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ABSTRACT

The ability to detect and quantify gas in multiple locations is important in en-
vironmental and safety monitoring situations. This thesis describes the first ap-
plication of Range Resolved Interferometry to the problem of gas sensing at
multiple locations. Range resolved interferometry (RRI) is an interferometric sig-
nal processing technique that allows the separation of individual interferometric
signals from superpositions of multiple interferometers and the rejection of inter-
ferometers other than those of interest. This allows the interrogation of the light
intensity passing through each interferometer of interest which in turn allows
a measure of the absorption of light by gas present within the interferometer
arms. The application of the Beer-Lambert Law allows the measurement of a gas
concentration from this information. Unlike previous interferometric techniques
for multipoint gas measurement, RRI uses injection current modulation of a DFB
laser and is therefore, cost effective.

The process of applying a ramp modulation to RRI in order to extract spectro-
scopic information is described along with the post-processing needed to extract
gas concentrations from multiple locations simultaneously.

Three sensing regions were interrogated and the system was shown to have
good linearity of response (R* < 0.95) and with the ability to measure methane at
a concentration of 200ppm with no averaging time. Allen-Werle analysis showed
that with sufficient averaging time, a limit of detection as low as 4ppm could
be achieved. Cross talk experiments showed that the presence of gas in other
sensing regions had no effect on gas concentration measurements.

The first use of RRI for spectroscopic measurements required extensive post-

processing to account for the DFB laser’s non-uniform response to sinusoidal
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modulation as the driving injection current was varied to sweep the laser output
wavelength. Application of an envelope function to the sinusoidal modulation
provided a stable wavelength response to the sinusoidal modulation and so al-
lowed real-time gas detection with no post processing required.

Experiments were performed to establish that the most suitable deployment
topology for multipoint sensing is a serial-bus topology and that the amplitude
of the sinusoidal modulation must be chosen to provide the chosen balance
between the spatial resolution of the system and the signal strength provided by
the measurement of light absorption by the gas under test.

The ability of RRI to distinguish between interferometers of interest and para-
sitic interferometers was used to extract the absorption measurements from a gas
detection system with optical fringing and was shown to reduce the unwanted

signal by a factor of 18.
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INTRODUCTION

1.1 THE NEED FOR MULTIPOINT GAS SENSING

The detection and quantification of gases is an important part of a number of
processes. It plays a role in health monitoring of patients[1, 2], environmental
monitoring[3, 4], and safety monitoring[s, 6]. In environmental terms, anthro-
pogenic climate change has been described by the UN as "one of the most press-
ing issues of our time"[7] and is primarily caused by the release of carbon based
gases into the atmosphere by industrial processes. The Paris Climate Agreement
binds countries to work towards lowering their contributions to the release of
these greenhouse gases[8]. One key greenhouse gas is methane, which has a
global warming impact over 20 times greater than that of carbon dioxide over
100 years[g]. This means that any attempt to lower climate change will require
the monitoring of sources of methane emissions.

In terms of safety, the risks to human health from gases can come from toxicity,
such as with the presence of formaldehyde [10] or carbon monoxide[11], or come
from the potential for explosions. The build up of natural gas has been judged
to be associated with up 70% of explosions on offshore oil or gas platforms[12]
making the detection of natural gas, or the components thereof, a safety criti-
cal process in these locations as well as in others such as mines or along gas
transport infrastructure. Methane is the main component of natural gas and has
the capability to ignite explosively when it is mixed with air in concentrations
between 5% and 15%|[13], therefore sensors must be designed to be able to de-

tect methane at concentrations lower than 20% of the lower explosion limit so
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that action can be taken before conditions with these explosive concentrations
can develop. In addition, the sensing regime must be able to detect plumes of
methane before they reach 6m in length as it is at this size that any ignition
will be a hazard to equipment and human life[14]. This means that a regime of
sensing must include the ability to detect methane over an area rather than just
in a single location. Similarly, for environmental purposes, in locations such as
landfill sites, which are sources of methane emissions need to be monitored over
a large area, meaning many sensors or wide area sensing technologies must be

employed[15].

1.2 GAS SENSING TECHNIQUES

Gas sensing technologies can be broadly divided into two types, non-optical and
optical. Non-optical sensor technologies include those that detect changes in the
electro-chemical properties of a medium in the presence of gases[16], the ioni-
sation of the gas in the presence of a flame[17] or the change in mechanical or
electrical properties when a gas adsorbs to a surface[18]. Optical sensors operate
by exploiting the interactions between light and matter for their sensing mecha-
nism. These sensors can offer high selectivity and specificity of gas detection[19]
as well as the advantage that they can be coupled with fibre optics, allowing
flexibility of placement with the more complex parts of the sensing apparatus
placed in more convenient location rather than directly in the sensing environ-

ment, which can keep electrical equipment away from any explosive gases.

1.2.1  Tunable Diode Laser Spectroscopy

One particular form of optical gas sensing, and the one most closely related to
the work presented in this thesis is tunable diode laser spectroscopy (TDLS). This

is a system based on the fact that many gas species will absorb light at specific
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wavelengths while remaining transparent to other frequencies. This means that
a gas will have a characteristic absorption spectrum made up of a number of
absorption features[20]. By tuning a laser so that its output wavelength crosses
one of these absorption features, some of that light will be absorbed in propor-
tion to the concentration of the absorbing gas. Because the lasers used in TDLS
have narrow line widths, they are able to trace an absorption feature with a high
resolution. This makes sensors based on this technique highly selective in the

gas they can be tuned to respond to[21].

Gas sample
Laser Photodetector
} -_— LN

>
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Figure 1.1: If a laser beam, passing through a gas sample has its wavelength changed,
the amount of photons that pass through will vary as a function of that
wavelength. When the wavelength matches the wavelength at which the gas
absorbs photons, fewer will pass through and so a detector after the gas
sample will record a lower incident light intensity.

1.3 MULTIPOINT OPTICAL SENSING

When sensing measurands in multiple locations at once, a number of strategies
can be used. The simplest is the use of multiple, independent sensors. But, given
the cost of individual parts of an optical sensor such as the laser, this is not
cost-effective. A number of strategies have been developed that allow the mea-
surement of gas concentrations at multiple locations using fewer components
than would be necessary in the deployment of individual sensors.

The use of a fibre optic splitter allows the light from a single laser source to

be used to perform TDLS measurements at a number of locations[22] with each
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location being served by its own photodetector. This system, referred to as spa-
tial multiplexing has been used to measure up to 64 locations simultaneously.
A system that measures multiple locations using a single sensor can be set up
using time division multiplexing. In this system, the sensing locations are each
coupled to the laser and the photosensor using differing lengths of optical fibre.
Thus, the time taken for a pulse to reach the photodetector via the sensing region
can be used as a measure of the distance to that sensing region. Finally, multi-
ple sensing regions can be interrogated with different frequencies of light, and
this can be used to identify signals returning from different sensing regions[23].
Often, these frequency division multiplexed systems operate by combining the
light returning from the different sensing regions with another light path and in-
vestigating the different interferences that occur as a result. A related process is
at the heart of Range Resolved Interferometry (RRI) the multiplexing technique

used in this thesis.

1.3.1 Range Resolved Interferometry

If a number of sensing regions are joined to form a complex interferometer and
are interrogated using sinusoidally modulated laser light, then an interferomet-
ric pattern will be produced. This interferogram will be the superposition of all
the constituent interferometers present in the system. Range Resolved Interfer-
ometry allows the extraction of information from each of these interferometers

without the more complex laser modulation systems required in other, similar

systems[24][25]
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Laser © Detector

axo

Figure 1.2: A system of multiple interferometers such as that shown here will produce, at
a photodetector, an interferogram that is the summation of the the interfero-
grams of all the constituent interferometers. Each of these interferograms con-
tains information about the intensity and phase of the light passing through
them. RRI allows the investigation of each of the constituent interferometers
to extract this information.

1.4 THESIS ATMS AND NOVELTY

The aim of the work presented in this thesis was to combine, for the first time,
the principles of RRI with those of TDLS to produce a new method for detecting
gas concentrations in multiple locations simultaneously. This was broken down

into the following specific objectives.

¢ Investigate the ability of RRI to show the presence of methane in a single
location by combining the RRI measurements with spectral information
provided by sweeping the laser’s central emission wavelength across an

absorption feature

* Determine if this method can be used to produce a measurement of methane

concentration using a similar approach to TDLS

¢ Establish whether RRI can perform this measurement of methane concen-

tration in multiple locations simultaneously and independently
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¢ Investigate methods to extend the capability of the RRI gas sensing system

to perform this measurement in real-time

¢ Characterise the limits of detection of the system built to perform these

tasks

To date, RRI has been used to extract phase information and thus positional
information from multiple interferometers[26]. This thesis describes the first use
of RRI to measure the change in light intensity within individual interferometers
as a function of time. It is also the first time that RRI has been described in use
in conjunction with a ramped modulation to extract spectral information from
sensing regions. Finally, this is the first time that RRI has been used to measure

the presence of gases.

1.5 THESIS ORGANISATION

The first part of this thesis reviews prior work that forms the background for the

novel experimental work

¢ Chapter 2 This chapter outlines prior work on gas sensor technologies,
summarising their modes of operation and their advantages and disad-
vantages. Particular attention is paid to TDLS as it is the basis of the gas

sensing technique used in this thesis.

* Chapter 3 This chapter describes some techniques that have been used to

address multiple sensing regions using multiplexed sensors.

* Chapter 4 This chapter introduces and explains the concept of Range Re-
solved Interferometry and details the process by which the light intensity
in each sensing region can be extracted from a superposition of multiple

interferometers
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The second part of the thesis describes the practical work to realise the sensor

and measure its capabilities

¢ Chapter 5 This details the work to develop the first instance of a sensing
system that measures methane concentration at multiple locations using

RRL

¢ Chapter 6 This chapter expands on the work in the previous chapter and
shows the further development required to make a sensing system that was
capable of operating in real-time. It also discusses the effects of different

sensor topologies on the effectiveness of the gas sensing system.

¢ Chapter 7 This final chapter describes two additional experiments, one
done to measure the effect of the laser modulation on the gas sensing po-
tential of the RRI system, and one to test the capabilities of using RRI to
combat unwanted optical interference fringes that are a problem in conven-

tional TDLS measurement systems.

¢ Chapter 8 This summarises the work presented in the thesis and discusses
potential avenues of research that the use of RRI would enable and the

work that can be done to improve the system’s capabilities.

A list of outcomes such as papers, conference presentations, patents and prizes,

achieved to date is also provided.






AN OVERVIEW OF GAS DETECTION TECHNIQUES

2.1 GAS DETECTION

The need for gas detection runs across a wide range of fields including health
monitoring, explosive detection, to vehicle performance monitoring. For exam-
ple, the ability to detect acetone present in a patient’s breath is an important, non
invasive method for the investigation of possible diabetes in a patient[1]. The
ability to detect the presence and concentrations of gases is also part of environ-
mental monitoring. A localised example of this is the need to detect the presence
of toxic, potentially carcinogenic formaldehyde gas that can be present in both
residential and environmental environments[10]. On a global scale, the emission
of carbon containing greenhouse gases is causing climate change with effects
such as rising levels, ocean acidification and a rise in planetary temperatures
likely to be over 1.5°C by the end of the 21st Century (compared to 1850-1900).
While the greenhouse gas carbon dioxide (CO.,) is found at a higher concentra-
tion in the atmosphere than methane (at the time of writing, September 2020,
carbon dioxide is found in the atmosphere at concentrations of around 4ooppm,
while methane is found at concentrations of 1.9ppm[27]), methane is a more
potent greenhouse gas, with a warming potential of 34 times greater than CO,
measured over 100 years, and 36 up to 86 greater over the period of time in
which it remains in the atmosphere[28]. Methane enters the atmosphere as a re-
sult of man-made processes such as landfill and waste treatement[29]. Methane
is also the main component of natural gas, and emissions from the upstream

oil and gas facilities are considered to be some of the most significant and also
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most immediately actionable[30]. In order to reduce industrial impact on the cli-
mate, it is vital for the emissions of methane to be reduced, in particular from
the energy industry[31]. Part of any process to reduce emissions will require
methodologies to detect the amount of methane present, and so methane sen-
sors are a vital part of any such strategy. As well as an environmental hazard,
methane gas is explosive and so forms a hazard to equipment and human life.
70% of accidents that occurred on offshore oil and natural gas extraction plat-
forms were judged to be associated with the accidental release of flammable gas
which usually includes the presence of methane[12]. Methane will sustain an ex-
plosion when mixed with air in concentrations between 5% and 15% (50000ppm
and 150000ppm) [13]. These concentrations are, respectively, the lower explosive
limit and upper explosive limit of methane. To prevent explosions, systems need
to be able to detect gas in appropriate concentration ranges[14] so that alarms
can be triggered and appropriate action, such as evacuation, or pipeline shutoff
can occur. This thesis will describe the development and testing of a methane
sensing instrument that is proposed for use in such a safety monitoring role,
but that could potentially be improved for use in other fields such as environ-
mental measurement. These two measurement regimes require different sensor

capabilities, some of which are discussed in the next section.

2.2 PROPERTIES OF GAS SENSORS

There are a wide range of gas sensors that are used in a wide variety of use cases,
some of which were described above. They all have different performance char-

acteristics, some of which are summarised below (after Chaulya and Prasad[32])

* Sensitivity: The ability of a sensor to measure small changes in a gas con-

centration (measured in % or parts per million (ppm))
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¢ Selectivity: The ability of a sensor to respond to one gas in particular rather

than others that may be present

¢ Limit of Detection (LOD): The lowest concentration of gas that the sensor

can detect (% or ppm)

* Dynamic Range: The range between the lowest and highest concentrations

that a sensor can respond to

* Linearity: The degree to which a calibrated response of the sensor is pro-

portional to the gas concentration (% or ppm)

¢ Life Cycle: The period of time over which a sensor can be used before it

must be repaired or replaced.

To be of use in explosion prevention and safety applications, the system needs
to be able to detect methane at a level of 20% of the lower explosive limit of
methane (that is approximately 10000ppm), as this is a standard point at which
action needs to be taken[33]. This, therefore defines the limit of detection that
any sensor working in this region will require. In addition, there are likely to be
other hydrocarbon gases and volatile organic compounds (VOCs) present in any
location in which methane is present[34] and so the sensor will need to be able to
respond selectively to methane. Furthermore, in order to be of use in safety criti-
cal operations, the response of the system needs to be fast enough to allow action
to be taken. This response time is measured by the time it takes for the sensor to
read 90% of the actual methane concentration present, and must be faster than
10 seconds[35]. A related problem is that of the variable composition of natural
gas, meaning that a measure of methane alone is not sufficient for safety critical
work. This problem can be ameliorated by the simultaneous measurement of
another component of natural gas, ethane[36]. A number of technologies have
been developed previously to allow the measurement of gases, some of which

are already in use in the field of safety monitoring in offshore oil and gas ex-
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traction operations. The next sections discuss a few of these technologies and
their suitability for application to the needs of safety monitoring in oil and gas

extraction environments.

