData, wl() As Double. sig() As Double)



‘convert voltage data into wavelength ar reference temp 19.55C

'sre s voltage data, wl is wavelength converted data. sig is phorodiode volts

ReDim wli(src.N - 1) As Double, sig(src.N - 1) As Double

Dim dv As Double

dv = Vshift(src. Temperature)

Dim 1 As Integer

Fori=0Tosre.N-1
wl(i) = LCFP_VtoLFn(src. LCFPVariable(i) - dv)'LCFEPVariable is wavelength here
sig(1) = src.Vpd(i)

Next 1

ReverseArray wi()

ReverseArray sig()

End Sub

Function LCFP_VtoLFn (d As Double) As Double
‘voltage to wavelength conversion function
LCFP_VtoLFn = (lambda_m *d) + lambda_c

End Function

Function LCFPConst (TempVolt As Double) As Double
‘calculating constant in voltage/wavelength equation for given temperature

LCFPConst = ref_wavelength + (-lambda_m * TempVolt)

End Function

Function LCFPTempVolt (d As LCFPData) As Double

‘converting experimental data to same temperature scale as reference/equation data

LCFPTempVolt = (temp_m # d Temperature) + temp_¢

End Function

Sub ReadLCFPData (fname As String, d_exptl As LCFPData)

'to read in normalisation data

Dim fh As Integer. i As Integer



fh = FreeFile
Open fname For Input As th
Input #th, d_exptl. Temperature
Input #fh, d_exptl.N
Fori=0Tod_exptl.N-1
Input #fh, d_exptl. LCFPVariable(i), d_exptl.Vpd(i)
Next i
Close fh
End Sub

7.2.3 . Psearch.Bas code module

This code module contains the peak search subroutine GetPeaks, and the
subroutine for normalising the photodiode voltages, Normalise. The subroutine
ReverseArray which reverses the order of the elements in an array is also

located in this module.

General declarations

Global Vout() As Double, Vpd() As Double, norm() As Double, Thermometer() As Double
Global Const config_fname = "lcfp.ini”

Const MaxNoPeaks = 20

Const thresh_low = .1

Const thresh_high = .2

Sub GetPeaks (x() As Double, y() As Double, xpeaks() As Double)

ffinds peaks in data
ReDim xpeaks(MaxNoPeaks)
Dim n As Integer, i As Integer, ymax As Double, ythresh As Double
n = UBound(x)
ymax = y(0)
Fori=1Ton
If y(i) > ymax Then ymax = y(1)
Next i

ythresh_low = thresh_low * ymax

ythresh_high = thresh_high * ymax



Dim ipeak As Integer, pmode As Integer, imax As Integer
ipeak =0
pmode = False
Fori=0Ton- |
If pmode Then ' Inside a peak
If y(i) > ymax Then " if a bigger value store it as peak
imax =i
ymax = y(imax)
End It

If y(i) > ythresh_high And y(i + 1) <= ythresh_high Then ' move to outside peak mode, storing the

peak
pmode = False
xpeaks(ipeak) = x(imax)
Debug.Print "wl=", x(imax), "Vpd=", y(imax)
ipeak = ipeak + 1
End If

Else ‘outside a peak
If y(i) <= ythresh_low And y(i + 1) > ythresh_low Then "move to inside peak mode
imax =1+ 1
ymax = y(imax)
pmode = True
End If
End If
Next 1
End Sub

Sub Normalise (xnorm() As Double, ynorm() As Double, x() As Double, y() As Double)

‘takes in norm data, xnormf() and ynorm(), and measurement data, x({) and y()

‘outputs normalised measurement data in x() and y()
Dim i As Integer, inorm As Integer, n As Integer, nnorm As Integer

Dim m As Double, z() As Double

i=0

inorm = 0

n = UBound(x)

nnorm = UBound(xnorm)
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' e y . ! ; ;
ser all values of y() outside the normalisation data range to zero

While x(1) < xnorm(inorm)

y(i)=0
i=1+1
Wend

While x(n) > xnorm(nnorm)

y(n)=0
n=n-1
Wend

ReDim z(n) As Double
'z(i) is value of ynorm at x(i)
Fori=0Ton
If (inorm < nnorm) Then
While (x(i) > xnorm(inorm + 1))
inorm = inorm + 1
Wend
End If
m = (ynorm(inorm + 1) - ynorm(inorm)) / (xnorm(inorm + 1) - xnorm(inorm})
z(i) = ynorm(inorm) + m * (x(i) - xnorm(inorm))
y() = y(@i)/ z(i)
Next i
End Sub

Sub ReverseArray (a() As Double)

'reverses order of elements in array
Dim n As Integer, i As Integer, dummy As Double
n = UBound(a)
Fori=0Ton/2

dummy = a(i)

a(i)=a(n-1)
a(n - 1) = dummy
Next i
End Sub
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