2.3 NON OPTICAL GAS DETECTION TECHNIQUES

While this thesis describes the development and testing of an optical gas sensor,
many industrial and environmental gas monitoring systems are based on non op-
tical techniques and so some of these are described below, so that the proposed
technique can be placed in a wider context of available gas sensing technologies

which form a major part of the market into which it would be placed.

2.3.1  Flame Ionisation Detector

When burned in the presence of Hydrogen many organic compounds including
methane, produce ionised fragments. A flame ionisation detector (FID) uses this
principle as follows and as shown below in Figure 2.1. A collected sample of
the gas under test is burnt in the presence of hydrogen gas, producing ions[37].
An electric field is present in the sensor due to the electrodes and the positive
ions are attracted to the negative electrode, which causes the flow of a current
which can then be detected. The current is proportional to the rate of ions being
produced in the flame, which in turn is proportional to the number of carbon

atoms in the sample, with the FID effectively acting as a "carbon counter"[38].
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Fast Response FID

High voltage
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Figure 2.1: A Flame Ionisation Sensor, taken from Cambustion[39]

FIDs have a wide operating range of detection [32] with the ability to measure
between 1-50000ppm[40]and they respond to all alkanes, making them useful
across a wide range of applications from health [41] to mine safety [32]. How-
ever, the method of detection does not allow the identification of specific gases,
merely the total amount of carbon atoms present in a sample. Detailed gas iden-
tification would be achieved using mass spectroscopy[42]. In addition, the pres-
ence of an open flame makes this methodology unsuitable for use in explosive
or flammable locations which make up a major part of the use case proposed for
the technology described in this thesis unless much more complex and expensive

explosion proof systems are used[43]

2.3.2 Electrochemical Sensors

An electrochemical sensor works via the oxidation or reduction of an electrode
and the consequent formation of charged particles. A typical schematic of an ex-
ample of such a device is shown in Figure 2.2. The gas under test passes through

a porous membrane and reacts with the counter electrode, causing the creation
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of the charged particles which are then free to cross the liquid electrolyte to the
working electrode which is held at an appropriate electric potential. This causes
a current flow that can be measured and is proportional to the concentration of

the gas under test.[44, 45].

Working Counter
Electrode Electrode

. IH* Current—»

e
Electrolyte O
g
H,0 g
O
w4 —o°
Reference
Electrode
Potentiostat

Figure 2.2: Schematic diagram of the working of an electrochemical carbon dioxide sen-
sor taken from [46]

Electrochemical gas sensors are small in size and require little power to run
while offering good linearity of response. Electrochemical sensors have the abil-
ity to detect some gas species at levels in the region of o.1ppm [47]. However,
they suffer from problems of low lifespan due to leakage or use of the electrolyte
over time[48], and they have a tendency to deteriorate in performance quality in
the presence of water vapour[49] as well as suffering from interferences from
other gases including hydrogen[50] To date, only one electrochemical sensor de-

tecting methane has been developed[51] and none have been commercialised.
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2.3.3 Metal Oxide Detectors

These sensors consist of a thin layer of a metal oxide placed between two elec-
trodes as shown in Figure 2.3. In the absence of a combustible, reducing target
gas, electrons within the oxide are attracted to oxygen which adsorbs to the ox-
ide surface. These electrons are thus fixed in place and not available for electrical
conduction. In the presence of the target gas, the atmospheric oxygen reacts with
the gas and is thus unable to retard electron mobility and so a current can flow,
the amplitude of which can be used to determine the concentration of the gas

present[52].

e e e Donor electrons

Figure 2.3: Schematic diagram of the workings of a metal oxide detector showing the
fixed nature of the electrons within the oxide layer when no reducing gas
is present compared to their freedom to produce current in the presence of
such a gas

Due to the relative simplicity of their design, these sensors can be physically
robust, and they are able to detect methane at single digit ppm concentrations|[53,
54, 55]. However, they suffer from a low selectivity in gas species detection, as
multiple gases can react with the atmospheric oxygen, and similarly, they are

prone to influence from temperature and humidity fluctuations[56].
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2.3.4 ElectroAcoustic Sensing

Electroacoustic devices operate on the principle that the resonant frequency of
an object is determined in part by its mass. A device is set to oscillate by way of
an exciting signal. The device is coated with chemicals to which the target gas
can selectively adsorb. For example, one such device uses supramolecular krip-
tophan A, as a methane binding chemical[18]. The adsorption of the methane
to the device alters its mass causing a change in the resonant frequency of the
system that is then detected and converted into a measure of the amount of gas
present[57]. Electroacoustic sensors can be designed to detect the effect of gas
adsorption on bulk acoustic properties or surface wave propagation using the
same fundamental process. Devices that operate using the bulk acoustic prop-
erties are referred to as quartz crystal microbalance (QCM). QCM devices not
have a wide enough range of operation for safety critical methane detection as
their sensing ability becomes saturated at around 0.2% (2000ppm) concentra-
tions of methane[18] which is too far below the lower explosive limit of methane.
Systems that work by measuring surface waves have been developed that can
measure concentrations of methane of around 0.5% (5000ppm) which would
make them operable in the region of methane concentrations required for gas
detection. However, these systems are susceptible to drift caused by humidity

and temperature[58].

2.3.5 Pellistor Devices

Widely used in safety applications, including in offshore oil and natural gas ex-
traction, a pellistor or catalytic sensor operates by measuring the heat produced
by the oxidation of combustible gases. A typical pellistor system is shown below

in Figure 2.4
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Figure 2.4: A pellistor sensor, taken from Moseley[59]

The pellistor bead itself is a coil of thin aluminium wire encased in a porous
substance such as alumina or palladium which is coated in a catalyst that en-
courages the oxidation of the combustible gas[53]. Electricity is passed through
the coil, raising the temperature to the combustion temperature of the hydro-
carbons (approx 500°C) and the combustion of the gases further increases the
temperature. This in turn further increases the temperature of the coil and so
decreases its resistance. This change in resistance can be compared, via a Wheat-
stone Bridge, to the resistance of a similar pellistor that has not been coated
with the catalytic substance so whose resistance remains unchanged by the pres-
ence and oxidisation of the gas under test[59]. The difference between these
resistances is linearly proportional to the gas concentration. Pellistor sensors are
simple, well proven technology, but they suffer from at least three significant
drawbacks. Firstly, they offer low sensitivity with a high limit of detection of
around low parts per thousand by volume[56]. Secondly, they can be rendered
contaminated by the presence of chemicals such as sulphur compounds or heavy
metals, resulting in the presence of an inert layer on the reactive pellistor prevent-

ing the efficient combustion of the gas. Finally, their mode of operation means

17
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that the presence of any combustible gas will be detected as it oxidises meaning

that they lack selectivity[59].

2.3.6  Summary of Non Optical Gas Sensing

It would be useful to summarise the findings here. Each of the methodologies de-
scribed uses a different principle of operation to detect the presence of methane
and consequently has different advantages and disadvantages as well as differ-

ent performance characteristics. These are summarised below in Table 2.1
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2.4 OPTICAL GAS DETECTION TECHNIQUES

As discussed above, the non optical methods of gas detection have multiple
drawbacks such as limited gas specificity or being inappropriate for use in ex-
plosive environments. By using the properties of light and the nature of its inter-
actions with gases, devices can be designed that improve upon the non-optical

techniques.

2.4.1 Interactions Between Light And Matter

Previously, in Section 2.3 non optical methods for gas detection were discussed,
and in the following section, some optical methods will be introduced. First,
however, it is necessary to discuss the interactions between light and matter that
make optical gas detection possible.

When a gas molecule is illuminated by a photon, there is the potential for the
molecule to absorb the photon’s energy. A gas molecule has a set number of
allowed states in terms of orientation, configuration and electron distribution.
The transitions between these states, with energy levels E; and E; respctively,
releases or absorbs energy in quantised forms such that the frequency of light

released or absorbed obeys the Bohr condition as in Equation 2.1[60]

E1—E;
h

(2.1)

-

These transitions can take the form of a change in the molecules physical ori-
entation, a change in the relative physical positions of atoms within the molecule,
or a change in the distribution of electrons within the atoms of the molecule. If
a photon of light incident upon a molecule of gas has the quantity of energy
associated with the transition from a lower to a higher energy state, then it may

be absorbed causing the molecule to undergo that transition. Figure 2.5 shows
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some examples of the transitions possible in a hypothetical two-atom molecule
along with the characteristics of the photons whose absorption would induce

such a transition.

X-ray Visible and UV Infra-red Microwave
100pm - 10nm 10nm - 1pm 1pm - 100pm 100pm - lem
N "
Change of electron configuration Cl'1§11ge .Of C.hangg of
configuration orlentation

Figure 2.5: The possible electron transitions caused by varying energies of light absorp-
tion adapted from[61]

As the energy of a photon depends on its wavelength, this process means
that photons of certain wavelengths (or colours) will be absorbed by certain gas
species. Thus, light that passes through a gas will have a lower intensity if it is
a wavelength absorbed in the process of one of these transitions. As a result, a
spectrum of light passed through a gas will display regions of relative darkness
at these transition wavelengths. Databases such as HI-TRAN have been created
detailing these transitions and the strength of the absorption[62]. For example,
in methane CH4, upon absorption of a 3.3 pm photon, the molecule undergoes a
transition in which the C-H bonds are stretched. Thus, methane absorbs light at
the wavelength of 3.3um and also at the harmonics of this absorption including
the first harmonic at 1.65 pm In the paragraphs above, it was suggested that light
was absorbed in perfectly discrete wavelengths which would lead to perfectly
discrete absorption lines in an absorption spectrum, this is not actually the case.
Three factors combine to broaden the wavelength range of absorption and so
produce a finite width to the absorption feature.

Once raised to a higher energy level by the absorption of a photon the molecule

will eventually decay down to the ground state in such a way that after a period
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T half of the excited atoms will have decayed to their lower energy, ground state,
undergoing a change in energy states of AE (E; — E; in Equation 2.1). The Heisen-
berg Uncertainty Principle, as shown in Equation 2.2, when combined with Equa-
tion 2.1 (and assuming that At=t), produces a value for the uncertainty in the

absorption frequency as shown in Equation 2.5 where h is the Planck constant.

AEAt > h (2.2)
AvhT > h (2.3)
h
AV > —
V2 (2.4)
Av > 1 (2.5)
~ 2t >

Equation 2.5 describes a process called natural broadening which provides the
minimum possible width of an absorption feature, but under most experimental
regimes, the quantum effects are negligible. Isolated molecules will experience
natural broadening of their line shapes, but in the presence of other molecules,
they will undergo collisions. These collisions shorten the half life (t) of the ex-
cited state of the molecule. By way of Equation 2.5, this decrease in the half
life of the excited state leads to an increase in the uncertainty of the absorption
frequency and so a broadening of the absorption feature. This process depends
on the number density of possible collision partners and is therefore referred
to as pressure broadening. It produces a Lorentzian line shape of the absorp-
tion feature[60]. Natural and pressure broadening of a line shape affects all the
atoms in a sample homogenously but a third cause of line broadening acts in-
homogeneously through a sample. Just as the Doppler effect means a moving

observer experiences a sound wave of fixed frequency as being at a higher or
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lower frequency than a stationary observer does, so a molecule under motion
will experience incoming photons differently depending on the molecule’s mo-
tion relative to the source of the illumination. Thus, when an atom is travelling
towards a detector at a velocity v then the observed transition frequency (vq)
will be related to the actual transition frequency in a stationary atom (v) by way

of Equation 2.6[20]

Vg =V <1 — \%) (2.6)

As a result, the observed frequencies of absorbed photons will depend on the
velocity of the molecules within the gas sample. The Maxwell-Boltzman distri-
bution of these velocities is such that the broadening of the line shape is propor-
tional to the square root of the absolute temperature of the gas, and produces
a Gaussian form of the line shape. This process is called Doppler broadening
Pressure broadening and Doppler combine within a sample in ratios depending
on the temperature and pressure of the gas. Thus the absorption line shape will
be a convolution of Lorentzian and Gaussian, forming a Voigt curve an example
of which is shown below in Figure 2.6. The physical reason for the width of the
Voigt curve being greater than that of the Lorentzian and the Gaussian is that the
Voigt describes the absorption feature when all possible broadening mechanisms
are occurring, rather than a small subset as for each of the other broadened line

shapes.
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Figure 2.6: Showing the Voigt curve formed from the convolution of the Doppler broad-
ening (Gaussian) and the pressure broadening (Lorentzian)

In the regime that the relevant to this thesis, namely atmospheric pressures
and temperatures, the gas absorption lines are most affected by pressure broad-
ening, and so the Voigt curve is mostly Lorentzian in shape, and indeed, is
modelled in this work as a Lorentzian curve. Quantitatively the measured in-
tensity of light at a particular wavelength (I,) that has passed through a gas for
a distance in metres (L) (referred to as the interaction length) is related to the
initial intensity of the light at that wavelength (I, ) by the Beer-Lambert Law([63]
(Equation 2.7).

70()\CI_

I?\ - IO)\e (27)

In Equation 2.7, C is the concentration of gas present in ppm, while « is a
specific absorption coefficient at the wavelength A in units of m™ppm™. The
difference between the incident intensity and the transmitted intensity at each
wavelength (I, — Iy, ) is the absorbance of the gas sample, which normalised

against the incident intensity I, produces

I, — 1 Al
A g _eaCl o A (2.8)
Io, Io,

At low concentrations (C) and short interaction lengths (L) the value of 1 —

e *CL can be approximated as o, CL. So under these conditions of low concen-
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trations and short interaction lengths, a linear relationship between normalised

absorption (A) and gas concentration (C) can be derived as in Equation 2.9.

Io, —Ix _

A=

o) CL (2.9)

A
The normalised absorbance is a unitless value, but is usually referred to in Ab-
sorption Units or AU. Values of the absorption coefficient for various gases at
various wavelengths of light («(,)) have been experimentally measured and are
available from databases such as HI-TRANJ[62]. Thus, measuring the incident,
and transmitted intensity of light of a known frequency through a known inter-
action length of gas allows the calculation of the concentration of that gas, while
knowing the wavelength being absorbed allows, with a high degree of specificity,

knowledge of the gas species being measured.

2.4.2 Tunable Diode Laser Spectroscopy

Initially developed in the 1970s [64, 65], tunable diode laser spectroscopy (TDLS)
utilises the absorption of light by chemical species as described in section Sec-
tion 2.4.1. By adjusting the injection current of a diode laser, the emitted wave-
length can be controlled. Thus, ramping the injection current allows the laser
wavelength to scan across one or a small number of gas absorption features that
were described in Section 2.4.1[66]. When the light is passed through a sample
of gas, and the resultant transmission will show a rising function (due to the
fact that increasing the injection current also increases the output intensity of
the laser) and a dip caused by the absorbance of light as the laser wavelength
passes through the gas absorption feature. See Figure 2.7 for an illustration.
Using the intensity of the incident and transmitted light in Equation 2.8 or
Equation 2.9, a value for the concentration of the gas under test can be obtained.

In order to establish a value for the incident intensity over the whole wavelength
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scan, the values during when the output wavelength is outside an absorbance

feature can be extrapolated as in Figure 2.7.
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Figure 2.7: A simulated measurement of the intensity of light measured after passing
through a sample of methane (I). An absorption feature is shown at 1653.7nm.
Also shown is an extrapolated value of the intensity in the absence of the

absorption feature (I,)

The extrapolated value for I, and the measured value I can then be used to cal-
culate a normalised absorption at each wavelength along the ramp modulation.
This normalised absorption is unitless but is usually expressed in Absorbance

Units (AU) can be plotted against the laser wavelength as shown Figure 2.8.

Absorption (AU)
e 2 29
[CHENNICRNS
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1653.60 1653.65 1653.70 1653.75 1653.80

Laser wavelength (nm)

Figure 2.8: A plot of the normalised, Lorentzian, absorption ((I,-I)/I,) using the simu-
lated data presented in Figure 2.7

The plot in Figure 2.8 is analogous to the plot in Figure 2.6 and consequently

will show the effect of the various broadening processes discussed in Section 2.4.1.
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Under most conditions experienced (standard temperatures and pressures) in
the regimes relevant to this project, the curve can be fitted to a Lorentzian line-
shape using algorithms such as the Levenberg Marquardt algorithm[67]. When
this is done, various properties of the curve can be extracted such as the wave-
length of the peak of absorption, the peak height of the absorption curve (h),
the line width of the curve defined as the full-width half-maximum (FWHM)
and the integrated area under the curve. It is the final value, the area under the
curve that is strictly proportional to the number density of gas molecules in the
sample, and this can be calculated from the FWHM and the height of the curve.

Modern diode lasers have narrow linewidths (2Mhz for the laser used for the
work described in this thesis[68]) compared to the width of gas features (In the
order of several GHz)[69, 21] and so, as their wavelength is scanned, they can
produce a high resolution measure of absorption as a function of wavelength. In
association with known absorption coefficients of gases at specific wavelengths,
this allows high specificity of gas identification[19]. The ability to scan the out-
put wavelength of a laser across multiple absorption features also allows the
measurements of more than one gas species at a time. The limit of detection of
a TDLS system is determined by the uncertainties in the values of I, and I in
Equation 2.9 which combine to produce a minimum height of A in the same

equation that can be detected.

2.4.2.1  Optical Fringes

A major issue in the performance of TDLS is the existence of optical interference
fringes on the signal[70]. These are caused by the interference of light reflected
from various partially reflective surfaces in the path of the laser beam. These sur-
faces set up etalons and the interference is manifested as wavelength-dependent
variation in the intensity of light passing through the system as shown below in

Figure 2.9. These fringes sit upon the signal, and thus limit the ability of the sys-
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tem to differentiate between them and the absorption caused by the gas under

test[71].

T T T 0.05

0 1 2 3
Time (s)

09 09 100 105 110

Figure 2.9: An example of a TDLS signal with optical fringing. The zoomed in section
shows the sinusoidal nature of the fringing, making it distinguishable from
random noise.

The problem is particularly apparent when the etalons cause fringes with a
free spectral range (FSR) similar to the width of the gas absorption line being
detected. The partially reflective surfaces that give rise to the system can take
a number of forms, such as the windows of the gas cells[70] or even dust[72].
Techniques such as adjusting the angles of any reflecting surfaces and the use of
anti-reflective coatings[73], can be used to reduce the amplitude of the fringes,
but they cannot be completely removed and, due to the presence of temperature
fluctuations and vibrations altering their position, they cannot be simply sub-
tracted away from the signal. Apart from physically removing the reflections or
directing them such that interference cannot occur, the signal can be dithered
(that is to say a sinusoidal modulation can be added) at a high frequency and
the signal integrated[74]. In post-processing, the signal can be filtered[73, 75], or
be processed using Fourier analysis and arithmetic removal of the interference

fringes|[76].
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2.4.2.2  Wavelength Modulation Spectroscopy

While TDLS uses only a simple ramped modulation of the laser current (and thus

wavelength), a related technique, Wavelength Modulation Spectroscopy (WMS)

adds a rapidly changing sinusoidal modulation to the ramp[77]. This sinusoidal

modulation is a much higher frequency (often of the order of kHz to low MHz)

than the ramp modulation, and a lower frequency than the gas line (often of the

order of 4GHz)[78]. The ratio between the amplitude of this sinusoidal modu-

lation and the width of the gas line is referred to as the modulation index. A

typical arrangement for WMS is shown below in Figure 2.10
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Figure 2.10: A typical layout for wavelength modulation spectroscopy. Taken from[19]

This additional modulation allows the extraction, using a lock-in amplifier, of

the derivatives of the absorption feature in the form of the harmonics of the

output voltage of the light detector. Figure 2.11 shows these harmonics as the

laser’s central output wavelength is ramped across a gas feature
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Figure 2.11: The measured values of the different harmonics produced y WMS

Using the second harmonic measurement for gas detection reduces the effect
of laser power on the baseline of the measurement (although such an effect does
still exist), while the first and third harmonics can be used for signal process-
ing techniques[79]. Measurement of a modulated signal at the 2nd harmonic (2f)
moves the signal to higher frequencies, at which laser noise, as well as back-
ground environmental fluctuations are smaller[19]. This means that WMS can
typically be an order of magnitude more sensitive than direct absorption spec-
troscopy[80][81] with methane detection being achieved at o.4ppb[82] using a
variant of WMS.

2.4.3 Photoacoustic Spectroscopy

First investigated by Alexander Graham Bell in 1880[83], this methodology de-
pends on the fact that when light interacts with gas, as described in Section 2.4.1,
there is mechanical work being done on the molecules, causing a change in the
temperature of the gas, with the vibrational energy being translated to the ki-

netic energy of the gas molecule. Therefore, if the light is periodically interrupted
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(chopped) then the temperature of the gas will periodically change causing pres-
sure fluctuations[84]. These fluctuations can then be detected by a microphone.
Given a known incident light frequency and the absorption coefficient of the gas
under test, the gas concentration can be determined[85] by measurement of the
intensity of the output acoustic waves. Devices built on these principles have the
following advantages: They are relatively immune to noise in the transmitted
light intensity since their signal is proportional to the absorbed light[86]. They
have a large dynamic range and have achieved limits of detection for methane of
1.7ppm[87]. However, they are sensitive to environmental vibrational noise[88]
as well as the presence of water vapour, which leads to a reduced signal for a

given concentration of gas[89].

2.4.4 Non Dispersive Infra Red Detection

Like TDLS, as described in Section 2.4.2, non dispersive infra red (NDIR) sys-
tems work on the principle that gases are selectively transparent at different
wavelengths of light[go]. Rather than use a narrow band laser light source that is
scanned across a range of output wavelengths which includes a gas absorption
feature, NDIR uses a broadband source to illuminate a gas sample. The light
then passes through a pair of filters, one of which allows the passage of light in
a wavelength region absorbed by the gas under test and one which allows the
passage of light in a wavelength region that is not absorbed by the gas. Using
a pair of light sensors, a comparison can be then made between the intensity of
light that illuminates the sample and the intensity of light that is absorbed by
the gas and so a value for the gas concentration can be obtained. A diagram of

a typical NDIR sensor is shown in Figure 2.12
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Figure 2.12: A schematic diagram of an NDIR gas concentration sensor taken from[19]

Due to the simplicity of their design, NDIR sensors are compact, lightweight
and cheap in comparison to TDLS systems, with an industry standard model be-
ing entirely contained with a cylinder of 2oomm diameter and 16mm height[19].
However, they suffer in comparison to TDLS systems as the use of relatively
broadband light sources and filters means they lack gas specificity. Light sources
and sensors in their construction are also prone to drift, meaning they need to
be periodically recalibrated[go]. In addition, as there are two combinations of
sensors and filters, anything that blocks the transmittance of light through one
of them, such as environmental dust, will lead to an incorrect ratio of light inten-
sity measured by the sensors and so an incorrect gas concentration reading. This
is in contrast to a TDLS system which uses a single sensor and is self referencing
over a number of measurements. The limit of detection for an NDIR system is
governed by the minimal measurable difference in light intensity between the
two channels, and systems have been developed with sensitivities to methane
concentrations in the ppm range[91, 92] while a readily available model is avail-
able that has a limit of detection of 500ppm][93], well within the required sensing
region of a methane safety regime as discussed in Section 2.1, and a suitable ex-

ample against which the system described in this thesis can be compared.
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2.4.5 Dispersion Spectroscopy

As well as attenuating the intensity of light passing through, interactions be-
tween light and a gas have an effect on the phase of the transmitted light. This
is due to the fact that the refractive index of a gas is dependent on the wave-
length of light passing through the gas[94]. The refractive index is related to the
absorption coefficient as used in the Beer-Lambert Law by way of the Kramers
Kronig relations[g5]. In Chirped Laser Dispersion Spectroscopy (CLaDS), as in
TDLS, a laser is modulated so its output wavelength sweeps (chirps) across a
gas absorption feature using an acousto-optic modulator[96]. The laser output
is then split into two beams, one of which is wavelength shifted. The beams are
then recombined and passed through a sample of gas and due to the fact that
they are spectrally shifted from one another, effectively experiencing different
refractive indices of the gas, causing a phase difference between them.

The signal created at the detector by combined beams is then frequency de-
modulated to produce a signal the amplitude of which is proportional to the
ramp (chirp) frequency and the concentration of gas present. As it is based on
the phase of the light rather than the intensity, a CLaDS system produces signals
that are immune to signal intensity fluctuations. And the dispersion effect of a
gas sample is linear with respect to concentration which is an advantage in long
interaction lengths, unlike the absorption effect which is described by the non
linear Beer-Lambert law [97]. CLaDS systems have been shown to have the capa-
bility to measure methane at the sub 2ppm level and have been commercialised

for use in methane leak detection[98]

2.4.6  Summary of Optical Gas Sensing

As with the non optical methods, a summary table of some important character-

istics of the optical methods is shown in Table 2.2
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2.5 CONCLUSION

In general, the optical techniques discussed here have better gas specificity
than the non optical methods and have fast operation. However, this comes at a
monetary cost, they are more expensive to implement than the most commonly
used method of pellistor sensors. This cost will only expand if multiple sensors

are needed.

2.5 CONCLUSION

This thesis will discuss the use of a system that, like TDLS, measures the intensity
of light that passes through a gas sample, and uses that intensity as a measure
of the absorption. This means it will have the advantages of TDLS, namely fast
operation, sensitivity and gas specificity. However, as it will be a multiplexed

system, using a single laser and detector to measure gas concentrations at a

number of locations simultaneously, the cost per sensing region can be reduced.

This concept of multiplexing sensors and measuring at multiple locations will

be the focus of the next chapter.
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MULTIPOINT OPTICAL GAS SENSING AND
MEASUREMENT

3.1 INTRODUCTION

In the previous chapter, some technologies were discussed that allow the mea-
surement of the presence and calculation of gas concentrations. Each of these
technologies was discussed in the context of the measurement of gas at a single
location, but in many situations, gas concentrations will need to be measured
in multiple locations simultaneously. For example, on offshore platforms, it has
been shown that a plume of hydrocarbon gases greater in size than sm will
produce pressures and flame speeds that are a danger to both equipment and
operators on the platform [100]. As a consequence, good working practice is to
place sensors no more than 5m apart on such a platform[14] enabling plumes to
be detected before they reach this size[101]. Similarly, mines require the ability
to detect poisonous or explosive gases in a number of locations at once[102]. The
simplest solution to the need for multipoint gas detection is the deployment of
a number of independent sensors, each of which is monitored individually. An
example of a similar (although non gas sensing) system would be the individual
smoke alarms that must be placed on each storey of rented accommodation[103].
However, the deployment of multiple gas sensors leads to an increase in cost in
both equipment, and maintenance and calibration. If each gas sensor is a com-
plex system in and of itself, this can lead to high degrees of complexity in the

system overall, with multiple points of failure.
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In this section, a selection of other methods that have been used to address
the need for multiple regions of gas sensing are described to give an idea of
the technological landscape into which Range Resolved Interferometry can be
applied. In addition, the ways in which sensors are connected are introduced and
some advantages and drawbacks of these are discussed to lay the foundations for

work on the most suitable connection topology for a field-deployed RRI system

3.2 SPATIAL DIVISION OF MULTIPLEXING

One of the earliest means by which multiple optical gas sensors were connected
using optical fibre was described by Stewart et al. [22]. In this work, the authors
illuminated a number of micro-optic cells using light from a single laser that
was divided using fibre splitters. Each of the sensing regions was illuminated by
at most 1/n of the total light produced by the laser, where n is the number of

sensing regions.

Modulated Fibre splitter Sensing regions
laser

Single mode
[:] optical fibre
Photodetectors [::]

[]

Figure 3.1: Spatial Multiplexing (After Stewart et al.[22]) All the sensing regions are illu-
minated by the light from a single source that has been split.

The light passing through each of the sensing regions is then detected by the
photodiode associated with the sensing region. Depending on the modulation
applied to the laser this can be used to perform either Tunable Diode Laser Spec-
troscopy[104] or Wavelength Modulation Spectroscopy[22, 105]as described in
Chapter 2. As well as being used in fibre coupled systems, similar topologies

of sensors have been used in free space applications, such as the monitoring of
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the flames associated with combustion engines[106, 107]. While systems such as
these do allow for the monitoring of multiple locations using a single laser, they
still require a photodetector and signal acquisition systems for each of the sens-
ing regions, which increases the complexity of the system and the number of
possible points of failure. Each photodetector also adds to the cost of the system
as a whole; Culshaw et al. suggested that multiplexed systems of over 60 sensing
regions would be needed to make such a system cost effective against other, non
optical, gas sensing techniques such as those described in Section 2.3[108]. How-
ever, changes in laser and photodetector prices since then will have lowered the
number of sensing regions at which such systems are economical. It is also possi-
ble to apply spatial division multiplexing within a single, continuous light path
by placing the sensing regions in series using photoacoustic sensing techniques,
wherein each sensing is illuminated by the same pump laser and the photoacous-
tic effect in each region is separately measured[109, 110, 111]. In photoacoustic
sensing, the signal used to measure the gas concentration is directly proportional
to the intensity of the light illuminating the sensing region. In a system arranged
in series, the intensity of light illuminating any sensing region will be affected
by the light losses in the system prior to that sensing region. In particular, this
will be a factor of the losses caused by coupling into and out of the sensing re-
gions and by the absorption of light by gas in previous sensing regions. Wang
et al. modelled the incident power on the final sensing region in systems with
increasing numbers of sensing regions, and showed the drop in signal strength
in each of three serially connected sensing regions[109]. A similar analysis is
necessary for evaluating the design of a gas sensing system using the techniques
outlined in this thesis and can be found in Chapter 6. In addition, serially con-
nected systems suffer from the issue that the signal from downstream sensors is
imprinted on the upstream signal, increasing measurement uncertainties as a re-
sult. The major limitation with regard to signal-to-noise and thus concentration

in spatially divided TDLS systems are those found in any TDLS system, namely
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the existence of interference fringes and sensitivities of a "few ppm" have been

reported[22].

3.3 TIME DIVISION MULTIPLEXING

In a time division multiplexed system, the location of the measurement is calcu-
lated from the time at which the measurement is recorded. An example of such
a system, using a forward-coupled ladder topology of sensing regions (labelled

Sn), is shown below in Figure 3.2[112].

Modulated Output
laser signal Additional lengths to

ﬂ add delay
Sensing Output
regions S1 I:l s2 I:I s3 I:l signal

s3 s2 si
ﬂ ﬂ ﬂ Photodetector

Figure 3.2: Time division multiplexing showing the illunination of multiple sensing re-
gions from a single source and the use of delay fibres.

The laser is modulated to form a pulse and additional optical fibre lengths
introduce a time delay between the signals. Fibre lengths of 60 m provide delay
times of 300 ns per sensor, which means that pulses arrive at the photodiode 300
ns apart in the order determined by the length of delay fibre each pulse expe-
rienced. Timed switching separates the pulses after detection at the photodiode
allowing them to be individually interrogated. Each pulse contains a WMS mod-
ulated ramp, meaning that it can be used to measure the gas concentration in the
sensing region through which it passed. A system with three sensing regions was
shown to have the capability to measure 81ppm concentrations of acetylene[113]
and with cross talk sensitivities determined by the extinction ratio of the mod-

ulation technology used. Computer simulations of similarly linked systems of
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sensors suggest that methane could be detected at 100ppm levels in 100 sensing

regions[114].

3.3.1 Photothermal Optical Time Domain Reflectometry

Pump

Probe| ||
Laser

fo+f1  fo+f2

JLJL

AOM

Single mode
Fibre

R4 R3 @ R2 R1 J

Sensing region

Figure 3.3: Photothermal optical time domain reflectometry, showing the reflection of
differentially frequency shifted light from reflectors (R,) and their detection
at a photodiode (PD) (adapted from Jin et al.[114])

Figure 3.3 shows the experimental layout for a system of multipoint gas detec-
tion based on the fact that when a gas absorbs light, it is heated and its refractive
index changes[115]. This heating is performed by a modulated pump laser with
operating power of the order of 100mW. The probe consists of two pulses of light
formed from a single pulsed laser source. Each pulse is frequency shifted by a
different amount by acousto-optic modulators (AOM) to produce frequencies of
f, +f; and f, +f, and a time delay () is established between them by way of fibre
delay loops. These pulses are reflected back at specific points along the sensing
path to the photo detector (R,) where they are detected at times determined by
the distance they have travelled and the time delay they experienced in fibre
loops. Careful selection of the time delay length and the length of the distance

between the reflectance points means that the pulse with frequency fy + f; re-
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flected back from reflection point R, will arrive at the photodiode at the same
time as the pulse fy + f; that has been reflected back from R, and interfere to
produce a beat signal, the phase of which is determined by the phase difference
between the two pulses. Similarly, at another instant of time, these pulses, re-
flected back from R; and R,, will arrive at the photodetector and interfere. The
time that these signals arrive at the photodetector is determined by the distance
they have travelled and it is this that allows the identification of each sensing
unit. The phase difference between the two pulses, and so the phase of the beat
signal, is determined by the distance they have travelled relative to one another
and the refractive index of the medium they have travelled through. The sensing
region is made up of structured optical fibre where light is guided in airspaces
within the fibre rather than in a glass core, meaning that the light is able to in-
teract with the gas within the fibre[116, 117]. An example of a structured optical
tibre is shown in Figure 3.4. The change of the gas refractive index by the pump
laser means that the phase of the beat frequency from each sensing region in this

manner is proportional to the gas concentration.
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Figure 3.4: Structured optical fibre. In this example, the light is guided down the central
air filled core, which can also act as a gas cell (from van Brakel et al.[118].)

As well as reflections from the reflective surfaces, optical fibres backscatter
light along their whole length, and this backscattered light can be measured in a
similar way to that reflected light. These techniques have been used to measure
concentrations of acetylene as low as 10ppb, with spatial resolutions, determined
y the pulse width and the temporal spacing between the two pulses, of around

3om[115].

3.3.2 LIDAR

Named for its resemblance to RADAR, Light Detection And Ranging (abbrevi-
ated to LIDAR)[119] is a somewhat loosely defined, free-space form of sensing
that wherein a target if illuminated by a laser, generating a signal in response.
This signal can be cause by a number of process such as Rayleigh scattering[120,

121] or Raman scattering[122]. A schematic of a generalised LIDAR system is
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shown below in Figure 3.5 that shows a laser sending a beam to a surface (S)
that is then reflected back as a response beam to optical systems that measure

the intensity of the response signal as a function of time.

Optical
Systems

Figure 3.5: Principles of LIDAR (after [119, p340] showing a laser being reflected from a
surface S at a distance R from the source

The power of the signal at the detector over time will be determined by vari-
ous factors such as the response of the illuminated object to the laser(including
its reflectance), the distance between the object and the light source as well as
information about how light propagates in the medium between the light source
and the object under test.

If the laser beam is pulsed then the power of the response beam as a function
of time would contain information about the time taken for the pulse to travel
from the laser to the target and back. This, combined with the speed of light
enables the distance to target to be calculated. This is the basis of the use of
LIDAR as a range detection system, such as in autonomous driver controls[123,
124, 125]. As well as detecting solid objects, the back-scattering of light by the
atmosphere can be used to measure wind speeds[126, 127]. These wind mea-
surement systems do not interrogate the returned light directly but measure its
interferometric interactions with another local source of light. It was with the

aim of using this interferometric method of measuring wind speeds that the
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technique used in this thesis, Range Resolved Interferometry was first theorised
before it was used for fibre based shape sensing[128, p2]. Since the return signal
contains information about any absorbance of the beam by the atmosphere it
passes through LIDAR can be used as a gas sensing technology. By using two
laser pulses of different wavelengths, one corresponding to an absorption feature
of the gas under test, and one away from this absorption feature. By measuring
the difference in the returned power (P4.t) at each wavelength, the concentration
of gases in the atmosphere can be calculated using the Beer-Lambert Law (see
Section 2.4[129]. This, in addition to a pulse modulation encoded in the signal,
allows a distributed measurement of the concentration of gas along the path of
the laser beam. This process is known as differential absorption LIDAR (DIAL)
and has been used to measure the concentrations of methane of approximately
1ppm with spatial resolutions of 10om[130] over ranges of 8oom, while other
experiments over shorter ranges have shown similar concentration detection ca-

pabilities with spatial resolution of the order of 1om[131].

3.4 FREQUENCY DOMAIN MULTIPLEXING

LIDAR is a free-space measurement system that operates by measuring the light
reflected back towards the device and interrogating its power. Similar principles
to those used in LIDAR, in particular the interferometric forms, can also be used
in fibre linked systems for the measurement of locations of items of interest and
to provide information about the medium through which the light is passed.
One such methodology is Optical Frequency Domain Reflectometry (OFDR)[132,
133], of which Frequency Modulated Continuous Wave (FMCW) interferometry

is a specific example, shown in Figure 3.6.
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Figure 3.6: The experimental layout of a gas sensing system using FMCW. After Lou
2020[23] a) Schematic setup of system showing swept laser illuminating mul-
tiple sources and reflected light detected by balanced detector b) Wavelength
of light returning via each path is time dependent c) Fourier transormation
of the signal at the balanced detector allows measurement of gas absorption
in each sensing region(From Lou et al.[23])

Based on the principle that interference between light beams of different fre-
quencies will produce beat notes, the frequency of which is determined by the
difference in frequencies between the beams, FMCW has been used to measure
temperature[134], strain[135] and indirectly the presence of gases [136]. To di-
rectly measure the absorption of gases, the experiment shown in Figure 3.6 is
used. A swept laser is split into two paths(Figure 3.6(a)), a sensing path (via the
polarisation control) and a branched sensing path (S1-3). Light from the sensing
path is reflected back and combines with the light passing down the reference
path. Due to the differences in path lengths, the light from each path will be
of a different frequency (v) upon arrival at the detector (Figure 3.6(b), causing
beat production with a frequency determined by the difference in frequencies.

The frequencies of these beat notes, and thus the path differences of the beams,
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can be seen via a Fourier transform (Figure 3.6(c i)) of the interferometric signal.
Taking the inverse Fourier transform of specific spatial parts of this provides the
spectral response caused by the absorption of the light by the gas in the sensing
region. This can then be analysed to provide a measure of the gas concentration
at each of the sensing regions(Figure 3.6¢ ii)[23]. This methodology has been
used to make measurements of acetylene with concentrations as low as 55ppm
at a distance of 52m, and a spatial resolution of 3ocm.[23]. A system that simi-
larly relies on different frequencies combining, but using a frequency shifter is
described by Ye et al. [137] and was able to measure acetylene at 230ppm. This
technique uses the difference in phases of beams reflected from different points
in the length of a single fibre to determine the relative positions of those reflec-
tion points.

Range Resolved Interferometry, the technique described in this thesis is itself
an FMCW technique using a sinusoidally rather than ramp modulated laser.
Like other FMCW it allows the measurement at a number of points but with the
advantage of using a simple and cost effective DFB laser as opposed to the more

complex lasers used in other FMCW techniques.

3.5 TOPOLOGIES

As well as using different sensing techniques, it can be noted that the fibre linked
systems described above have their sensing regions connected in different ar-
rangements. While a larger number of such topologies exist[138, 139], 4 are dis-

cussed as potential topologies for the shown in Figure 3.7.
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Figure 3.7: Four possible topological arrangements of sensing regions. From top to bot-
tom: Ladder, Mach-Zehnder, Serial and Serial-Bus

In the ladder topology, light passes through in one direction through the sens-
ing regions, with each sensing region branching off from a common path, before
being recombined in a similar path. In such a system, the amount of light pass-
ing through each sensing region will depend on its place in the ladder and the
coupling ratio used to direct light into it. If constant coupling ratios are used for
all branches of the ladder, then each rung of the ladder will be illuminated by
a lower intensity of light than the previous one. Alternatively different coupling
ratios for the different rungs of the ladder to ensure an equal light intensity
within each sensing region. In the Mach-Zehnder configuration, the light is split
into a number of paths before passing through the sensing regions after which
is recombined to form an interferometric signal that can be interpreted. In this
arrangement, the intensity of light passing through the sensing regions is de-
termined solely by the coupling ratio used. A serial topology uses a number of
senor regions joined together sequentially with partial reflectors between them.

Light passes through the sensing region and at each partial reflector a portion is
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sent back towards a detector. In this case, the intensity of light that reaches each
sensor region is a function of both the amount of light that is absorbed in the
sensing regions before it in the system and the reflectivity of the partial reflec-
tors used. A serial bus topology is similar to the ladder topology in that light is
coupled off from a common path into each sensing region, but unlike the ladder
topology, it is reflected back toward the common path and then to a detector.
As with the ladder topology, the intensity of light in each sensing region is de-
termined by a combination of its position within the system and combinations
of coupling ratios used. It has been shown that absorption based systems in the
ladder topology suffer less from problems wherein light backscattered within
the fibres interferes with unscattered light which carries the signal associated
with the gas concentration [140]. However, these systems are more complex in
terms of fibre layout than the serial and serial bus topologies[128] and so may

not be the most suitable for real world deployment.

36 POLARISATION EFFECTS

Fibre interferometric sensors are susceptible to polarisation induced signal fad-

ing. This occurs when the polarisation states of the combined light approach or-

thogonality, causing the visibility of the interferometric fringes to be reduced[141].

This change in relative polarisation states of the beams is caused by the differen-
tial changes in the birefringent properties of the fibre constituting the two paths
that the light can take, and is effected by variations in the temperature and posi-
tion of the fibre[142], with bending in the fibre being one specific cause[141]. In
order to mitigate this effect, there are effectively two approaches, to prevent the
change from occurring or to apply techniques to mitigate after the fact. Polarisa-
tion state changes within the fibre can be lessened with the use of polarisation
maintaining fibres or countered using polarisation controls[141]. Similarly, in re-

flection mode interferometers, Faraday reflectors can be used to add stability to
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polarisation states upon recombination[143] by ensuring that any polarisation
changes in each fibre path are reversed on the return journey. In order to miti-
gate the effect of the polarisation differences, a system of polarisation diversity
sensing can be used which polarise the received light in three or more inde-
pendent polarisers and measuring the resultant optical signals, it can be made

certain that there will never be complete fading of the fringe visibility[144, 145].

3.7 SUMMARY

The potential for reduced cost per sensing unit, as well as lower levels of com-
plexity in comparison to systems of multiple sensors, make the development of
multipoint sensors a highly desirable goal. A number of techniques have been
developed to meet this goal. While multiplexed photothermal has been shown
to offer the ability to detect methane at suitable levels for the work use cases
envisioned within this thesis, it does so using lasers with relatively high pow-
ers which carries the risk of ignition of the gas if greater measurement distances
were used. It also requires the careful placement of the reflective surfaces. FMCW
also has potential for use in this operating regime, but the requirement for more
complex lasers makes it more expensive than the diode laser based Range Re-

solved Interferometry methodology that will be introduced in the next chapter.



RANGE RESOLVED INTERFEROMETRY

4.1 INTRODUCTION

Range Resolved Interferometry (RRI) is a form of frequency modulated contin-
uous wave interferometry that allows the measurement of the characteristics of
individual signals from within the signal produced by a system of multiplexed
interferometers. Unlike the Frequency Modulated Continuous Wave (FMCW)
systems described in Section 3.4 which use linearly ramped wavelength modu-
lation, RRI uses a sinusoidal modulation to produce the interferences which are
then interrogated. The work published thus far using RRI has been based on
the extraction of phase information from the interferometers and using changes
in phase as a measure for changes in optical path differences in the constituent
interferometers. This has allowed the technique to be used in both free space con-
tfigurations and in fibre optics for the measurement of vibrations of surfaces[146],
structural dynamics in helicopter rotor blades[147], the position of a translational
stage[148] and work piece position sensing in robotic manufacturing[149]. The
experimental work described in this thesis is the first use of the RRI technology
to extract spectral information from sensing regions using intensity measure-
ments extracted using RRI, and is thus comparable to the spectral analysis work
used in Lou et al.[23], but while Lou et al. used an external cavity laser, the RRI
approach uses a more cost effective distributed feedback (DFB) laser, reducing
the cost of the system significantly. A complete description of the process of
Range Resolved Interferometry can be found in the work of T Kissinger[128, 24].

This chapter, which is based on those works, will provide a level of description
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of the process necessary to understand the steps taken to extract the intensity of

light passing through each gas sensing region.

4.2 INTERFEROMETRY

Assuming a linear wavelength response to current modulation, A DFB laser, as
used in the work in this thesis, when subject to a sinusoidal injection current with
an ,modulation frequency f,, will produce an output whose optical wavelength
Aw) will be given by Equation 4.1 where AA is the amplitude of the wavelength
modulation and is determined by the amplitude of the modulating current, and

Ap is the centre wavelength.

A(t) = Ag + AAsin (27tf i t) (4.1)

In a two armed interferometer such as that shown in Figure 4.1 (assuming
coherence and polarisation matching between the arms), this would produce a
signal at the photodetector given by Equation 4.2 where in P; and P; are the light
power passing through each arm of the interferometer, R is the responsivity of
the detector, and A® is the phase difference of the beams passing through the

arms|[24].

U(t) = R[(P; + P2) +24/P1Py cos(AD)] (4.2)

Laser
source Path 1 Photodetector

\ (O Path2 f

Figure 4.1: A simple, two armed interferometer

This can also be expressed in the form of Equation 4.3 in which In this equa-

tion, R is the responsivity of the detector, Pq.q is the average power in the detec-
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tor, V is the visibility of the fringes, T is the time of flight delay for beams of light
passing through the two arms of each interferometer and ¢(t) is the interfero-
metric phase of the signal. A is the amplitude of a phase carrier function which

is described below.

Ut = RPqyg + Van cos(A sin (wm(t—T)) + ¢(t)) (4-3)

A more complex interferometer, such as one with three arms as in Figure 4.2
will similarly produce a signal at the photodiode that is a superposition of the
multiple interferometers within the system.

Laser
source Path 1 Photodetector

(0) Path?2

() Path3 /

Figure 4.2: An interferometer formed of three arms

In a three armed interferometer, there are three constituent interferometers,
created by the pairs of optical path lengths within the system. In this case, the
pairs are formed by Path 1 & Path 2, Path 1 & Path 3 and Path 2 & Path 3. The

resulting interferogram produced by a system of N interferometers is given by

Equation 4.4[24].
N
U(t) = RPayg + Y RPnVy cos(An sin(wm(t —0.5Th)) + dn(t)) (4.4)
n=1

In this equation, which is an extension of Equation 4.3 R is the responsivity of
the detector, Pq,4 is the average power in the detector, V,, is the visibility of the
fringes caused by each individual (nth) interferometer, T, is the time of flight
delay for beams of light passing through the two arms of each interferometer
and ¢(t) is the interferometric phase of the signal from the nth interferometer.
A, is the interferometric phase carrier amplitude for each interferometer caused

by the modulation of the laser shown in Equation 4.1. Assuming small values of
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Tn, An Will be proportional to the OPD of the interferometer and the amplitude
of frequency modulation and is given by Equation 4.5 in which Afy, is the
amplitude of the frequency modulation of the light, while 1y is the OPD of the
interferometer in question and cy is the speed of light in a vacuum[24].

A, = ——optlk .
n % (4.5)

It is this proportionality between A, and the OPD and the modulation am-
plitude that makes the separation of signals based on range information by RRI
possible, as will be discussed below. The interferometric signal produced at the
detector (U) in an interferometric system such as that in Figure 4.1 is shown
below in Figure 4.3. In this instance, the values of A,, are set to be 25, 50, and 75

rad for each of the constituent interferometers.
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Figure 4.3: Top: The sinusoidal modulation of the laser with arbitrary units of angular
frequency. The amplitude of this modulation (AA) is given by the maximum
height above the central value (o).
Middle: The interferograms that would be be recorded for each of the three
constituent interferometers in Figure 4.1
Bottom: The resultant signal at the photodiode (U(t)) when the modulated
laser is coupled through the interferometer

As can be seen in Equation 4.4, the photodiode signal (U)is a summation of

the interference patterns produced by all the possible pairs of arms in the in-
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terferometric system, and the role of RRI is to extract information pertaining to
each individual interferometer, and the proportionality of A, to the OPD and
the amplitude modulation is the key to this process. The interferograms shown
here represent the signal after some correction. The pure interferometric signal
that would be measured at the photodiode contains the residual amplitude mod-
ulation that is present as a result of the laser modulation being current driven.
However, this is normalised by the RRI systems used in this thesis and it is this

normalised interferogram that is shown in Figure 4.3.

4.3 RRI SIGNAL DEMODULATION

In order to extract the information associated with each individual interferom-
eter from the superposition of them all, the photodiode signal is demodulated
by way of complex carriers (C(t)) with properties derived from the expected
properties of each of the constituent interferometers in the system. An interfer-
ometric signal, in complex form, that would be produced by an interferometer

with known values of Ay, wm, tsp and 14 is given by Equation 4.6.

C(t) _ eiAd sin(wm (t—tsp—0.514)) (4.6)

An example of the real and imaginary parts of the complex carrier that would
be produced by the constituent interferometer of Figure 4.1 with the phase car-

rier amplitude of 25rad is seen below in Equation 4.6.
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Figure 4.4: The real (red) and imaginary (blue) parts of the complex carrier signal (C(t))
associated with an interferometer with interferometric phase carrier ampli-
tude A4 of 25 rad

In order to extract information about the portion of the interferometer sig-
nal (U(t)) that corresponds to a constituent interferometer with a given OPD,
and thus a given interferometric phase carrier amplitude (A;), the photodiode
signal taken over the period of one sinusoidal modulation is multiplied by the
complex carrier with that same phase carrier amplitude. In order to suppress
the baseband contributions from other constituent interferometers than the one
of interest, a Gaussian window function (W/(t)) is also multiplied by these two
functions. This results in a time varying, complex, product (D(t)). This demodu-
lated signal is given by Equation 4.7. The value of D(t) over a single modulation
period is then lowpass filtered to produce a single, complex value for Q(t) for

each modulation period. This process is illustrated in Figure 4.5

D(t) = U(t)C(t)W(t) (4.7)
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Figure 4.5: The RRI demodulation process.
Top: The photodiode signal (U;) taken over the period of a single sinusoidal
modulation period in the interferometer in Figure 4.1.
Middle: The complex carrier(C(t)) associated with an interferometric phase
carrier amplitude of interest along with the window function (W(t)) applied
to suppress cross talk from other signals.
Bottom: The quadrature signal (D(t)) produced from the product
D(t)=U(t)C(t)W(t), along with a real and imaginary value of the quadrature
signal values(Q(t)) found by applying a low pass filter to the real and imagi-
nary parts of D(t)
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The interferometric signal produced by the nth, two armed interferometer in
a system of interferometers such as that in Figure 4.1 shown in can be given in a
simplified form as in Equation 4.8, where Z is the amplitude of the signal, and

A® contains its phase information.

un(t) x ZcosAD (48)
i
IM{D(t)} |+ :
v
R
E
[a)
&

Figure 4.6: Argand Diagram showing the extraction of signal amplitude (Z) from the
real (Re) and imaginary (Im)parts of the RRI signal

The value of Z can be extracted from the filtered quadrature signal (Q¢) by
calculating the magnitude of the complex number Q: as indicated by Z, the
length of the line shown in Figure 4.6. This calculated value for Z is referred to
in this thesis as the RRI amplitude. The phase information can also be extracted
by taking the phase of Q¢, and this value is used in most RRI applications to
date, but the work in this thesis only requires knowledge of the amplitude. For
a given interferometric signal (LL(t)), the use of different values of A4, and thus
different values of C(t) will allow the measurement of the RRI amplitude as a

function of A4 creating a map of the interferometer system.

4.4 RANGE RESOLUTION

With a given interferogram, the value of the RRI amplitude (Z) is a function of

two factors, the intensity of light passing through the arms of the interferometer
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and the similarity of the interferometric phase carrier amplitude of the demod-
ulating complex carrier (A4) and the interferometric phase carrier amplitude of
specific interferometers in the system (Ay). Figure 4.7 shows the effect of demod-
ulating with a value of A4 equal to that of a value of A, and with a value of A4

different from A,,.

Im{D(t)} === Re{Q(t)}(Filtered)
Re{D(t)} Im{Q(t)}(Filtered)
— 5 ]
)
e B ———————————
B YL
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Figure 4.7: The effect of the chosen A4 value on the RRI Amplitude. With the same
interferogram as in Figure 4.5, the top figure shows C(t) when A4 is chosen
to be equal to a value of A, (Ag = A = 25rad), while the bottom shows
the effect when they have different values, A4 = 10rad

By demodulating the interferogram (U(t)) with a series of complex demod-
ulation carriers (C(t)) with different values of phase carrier amplitude (A4), a
plot can be made showing the RRI amplitude (Z) as a function of demodulation
phase carrier amplitude (A4). A plot of this type, known as an amplitude map,

for the system shown in Figure 4.1 can be seen in Figure 4.8
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Figure 4.8: Plotting the RRI amplitude (Z) as a function of demodulation phase carrier
amplitude (A4), shows the locations of the OPDs of the constituent inter-
ferometers in radian space. This example shows an interferometer similar to
that in Figure 4.1, with three arms and thus three constituent interferometers.

Each of the peaks of Figure 4.8 (referred to in the rest of this thesis as RRI
amplitude peaks) shows the location, in radian space, of the constituent inter-
ferometers in the interferometric system. This information is then used in the

measurement of the changing properties of those interferometers as a function

of time.

4.4.1 Parasitic Peaks

For any given interferometric signal, it is unlikely that all the constituent interfer-
ometers will be of interest and it is necessary to be able to identify those which
are of no interest. In the example of gas sensing, using an interferometric system

like that in Figure 4.1, a system such as Figure 4.9 will be used.
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Laser
source Reference Photodetector

Figure 4.9: An interferometric system containing two gas cells and a reference arm. Ad-
ditional lengths of optical fibre produce the required OPDs for interrogation.

This is a system in which two of the three arms contain gas cells and the
other acts as a reference arm. In order to measure the behaviour of the light
passing through each gas cell, the light is examined when it has interfered with
the light passing through the reference arm. That is to say, we are interested in
the behaviour of interferometers <Reference & Cell A> and <Reference & Cell
B>. Assuming constant behaviour of the light in the reference arm, any change
in the recorded RRI amplitude of the interferometers can be ascribed to changes
in Cell A or Cell B. In the case of the work in this thesis this will be due to the
presence of methane in the cell, absorbing the light. The interferometer caused by
interaction of light passing through Cell A and Cell B is not of interest to us, as it
would not be possible to determine the location of the cause of any change in the
properties of the interferometer. The interferometer that is not of interest, in this
case <Cell A & Cell B>, is referred to as parasitic, and the RRI peak associated
with it is referred to as a parasitic peak. In this simplified example, there is just
a single parasitic peak, but in more complex systems with multiple arms, or in
more complex topologies there will be a larger number of these parasitic peaks,
and their positions need to be considered when designing the system. They can
be identified on the RRI amplitude map with knowledge of their approximate
OPDs in relation to the OPDs of the interferometers of interest and thus do not
need to have their properties measured. An example of an RRI amplitude map

showing the parasitic peak is shown in Figure 4.10.
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Figure 4.10: The RRI amplitude map of the interferometer shown in Figure 4.9, with
the peaks associated with the combinations of gas cells with the reference
arm shaded in green, while the parasitic peak formed by the interference
between the two arms containing gas cells is shown in red.

4.5 AMPLITUDE DEMODULATION

Once the interferometers of interest have been identified and their phase carrier
modulations have been measured using the technique described above, their
properties can be measured as a function of time. In order to investigate the
properties of each of the interferometers, the value of Q(t) for each of them is
measured using C(t) with the appropriate value of A4 for each interferometer of
interest. This is done in parallel for each of the interferometers allowing a con-
tinuous measure of the RRI amplitude (Z) for each interferometer as a function
of time. For example; the interferometers of interest in Figure 4.9 are known to
be those at 25 rad and 75 rad, a system would repeatedly calculate Z; and Z;, by
applying Equation 4.9 with C,, being the appropriate complex carriers with A,

having values of 25 rad and 75 rad.
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Dn(t) = U{t)W(t)Cn(t) (4.9)

This process is applied for each period of the modulation, and simultaneously
for all values of C,. This requires the use of fast processing capabilities and
for the work done in this thesis is achieved using an RRI demodulation system
developed in the Engineering Photonics Centre at Cranfield University. Having
a measure for the RRI amplitude of each interferometer, this can be used to
calculate a measure of the light intensity within each interferometer using a
modified version of Equation 4.8, as shown below in Equation 4.10, where I
and I, are the light intensities passing through each of the constituent arms of

the interferometer.

Un(t) o /111, cos AD (4.10)

As a consequence of Equation 4.10, if we again assume that the light through
the reference arm is constant and there is no drift in polarisation states, then Z2
can be used as a measure of the intensity of light passing through the gas cell of
interest. This ability to measure the light intensity passing through multiple gas
cells simultaneously, along with an understanding of the Beer-Lambert Law and
tunable diode laser spectroscopy (Section 2.4.2) is what makes the RRI system

capable of multipoint measurements of gas concentration.

4.6 SUMMARY

By demodulating the interferometric signal produced by a system with multiple
constituent interferometers, RRI can be used to locate the positions of the con-
stituent interferometers within that system allowing the identification of para-
sitic interferometers as well as interferometers of interest. The information about

their location in radian space can then be used to constantly demodulate the in-
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terferometric signal to provide information about the intensity of the light within

each of the interferometers of interest, which in turn will allow the measurement

of gas concentration at a number of locations.

The process of range resolution, and the time variant demodulation to provide

a measure of the RRI amplitude is summarised below in Figure 4.11
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Figure 4.11: The processes by which the RRI amplitude map is created (left) and the
RRI amplitude is monitored as a function of time at a given demodulation
amplitude (right)
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A number of terms have been introduced in this chapter that are unique to RRI

in general and this use of RRI in particular, and so a glossary is provided below
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for future reference:

RRI Amplitude: The magnitude of the complex value of Q(t) which is in turn
given by Equation 4.7

RRI Amplitude Map: A plot of the RRI Amplitude as a function of the phase car-
rier amplitude of the demodulating signal C(t)

RRI Peak: A peak present in an RRI amplitude map

Parasitic Interferometer: A constituent interferometer within the system other than
those of interest

Parasitic Peak: A peak in the RRI amplitude map that is associated with a para-

sitic interferometer
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Figure 4.12: An RRI amplitude map with selected items from the glossary identified
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5.1 INTRODUCTION

Section 2.1 describes the need for gas detection in both the environmental and
safety regimes, while Section 2.4.2 describes the use of Tunable Diode Laser Spec-
troscopy (TDLS) to identify and measure the concentration of gas species. TDLS
has a number of advantages including low signal to noise ratios[19] and gas
specificity[150]. However, it is relatively expensive compared to other techniques
such as electrochemical methods as described in Section 2.3. This means that in
situations that require multiple sensing sites, it has not achieved widespread
use[114] despite attempts to multiplex gas cells so that they can be interrogated
using a single laser and/or detector[22, 114].

Chapter 4 discussed the principles of Range Resolved Interferometry, a method
used to extract both phase and amplitude information of individual interferom-
eters from a superposition of interferometers. While it has mostly been used
for positional measurements[149] using the phase information, extraction of the
amplitude of the interferometric signal would allow the measurement of light
intensity in the constituent interferometer arms. This, in turn, would allow the
measurement of light absorption in gas cells that form parts of an interferometer
with multiple arms and so provide the potential for multiplexed gas detection.

The experimental work described in this chapter comprise the first steps to-

wards implementing such a system.
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5.2

5.2.1

INITIAL EXPERIMENTS

Experimental equipment used

In the experiments described in this thesis, a range of equipment was used and

is described here.

5.2.1.1 Laser and laser control

Laser: NEL NLK1UsEAA. A distributed feedback laser, wherein a diffrac-
tion grating provides the reflection necessary for the creation of the lasing
cavity. It is capable of a wavelength in the range 1625-167onm with a typical
linewidth of 2MHz. In these experiments, it is modulated over a maximum

range of approximately 1nm.
Laser mount: ThorLabs LM14S2
Laser temperature control: ThorLabs TED200

Laser current control: ThorLabs LED202. This sets the driving current ap-
plied to the laser, and allows the modulation of that current through an

applied voltage to an input of the current controller.

Range Resolved Interferometry system: Two different RRI systems were
used to apply a sinusoidal modulation to the laser controls. These are de-

scribed in appendix A.

Signal generator: Stanford Research DS345 function generator. This was
used to apply the sawtooth modulation needed to sweep the laser’s output

wavelength across a methane absorption feature.

Voltage adder: Stanford research systems SRS SR 560 low-noise voltage

preamplifier. This was used, with no amplification, to combine the ramped
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voltage from the signal generator with the sinusoidal voltage from the RRI

system.

These items were used to control the output wavelength of the laser during the
experimental work. While it is the driving current, and operating temperature of
the laser that determines this wavelength, for the experiments described in this
thesis, it was the voltages applied to the voltage adder along with the set points

of the temperature and current control devices that were monitored.

5.2.1.2 Light guidance
Items used to control the path of the laser

¢ Optical fibre: SMF g9/125 fibre was used to couple light into other opti-
cal components and as additional fibre to produce differing path lengths

within the interferometer arrangements.

* Couplers: 2x 2 ThorLabs TW1650R5A2 couplers and 1x4 couplers from

Fibrestore were used to split and recombine the light.
e Partial reflectors: ThorLabs in-line partial reflectors with 9o% reflectance

¢ Collimating lenses: ThorLabs TC12APC-1550 collimating lenses were used

to couple light into and out of the free space regions of the system

¢ Retroreflectors: ThorLabs, PSg75M-C, SM1 thread mounted retroreflector
prisms coated with a 1050-1700onm anti reflection coating were used to re-

flect light back through sensing regions in one arrangement of the system.

¢ Circulators: Fiberstore 33364 3 port circulators were used to ensure unidi-

rectional travel of light in some of the configurations
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5.2.1.3 Sensing region equipment

The following were used to create gas tubes in which light could interact with in-
serted gases. Each sensing region consisted of a clear plastic tube with windows

at each end to allow gas to pass through.

* Gas tube: The gas was contained within clear acrylic tubes with an internal

diameter of 15mm and a length of 1m

* Windows: ThorLabs WW11050-C wedged windows that prevent internal

etalon formation were used at each end of the gas tubes

¢ Window mounts: SML103T angled optic mounts were used to hold the

windows at a 10° angle to prevent back reflections

* Lens tubes: ThorLabs SM1L20 lens tubes were used to hold the window
mounts and were screwed onto the plastic piping, using PTFE tape for a
better gas seal. Holes were drilled into the tube, and metal piping was

attached to allow the insertion of gas into the tubes.

The fact that the lens tubes screwed onto the acrylic tubes allowed the length
of the whole gas tube to be adjusted so that each was 1.09m in length, giving an

approximate volume of 770cm3 for each sensing region.

5.2.1.4 Light detection and recording

¢ Photodetector: ThorLabs PDA 10CS - EC InGaAs amplified detector, 700-

18oonm range 17MHz bandwidth
¢ Oscilloscope: Tektronic DPO2014

¢ Optical Spectrum Analyzer: Yokogawa AQ6307 with a resolution of 0.02nm
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5.2.1.5 Gas

Gas was provided from cylinders provided by BOC, and fed into the sensing
regions by acrylic tubing and metal piping. The flow from each gas cylinder into
the sensing regions was controlled by a mass-flow control system as shown in

Figure 5.1

* Gas cylinders: Methane mix of 2.5% and 1000ppm with nitrogen balance.

Synthetic air cylinder

* Gas flow control: The flow of gas was controlled by Brooks GF Series ther-
mal mass flow controls with flow rates of o-1000ccs™, 0-100ccs™ and o-
10ccs™ with stated repeatability of 0.15%. Connecting the gas cylinders to
these allowed a controlled mixing of synthetic air and methane to the de-

sired concentrations.

5.2.1.6  Control Of Gas Concentration

For the behaviour of the system in response to varying gas concentrations to be
measured, it is necessary for the methane concentrations in the gas tubes to be
controlled. The mechanism for this is described here.

the sensing regions described in Section 5.2.1.5 were part of a gas flow system
shown below in Figure 5.1

;

- Tubing

Gas cylinders Taps

<«——Mass Flow Controllers

e =
f

Metal piping /

'/

Figure 5.1: A schematic diagram of the gas flow control system
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The valves allow each tube to be independently filled and isolated from the
environment. The flow of gas from the cylinders to the gas tubes is regulated
by a set of Brooks GFE100 Mass Flow Controllers (MFCs). There are four MFCs,
two of which (MFC1 & MFC2) operate with flow rates of 0-100ocm3min™, while
the other two(MFC3 & MFC4) have operating ranges of o-toocm3min™ and o-
10cm3™" respectively with a stated repeatability of 0.15% of the set flow rate. A
cylinder of synthetic, hydrocarbon-free air is connected to MFC-1, with a flow
rate of o-100ocm3min™. Meanwhile, a cylinder of 1000ppm methane mixed with
air is attached to one of the other MFCs, depending on the required flow rate.
The flow from the MFCs in use is then mixed in the common pipeline, to provide
a methane concentration given by Equation 5.1 where FR refers to the flow rates
of each gas as reported by the mass flow controllers, and Conc refers to the

concentration.

FR(Methane) x Conc(Methaneln)
FR(Methane) + FR(Air)

= Conc(Mix) (5.1)

After mixing in the common pipeline, the gas mixture is divided into the three
gas tubes. Each tube is controlled by taps at each end, opening and closing the
upstream valve allows each tube to be independently filled or not with the gas
mixture, while closing the downstream along with the upstream valve keeps the
concentration within the gas tube constant for testing. When all valves are open,
gas is allowed to vent into the laboratory ceiling close to an air extraction vent
by way of a length of tubing.

In order to fill the gas cells with a set concentration of methane, the flow rates
of the MFCs are set to produce the required concentration and the valves are
set to allow the gas to flow through the tubes. In order to ensure flushing of
any previous gas in the tube, gas is allowed to flow through the system for 600
seconds. With a total flow rate of approximately 100ocm3min™, this provided
the system with sufficient gas flow in that period to fill the three gas tubes twice

over, once to flush the previous contents and once to fill the gas tubes. When
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closing the valves for experimental testing, the downstream taps were closed

first so that the tube remains at atmospheric pressure.

5.2.2 Establishing the Presence of a Methane Absorption feature

In order to measure the presence of gas, it was first necessary to ensure that the
laser output wavelength, when modulated would sweep across the absorption
feature of a methane gas line. To this end, the experimental scheme shown below

in Figure 5.2 was set up.

G§1aeTaRror ~10.1Hz Oscilloscope I:l

Q

Laser Diode )
|_—_| & Driver Photodiode []

Gas Tube
0N\ 7~ 0—3ptical Fibre

Collimating lens

Figure 5.2: Experimental equipment that was used to perform Tunable Diode Laser Spec-
troscopy to ensure that the laser was sweeping across a gas line.

The gas tube was filled with 2.5%, methane and the signal generator was pro-
grammed to provide a 0.5Vy, sawtooth modulation to the laser current driver.
This modulation caused the laser output wavelength to be modulated by ap-
proximately o.5nm, enough to cover a gas line while providing some baseline
measurement off the gas line. The output voltage of the photodetector was mon-
itored using the oscilloscope and the driving current and the temperature of the
laser driver were adjusted using the temperature and current control units (TED
and TEC) until an absorption line, indicated by a drop in the photodiode voltage,

was found as shown in Figure 5.3.
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Figure 5.3: The photodiode signal measured as the laser frequency was swept across an
absorption feature of 2.5% concentration in an approximately 1m column

Having set the laser output frequency so that a ramped modulation causes
it to sweep across a methane absorption feature, the central wavelength was
measured using the optical spectrum analyser and found to be 1653.7(4-0.02)nm
which is a known absorption feature of methane[62]. The applied central driving
current of the TEC control was 97.75mA, while the resistance value applied by

the temperature control was 5.142k(2

5.2.2.1 First Application of Range Resolved Interferometry

The experimental apparatus as shown in Figure 5.4 was then assembled to begin

investigation of Range Resolved Interferometry as a gas detection system.

Ramp —1 2Hz
Generator

I

Voltage RRI Interrogation Electrical Connections
= A e
49kHz
Laser Diode Photodiode
I;l & Driver
gf) Single Mode
Optical Fibre
\ /
\ /

Figure 5.4: Experimental equipment used in the first application of Range Resolved In-
terferometry to detect methane
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The RRI unit provided the laser with a sine wave modulation with an am-
plitude of ymA and a frequency of 49kHz. Alone, this produced a wavelength
modulation of 8(£+0.02)pm. This wavelength modulation was measured using
the Yokogawa OSA using the technique described in more detail in Chapter 6

The system shown above in Figure 5.4 formed a single Mach-Zehnder inter-
ferometer between the reference arm, and the arm containing the gas cell. The
resultant interferometer produced the interferometric signal as shown below in
Figure 5.5. The interferometric signal shows the sinusoidal amplitude modula-
tion in the light intensity associated with the sinusoidal modulation of the laser
driving current, but this effect is removed within the software of the RRI in-
terrogation unit. Using the algorithm in Section 4.4, the RRI interrogation unit

showed a peak in the RRI amplitude map at approximately 33 radians as shown

in Figure 5.6.
2007 1.00
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= 200 - - 0.75 _GU::
g 7200 £3
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Figure 5.5: Interferometric signal produced by the modulation of a DFB laser by 49kHz,
7mA signal in the interferometer as shown in Figure 5.4 along with the win-
dow (W(t)) used in demodulation
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Figure 5.6: Range resolved amplitude map produced by a single gas tube and a 3m
reference arm

This position of 33 radians was chosen for the continuous measurement of
the signal amplitude. The ramp modulation used previously in Section 5.2.2,
but operating at 2Hz rather than 0.1Hz was added to the RRI modulation using
the Stanford pre-amplifier to sweep the laser wavelength across the methane
absorption feature.

The gas cell was filled with gas from a cylinder containing 2.5% methane for 5
minutes before the taps were closed (see Figure 5.1). The taps were closed start-
ing at the filling end to ensure that the gas cells would remain at atmospheric
pressure. The RRI system was set to measure the signal amplitude at the range
of 33rads, over a 1 second period, to capture signal over two of the slow ramp
periods. Over the duration of the ramped laser modulation, it was seen that
RRI peak shown in Figure 5.7 moved. This was due to the different response
of the DFB laser to modulation at different central bias voltages and will be in-
vestigated and described further in Chapter 6, but an example of such a shift is

shown below in Figure 5.7.
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Figure 5.7: Visualisation of the apparant shift in OPD space (x-axis) of a typical RRI
amplitude peak due to the presence of a ramped modulation of the laser’s
central output wavelength, showing position fo RRI peak at low driving cur-
rent (red) and high (blue)

The RRI amplitude was measured at the 33 radians position over 1 second,

and is shown below in Figure 5.8.
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Figure 5.8: The RRI signal amplitude measured using the equipment from Figure 5.4,
measured at an OPD of 33 radians. This shows the presence of a 1000ppm
concentration of methane.

Figure 5.8 shows the result of the apparent motion of the RRI amplitude peak
mentioned earlier and shown in Figure 5.6, with the amplitude of the signal
rising and falling as RRI amplitude peak moved across the 33 radian measure-
ment OPD. The vertical spikes occured at the point where the ramp ends and
quickly restarted, causing the system to be unable to interpret that instant as a

signal amplitude. However, at the centre of the ramp there was an apparent dip
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in the measured signal intensity which corresponded to an absorption feature of
methane as established in Figure 5.2.

In order to produce a standard TDLS-like plot as described in Section 2.4.2,
it was necessary to capture the amplitude of the light intensity throughout the
ramp as the RRI amplitude peak moved. To achieve this, the RRI interrogation
unit was made to capture the signal amplitude at 23 points (the maximum pro-
vided by the RRI interrogation unit used) ranging from 21 rads to 44 rads to
capture the peak across its whole range of motion. The combined measurements
of multiple channels is shown in Figure 5.9. In Figure 5.9, each of the lines shows

the amplitude of the RRI signal demodulated at a different notional OPD.
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Figure 5.9: The RRI signal amplitude measured using the equipment from Section 5.2
with the presence of 1000ppm methane. The Signal amplitude was measured
at 23 OPDs ranging from 21 to 44 radians. Each line represents the RRI am-
plitude measured at one of the 23 notional OPDs

Figure 5.9 has similarities to a TDLS curve as shows the presence of an aborp-
tion feature at approximately the centre of the sawtooth modulation, as previ-
ously seen in Figure 5.8 along with the increase in laser intensity across the
ramp period caused by the increasing injection current. By taking the highest

RRI amplitude measured at each instant, a plot as shown in Figure 5.10 can
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be created which shows a TDLS-like image, with a clear absorption feature that
could be used to determine the concentration of gas, as described in Section 2.4.2.
In Figure 5.10, a single line is plotted corresponding to the highest value of the
plots in Figure 5.9. The colour of the line changes to show which of the plotted

lines in Figure 5.9 is contributing that highest value.
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Figure 5.10: Using the highest RRI amplitude signal at each instant, the data in Figure 5.9
plotted to form a TDLS-like absorption feature. The colour of the line corre-
sponds to the notional OPD that is providing that highest value as shown
in Figure 5.9

5.2.3 Creation of a TDLS-Like Output

While Figure 5.10 shows the presence of the characteristic dip in intensity associ-
ated with TDLS, and is an improvement on Figure 5.8, it still inherits the latter’s
curved appearance as a result of the motion of the RRI amplitude peak as shown
in Figure 5.7, and so a different technique was developed to produce a measure
of light intensity passing through the sensing region that more closely mapped

the expected output from a TDLS like system.
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In order to achieve this, it was necessary to capture the height of the RRI
amplitude peak for each RRI modulation period across the duration of the ramp.

Each of the RRI amplitude peaks of interest are interrogated using 7 of the
available channels, rather than the 23 that were used in Figure 5.9 to allow for
measurement of multiple sensing regions. 7 measurement channels were used
for each sensing region as this gave the highest equal number of measurement
points available across the 3 sensing regions. The RRI system then measured the
RRI amplitude at each of these 7 channels as a function of time. To capture the
height of the RRI amplitude peak as a function of time, these 7 amplitude values
were used to reconstruct the RRI amplitude peak at each measured modulation

interval.

5.3 DATA PROCESSING TO EXTRACT GAS CONCENTRATION

5.3.1  RRI Amplitude Gaussian Fitting Algorithm

The Range Resolved Interferometry system provides a value for the RRI ampli-
tude at each of the interrogated notional OPDs at a frequency of 1.5kHz, that is a
value every 7ms. This data is shown on screen and saved to a comma separated
value (CSV) file for later processing. Software for post-processing of the data was
created by the author in the Python programming language. The principle of op-
eration is as follows: At each point in time ins which a measurement of signal
amplitude was taken by the RRI system, each of the interrogated notional OPDs
has a calculated RRI amplitude. The software divides these into as many sets
as there are interferometers being investigated. The set of measured amplitudes
for each interferometer is then fitted to a Gaussian curve using the Imfit Python
module[67]. The heights of these fitted curves are then extracted and saved as a

function of time. This process is illustrated in Figure 5.11
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Figure 5.11: The process of getting from the measured RRI amplitudes produced by the
interrogation system to a measure of light intensity as a function of time.
Step 1: Notional OPDs to interrogate each peak of interest are established.
Step 2: Each measurement channel provides a single RRI amplitude for each
measurement interval. These are fitted to a Gaussian to allow the measure-
ment of the height of a reconstructed curve
Step 3: The calculated peak height is then plotted as a function of time to
produce a TDLS-like function. Taking just the highest value of the measured
RRI amplitudes produces a non linear response over time.
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Step 3 of Figure 5.11 shows the necessity of this extra step of fitting the indi-
vidual measurements to a Gaussian peak and extracting the height. The grey line
in step 3 shows the plot produced by plotting the maximum recorded RRI am-
plitude. At times the highest measured value of RRI amplitude is substantially
lower than the calculated height of the reconstructed Gaussian curve, causing
the undulating shape shown in Figure 5.9 By reconstructing the Gaussian peak,
this is avoided and the resulting plot of recovered amplitudes vs time has the
characteristic straight ramp quality of a TDLS measurement, examples of the

different reported heights are shown in more detail in Figure 5.12.
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Figure 5.12: The effect of using the highest measured RRI amplitude, rather than fitting
the measured leads to a lower value for the peak amplitude. The magni-
tude of this effect is time variant and leads to the undulating effect seen in
Figure 5.11
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The final result of the extraction of calculated RRI amplitude for the sensing
region as a function of time over the full 1s period of the ramp modulation
is shown in Figure 5.13. It should be noted here that for these measurements
(and some others through this thesis) the instrument used to combine the ramp
voltage sweep with the sine modulation was a voltage subtractor, rather than
an adder as had previously been used. Consequently, the direction of the ramp

applied to the laser driver is reversed.
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Figure 5.13: Extracted RRI Signal Amplitude As Function of Time. The start and end
of the ramp modulations are again shown by the presence of the vertical
flyback lines. The presence of 1000ppm methane is shown by the observed
dip in the light intensity passing through.

While reconstructing the Gaussian peak and extracting the height removes
the effect of the highest measures amplitude not always corresponding to the
height of the peak itself, it comes at a cost. In order to extract the 1536 sets of 3
Gaussian peaks (1 per RRI modulation period) produced in a second’s worth of
measurement, takes approximately 120 seconds of processing time on a regular
desktop PC. While this could potentially be improved with better coding, the
need for post-processing is a fundamental problem with using the RRI system
as designed for measuring the location of potential gas leaks in a gas sensing
regime. The application of a new system designed to negate this need is de-

scribed in Chapter 6, but the effectiveness of this post-processing system for gas
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detection was investigated as a proof of concept for the technique of gas detec-

tion using RRIL.

5.3.2 Calculation of Gas Concentration

Having produced a value for light intensity passing through each gas cell as a
function of time, the next step is to use that to measure the concentration of
gas present. As described in Section 2.4.2, the amplitude of an absorption curve
is proportional to the concentration of gas under test and so the next step in
the process is to extract this absorption curve from the data. This is achieved
using another Python script. The ramp function used to sweep the laser output
wavelength has a frequency of 2Hz, and in each measurement, data is taken
for 1 second. In order to extract the 0.5s of data that corresponds to a single
ramp period, the location of the flyback that occurs at approximately 0.32s in
Figure 5.13 was found by calculating the difference between consecutive values
of the RRI amplitude. The highest value of this difference was taken to be the
flyback, which marks the start of the ramp modulation. If this value was found
to occur before 0.5s, then 768 measurement points were taken starting from the
flyback. If the flyback was found to occur after the o.5s point, then all the data
from that point until the end of the measurement were taken, along with enough
data points from the start of measurement to make up a full 768 data points
to cover one ramp modulation period, with the two sets of data points pasted
together to form a whole ramp period. Finally, as in Equation 4.10, the RRI
amplitude at each point is squared to produce a proxy measurement for the
light intensity passing through each gas tube.

With a single ramp period of squared RRI amplitudes, hereinafter referred
to as light intensity, the properties of any absorption feature (as seen in tube 1
in Figure 5.13) could then be extracted as follows. Portions of the light inten-

sity data were taken from either end of the ramp modulation period. This was
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then fitted to a straight line using the Imfit procedure[67] in Python. This fitted

straight line was constructed from data points away from the absorption feature,

and so when extrapolated over the whole of the scan, it produces the value I, in

Equation 2.7. The light intensity over the whole range of the data is the I value

in the same equation and so the normalised absorbance (A) can be calculated

from Equation 5.2.

IO_I .
IO o

A

The process is shown below in Figure 5.14
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Figure 5.14: Top: The measured light intensity passing through a gas tube (I), the data
points used to produce the baseline that shows the amount of light that
would pass in the absence of absorption and the fitted baseline (I,)
Bottom: The calculated normalised absorption (I,-I)/1,) and the Lorentzian
line shape fitted to that absorption curve from which parameters such as
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This normalised absorption curve is then fitted to a Lorentzian using the Imfit
procedure and its relevant parameters are extracted. Specifically, the height of
the Lorentzian curve is extracted for gas concentration analysis along with some

parameters related to the quality of the fit.

5.4 MULTIPOINT GAS DETECTION

The method described above allows for the extraction of the transmitted inten-
sity through the sensing region, and thus the concentration of methane within
that sensing region. The system, as used in these experiments, is used to measure
3 sensing regions simultaneously, and the following section describes the char-
acterisation of its performance when measuring the concentration of gas within

these sensing regions.

5.4.1 Experimental Set Up

5.4.1.1 Equipment layout

The equipment shown in Figure 5.15 was set up, with three gas cells that could
be independently filled with gas of different concentrations. Succeeding each
of the gas cells, single mode optical fibres of different lengths were placed so
that the interferometers formed between the paths with the gas cells and the
reference arm had different path differences, allowing them to be interrogated
separately. The additional fibre lengths, and thus the OPDs between the sensing

arms and the reference arms were 1,3 and 5m.
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Figure 5.15: The equipment used to demonstrate the measurement of gas in three loca-
tions

Figure 5.16: The equipment used to demonstrate the measurement of gas in three loca-
tions
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In this iteration, when no ramp modulation was applied, the OPDs of interest
were found to be at 40, 100, and 158 radians respectively. In order to capture the
RRI amplitude as the RRI moved, each tube was interrogated at 7 notional OPDs
around the OPD of interest. The OPDs of interest are not the only interferome-
ters present within the system. As well as interferences between the gas tubes
and the reference arm, there are also parasitic interferometers set up between the
paths that pass between the combinations of gas tubes. These show up as extra
peaks on the RRI amplitude map. The peaks of interest and spurious peaks can
be theoretically differentiated by their location on the amplitude map, or practi-
cally by selective blocking of light in individual paths while noting which peaks
remain present for which combinations of available interferometers. The RRI am-
plitude map of the system, along with the notional OPDs used for interrogation

are shown in Figure 5.17.
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Figure 5.17: The RRI amplitude as a function of OPD for the system with three gas tubes,
showing the peaks of interest formed by interference between the gas tubes
and the reference line as well as the spurious peaks caused by intra-tube
interferences. Also shown are the notional OPDs used for interrogation.
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5.4.2 Calibration

In order to measure the response of the system to different concentrations of
methane, a cylinder of synthetic hydrocarbon free air was connected to MFC1
(flow rate o-1000ccm™), while a cylinder of 1000ppm was connected to the other
MECs, in turn, to provide varying mixed concentrations of methane to the gas
tubes. Keeping the total flow rate at a value of 1000ccm™, the flow rate of the air
and methane was adjusted to provide mixed concentrations of methane ranging
from oppm to 1000ppm.

Once each cell was filled with equal concentrations of methane and closed, a
series of ten measurements were taken in each tube at each concentration, re-
peated for multiple concentrations in the range o-1000ppm. The data produced
by the RRI interrogation system was then post-processed to produce the param-
eters of a Lorentzian curve for each measurement. The Imfit procedure, imple-
mented in Python, produces a curve for all data sets it is provided with, even
if a Lorentzian curve is not present in the data. As such, it can produce some
false positives that need to be filtered from the data set. The output wavelength
of the laser is set such that the centre of the absorption feature is at the centre
of the ramp modulation and has been observed to be relatively stable over pe-
riods of hours. Using this information, and calculated absorption peak with a
reported centre more than 25 points (out of the 763 total points, so about 3%)
from the centre of the ramp was rejected from further calculations. Further, all
calculated absorption peaks with a negative height were excluded. The remain-
ing data was grouped by gas concentrations and the mean and standard error
of the mean of each group was calculated and plotted below in Figure 5.18. As
well as variations in the measured absorption height, there is also uncertainty
in the supplied concentration of methane, coming from a combination of uncer-
tainty in the composition of the supplied gases, and uncertainty in the flow rates

allowed by the mass flow control system. However, this uncertainty in the gas
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concentration present has been calculated to be lower than 0.25% of the calcu-

lated concentration and so is not visible in the plot.
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Figure 5.18: The effect of varying methane concentration in each gas cell on the calcu-
lated height of the associated absorption peak

While efforts were made to ensure that the gas tubes were identical, the mea-
surements from the three tubes were different in a quite consistent manner. Even
after normalisation, the absorption curves produced from readings in tube 3 had
a consistently greater height than those of the other tubes. We would expect, in
the absence of methane, the size of the absorption curve to be zero, and so for
the response lines of each tube to pass through the origin, but they do not. It is
possible that this offset is due to aspects in the curve fitting technique related to
the baseline noise in the measurements (the average calculated height of peaks
calculated in the absence of methane is of the same order of magnitude as the

intercept value) but further work would be needed to support or reject this hy-
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pothesis. However, we can calibrate this offset by fitting the concentration and
mean absorption peak height data to a linear model and calculating the intercept
of this fit and subtracting it from each value. After the subtraction of this inter-
cept value from each measurement, the mean values were plotted again. The

result of this process is shown below in Figure 5.19.
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Figure 5.19: This shows the same data as Figure 5.18, but with the values calibrated
such that the lines of best fit for each gas tube pass through the origin.
This was achieved by subtracting a calibration factor for each tube from the
measurements previously shown.

Figure 5.19 shows the three sets of results produce good linearity from concen-
tration values greater than 200ppm. Using the results shown in Figure 5.19 this
concentration range (200ppm-1000ppm) gives R values of 0.99, 0.97 and 0.95 for
tubes 1, 2 and 3 respectively. The line of best fit for each tube from the data in
Figure 5.19 can then be used to convert a calculated absorption peak height into

a measured gas concentration.
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5.4.3 Limit Of Detection

As well as linearity of response, in instrument design and testing, it is useful to
know the lowest level of methane the system can detect. This limit is a function
of the signal to noise ratio and as a consequence can be improved by averaging.
One method used to determine the limits of the effectiveness of this averaging
is the Allan-Werle Deviation measurement[151]. In order to perform this test, a
large number (k) of measurements of a system under stable conditions are taken
at regular intervals producing values (x). These measurements are then arranged
sequentially into a number of bins (N), with bin sizes ranging from 1 to the one
half of the total number of measurements taken. The contents of the bins are
then averaged, and the difference between the means of consecutive bins are
taken and squared. These squared differences are then summed and normalised
against 1/2N to produce an Allan-Werle variance (6 () for a given bin size, and

thus averaging period. This is summarised in

N
1
~IN Z XN —XN (5.3)

The averaging time (v) is calculated by multiplying the length of one measure-
ment period by the number of measurement periods in each bin size. Plotting
this Allan-Werle Deviation against the averaging time shows the effect of differ-
ent averaging periods on the signal to noise ratio of measurements and is shown

below in Figure 5.20



5.4 MULTIPOINT GAS DETECTION
1072 5

1073 -

Allan-Werle Deviation (AU)

10° 10! 10?
Averaging Period (s)
In

Figure 5.20: The Allan-Werle plot shows the effect of differing averaging times on the
noise within the system. (a) gives the measure of the noise with no aver-
aging. (b) is the region of averaging in which white noise dominates, with
noise being lessened as averaging time increases (c) gives both the optimum
averaging period for the system (169.5s) and the noise that would remain
at that averaging period (1.5 x10 # AU). (d) marks the region of averaging
times in which longer term instabilities (drift) dominate in the system

An Allan-Werle plot such as that shown in Figure 5.20 has a number of points
of interest. Looking at the plot for the results taken from tube 1 as an example,
4 regions or points of interest can be identified. Point (a) shows the standard
deviation of all the measurement points with no averaging. This is a measure
of the signal to noise ratio of a single measurement. Region (b) shows the effect
of increased levels of averaging with increased bin sizes. Over this region, the
influence of high frequency noise is being reduced by this averaging until point
(c) is reached. Point (c) marks the point at which averaging has the greatest
effect on lowering the signal to noise ratio. As the averaging period increases in
region (d) long period effects, known as drift, become dominant and so further
averaging increases the signal to noise ratio.

In this experiment, position ¢ shows that the optimum averaging period is
169.5 seconds or approximately 3 minutes. With this averaging period, the stan-
dard deviation of the sampling is 1.465 x10 # AU. As this is a theoretical value
of an absorption peak height, we can use the the calibration chart (Figure 5.19,
to calculate noise equivalent absorption of 3.77ppm. The measurements in tubes

2 & 3 have a greater high frequency noise component and so do not reach the
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inflection point (d) (this is potentially due to their longer path lengths and so
higher phase noise), but using the optimal averaging period of tube 1 for each of
them, the visual inspection of Figure 5.19 gives noise equivalent concentrations

of 11ppm & 16ppm respectively.

5.4.4 Cross Talk Analysis

In order to be useful as a multipoint detection system, it is necessary that each
measurement location is sampled independently from the others. This is to avoid
situations in which a gas leak is reported in the wrong location or in which the
presence of gas in one location prevents the measurement of gas in another
location. Thus, the presence or absence of gas in tube 2 or 3 should have no
effect on the measured concentration of gas in tube 1. In order to test this, we
investigated the effect of different concentrations of gas in tubes 2 & 3 on the
reading taken with a constant concentration in gas tube 1. In order to test this,
gas tube 1 was filled with 1000ppm methane using the method described above
in Section 5.4.2. Tube 1 was then closed, while the other tubes with filled with

the concentrations shown below in Table 5.1.

Table 5.1: The concentrations used for the experiments to determine the effect of cross
talk on system measurements

Methane concentrations in each tube (ppm)

Experiment Tube 1 Tube 2 Tube 3
1 1000 <0.1 <o0.1
2 1000 <0.1 1000
3 1000 1000 <o0.1
4 1000 1000 1000

Tubes 2 & 3 were then closed, and for each experiment, ten measurements
of the absorption peak height from tube 1 were taken. The mean and standard

error in the mean for these sets of ten measurements were plotted in Figure 5.21,
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with the standard error acting as a measure of the uncertainty of the averaged

reading.
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Figure 5.21: The measured absorption peak height in tube 1 is shown here to be inde-
pendent of the presence or absence of methane in the other tubes.

Experiment 1 acted as a control test, showing the measurements taken from
tube 1 when no methane was present in tube 2 or tube 3. Experiments 2 and
3 show the measurement taken from tube 1 when there is 1000ppm methane
present in one of the other two tubes, and experiment 4 shows the measure-
ments taken from tube 1 when 1000ppm is present in both tubes 2 and 3. The
results in Figure 5.21 show that in experiments 2, 3 & 4 the average peak height
measured in tube 1 lies within the uncertainty of the measurements in exper-
iment 1. Consequently, we can say that the presence of methane in the other

locations has no effect on the measurement of methane in tube 1.

5.5 SUMMARY

It has been shown that the application of Range Resolved Interferometry to a
system in which gas tubes are coupled by fibre optics to a swept laser source
and a detector allows the detection of the characteristic drop in light intensity
associated with tunable diode laser spectroscopy. This is achieved by monitor-

ing the amplitude of the signal associated with a given optical path difference
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within an interferometer. However, due to non linearities in the laser response
to modulation, the measured response is not the linear response one would ex-
pect. In order to obtain the linear response of TDLS, for each measured location,
a number of OPDs must be simultaneously measured and the linear response
reconstructed. This requires off-line signal processing, preventing the use of the
system in this configuration in a real-time setting. In addition, there was no mea-
surement made of the effect of polarisation changes on the measurement of the
system. In order to keep the polarisation states as stable as possible and the
visibility of the fringes as high as possible, the extra fibres within the sensing
arms of the interferometers were positioned such that the RRI amplitude peaks
associated with each interferometer of interest were as high as possible and then
taped in position to prevent motion over the course of the experiments. How-
ever, as a proof of concept, some tests were performed to evaluate the response
of the system to methane and its possible suitability as a multipoint methane
detection system should the problems with signal processing be overcome. In its
current configuration, the system has a linearity of response with an R* > 0.95
for methane concentrations above 200ppm making the system suitable for use as
a methane measurement system. Allan-Werle deviation analysis of the system
shows that there is the potential to measure concentrations as low as 3.8ppm
given sufficient averaging time, allowing use at concentrations well below typ-
ical industry alarm levels. Finally, we were able to show that the presence of
methane in other locations does not impact measurements in a given location,
meaning that the system can reliably locate the location of methane concentra-

tions.



TOWARDS A DEPLOYABLE SENSOR

6.1 INTRODUCTION

The results presented in Chapter 5 show the possibility of using RRI to detect
the presence of methane. However, the experimental work has been done with
a Mach-Zehnder interferometer configuration. While suitable for benchtop lab-
oratory work, this arrangement would be impractical for field deployment as it
would involve as many fibre paths as there are sensing units. To be more eas-
ily field deployable, a multiplexed gas sensing unit would ideally be available
as a single, serially connected set of sensing units. To this end, two possible
topologies are considered; a serial arrangement of sensing regions with partial
reflectors placed between them to provide the different path lengths necessary
for RRI, and a serial bus system with individual sensing regions coupled to a
common backbone. These were chosen due to their simplicity and their poten-
tial for modular deployment. Each could be laid out in such a way that further
sensing regions could be added to the end of an already deployed system with
no major alterations to the current deployment required. In each case, a com-
mon oscillator path, similar to the common bypass line used in Section 5.2 are
included. Each of the topologies will differ in terms of the light power that will
be reflected back from the furthest sensing region. The losses involved depend
on the losses and distributions caused by the reflectances, the coupling and the
losses due to coupling inefficiencies into and out of the sensing regions. The

following sections of this thesis will therefore compare the two proposed topolo-
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gies with regard to the light intensity available for sensing at the furthest sensing

region from the laser input.

6.2 POSSIBLE TOPOLOGIES

When deploying multiple connected sensors, the manner in which they are con-
nected to the light source and the detector will have an impact on the light in-
tensity that illuminates each sensor. This in turn will impact the signal-to-noise
ratio and the sensing capabilities of each sensor. In this section, two possible

arrangements or topologies of sensors will be examined.

6.2.1 Serial

In this topology, the gas sensing units are arranged serially with interspersed
partial reflection points as in Figure 6.1. The reflection points provide the differ-
ent path lengths of the sensing interferometer along with the common oscillator

path (reference arm) shown.
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Light travelling through the sensing regions of the interferometer will be at-
tenuated by the coupling in and out of the sensing regions (Zsensor), and by the
partial reflectances (R). This attenuation effectively happens twice, once for the
outward journey and once on the return path. For example, light reflected by the
3rd reflector will, by the time it is recoupled with the light passing through the
local oscillator, have been attenuated by 6 coupling inefficiencies, the reflectance
from the 1st and 2nd reflector and by passing through the 1st and 2nd reflector
twice as shown in Figure 6.1. This can be generalised, and the light intensity
returning from each interferometer (I) is given by Equation 6.1 wherein I, is the
intensity of light in the sensing arm prior to any attenuation, &sensor is the frac-
tional loss of light intensity caused by coupling in and out of the sensing region,
n is the number of gas sensing regions the light passes through, and R is the

reflectivity of the chosen partial reflectors.

I = Io(1 — Egensor) 2™ (1 — R)?MIR (6.1)

Experimental work has shown that in the experiments described thus far,
losses of approximately 60% have been experienced by light passing through
the gas sensing regions in the absence of methane absorption. Using this as the
value for &gensor, the results of Equation 6.1 are plotted for sensors containing
various numbers of sensing regions with various choices of reflectivity for the

partial reflectors in Figure 6.2
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Figure 6.2: The effect of different values of reflectance on the light returned from the
final sensing region in a serial topology.

The ideal reflectance value for the partial reflectors (Rjqeq1)(shown by the peaks
of the curves in Figure 6.2) is dependent on the number of sensing regions (n)
but independent of the attenuation within the sensing regions. It is determined
by finding the values of R at which the first derivative of Equation 6.1 is equal

to zero and is given by Equation 6.2.

1

Rideal = n— _1 (6.2)

replacing R by Rigeq1 in Equation 6.1 leads to Equation 6.3

1210(1_Evsensor)( ) (1_21’1—1) (2TL—1) (63)

Using the optimised values of reflectance for a given number of sensing re-

gions, the light intensity returned from the last reflector in a system is plotted as

a function of the coupling losses across the sensing region below in Figure 6.3.
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Figure 6.3: The effect of coupling losses on the light returned from the final sensing
region in serial topologies with different numbers of sensing regions.

The above work assumes that uniform reflectors are used throughout the sens-
ing arm, but it would be possible to have different reflectances such that the
reflectance of the partial reflector after the nth sensing region was a function of
n. In general, this is beyond the scope of this thesis, but a single case can be
noted wherein the reflectance of the final reflector be set to 1. As a result, all the
light that reaches the final sensing region will be reflected back meaning that
the light intensity associated with the final sensing region will be greater than
that associated with the penultimate one. Thus, for light budget considerations,
a system with n sensing regions can be analysed as if it were a system of n-1

sensing regions.

6.2.2  Serial Bus Topology

In this system, the sensing arm of the interferometer consists of a single fibre
optic with the individual sensing regions coupled off from it in a branching
configuration as shown by Figure 6.4. In this topology, the common oscillator is
provided by the light reflected back from a terminal reflector This arrangement
means that the furthest sensing region from the light source, while having the

lowest light intensity, has the shortest optical path difference with the common
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oscillator. This means that there is less potential for polarisation separation be-
tween these two paths, which should lower the resultant noise in the amplitude
of the resultant interferometric signal, compensating for the lower light intensity
and thus lower signal in this sensing region. While in the serial configuration,
the amount of light returning from any given sensing region was determined by
the coupling losses in and out of the sensing region and the reflectance of the
partial reflectors, in the topology shown in Figure 6.4 the light returning from
the sensing regions is determined by the coupling losses (£) and the coupling

ratio (Co)
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Figure 6.4: The proposed topology for a serial bus system of sensing regions. Showing
the losses from the system due to coupler ratios (Co) and coupling inefficien-
cies (£sensor)

In the case of this serial bus, the light reflected back from the third sensing
region will have been attenuated by passing through the one side of a coupler 4
times, twice through the other side of a coupler and through the losses caused by
inefficiencies of coupling through the actual sensing region. This is generalised

so that the light intensity returning from the nth sensing region (I) is given by
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Equation 6.4 wherein C, is the coupler ratio, and &gensor is the coupling ineffi-

ciency caused by coupling in and out of the sensing region.

[ = IOCg“ - Evsensor)z(] - Co)z(n_” (6-4)

Similarly to Section 6.2.1, using a value of 0.6 for the attenuation caused by
passing through the sensing region, the results for Equation 6.4 are plotted in
Figure 6.5 for sensors containing various numbers of sensing regions with vary-

ing choices of coupler ratios.
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Figure 6.5: The effect of different values of coupling ratio on the light returned from the
final sensing region in a serial bus topology.

Just as for Equation 6.2, the value for the optimal coupling ratio for a given
number of sensing regions (n) can be evaluated and is given by Cigeq in Equa-
tion 6.5.

1
Cideal = E (65)

Using this ideal coupler ratio, Equation 6.4 can be written as Equation 6.6
1 2 5 1 2(n-1)
I=1Ip (_) (1 — Esensor) <1 - _) (6.6)
n n
Using the optimised value of coupler ratios for each system, the effect of the

losses within the sensing region on the intensity of light returned from the final
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sensor in the system can be calculated using equation Equation 6.4, and is shown

in Figure 6.6.
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Figure 6.6: The effect of coupling losses on the light returned from the final sensing
region in serial bus topologies with different numbers of sensing regions

6.2.2.1  Choosing Between The Topologies

Having seen the behaviour of the two topologies in sections Section 6.2.1 and
Section 6.2.2 they can be compared and informed decisions made about deploy-
ment. For a selection of systems with differing numbers of sensing regions, the
behaviours shown in Figure 6.2 and Figure 6.6 are shown for both topology types
together in Figure 6.7 (assuming the use of the ideal coupler and reflectivity val-

ues for each system).
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Figure 6.7: The light intensity returned from the final sensing region as a function of
the sensor region coupling inefficiencies for sensors with different numbers
of sensors. The point where the dotted line (serial topology) crosses the
solid line (serial bus) shows the value of sensor region coupling inefficiency
(Esensor) at which the serial bus topology with that number of sensor regions
is more efficient than the serial topology

This figure shows that for each value of n of sensing regions there is a value

for the amount of attenuation within the sensing region at which the lines cross.

This indicates the sensing loss attenuation value at which the serial bus topology
returns more light to the photodiode than the serial topology. For example, in a
system of three sensing units, if the loss within the sensing units is greater than
28% of the incident light, then the serial bus topology will return more light
from the 3rd sensing region than would a three sensor system set up in a serial
topology, while a loss of less than 28% would mean a serial topology would
return more light from the final sensor. This ‘crossover value’” was calculated
for systems containing differing numbers of sensing regions and is shown in
Figure 6.8, which shows that for all losses within the sensor region greater than
15%, the serial bus topology allows a greater intensity of light to pass to the
photodiode than the serial configuration with the same number of sensors, and
that as more sensors are added the crossover value drops. This effect makes
the deployment of a serial system unsuitable for any situations at which this
saturation is possible and so the serial bus topology is a more realistic option in

safety critical regimes.
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Figure 6.8: Assuming optimal coupling and reflectance values, this chart shows the cou-
pling losses at which the serial bus topology returns more light than the
serial topology. The red area shows the region in which the serial topology
is more efficient

Thus far, we have only considered sensor region losses that are intrinsic to
the system itself, rather than any losses that will be caused by the absorption
of methane within the sensing regions. In order to be used in certain safety ap-
plications, a methane detection system has to be able to sense methane over the
full concentration range from 0-100%[19]. The Beer-Lambert Law (Equation 2.7)
along with the absorption coefficient of methane at 1651nm being 0.38atm™cm™
in a 1m absorption thickness, gives a near 100% absorption of light. Thus, in the
serial topology, any sensing regions beyond this point of light absorption satura-
tion will be unusable. Other safety applications only require sensing capabilities
over the concentration range from 0-5%[19] but even at 5% concentration, this
would cause 85% of the light to be absorbed by each gas cell, reducing the signal-
to-noise ratio in the downstream gas cells. As a consequence, it is unlikely that

a serial topology would be a suitable way to deploy multiplexed gas sensors.
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6.2.3 signal-to-noise Ratio Measurements

The effectiveness of each topology will depend on the signal-to-noise ratio of
the signal from the furthest sensing region which will experience the greatest
attenuation of light power as described in Section 6.2. Therefore, the effect of
light attenuation on the SNR was investigated. Still using the Mach-Zehnder

configuration, the arrangement shown in Figure 6.9 was investigated.

RRI Interrogation Electrical Connections
T e
49kHz
I:l Lagelgr%gg ¢ Photodiode
1m Single Mode
o Optical Fibre
AY 7
\ 7
Collimating lens Photodiode A

Figure 6.9: Light Budget Experiment Layout. A single two armed interferometer mea-
sured by two photodiodes.

The system was set up and aligned to allow the maximum coupling efficiency
between the two collimating lenses. With no modulation applied to the laser,
a measure of the mean voltage produced by photodiode A was taken over a
one second period. This was then converted into a measure of the light power
passing through the system and compared to a measure of the power that was
emitted from the laser, which was measured separately. The RRI system was
simultaneously employed to produce an RRI signal amplitude from the interfer-
ometric signal produced at photodiode B as in Section 5.2 although no ramping
was applied and so no Gaussian peak reconstruction was needed. The mean
value of the RRI amplitude was calculated as indicative of the signal amplitude
in the system, and the standard deviation of the RRI amplitude was taken as

a measure of noise within the system. From these, a signal-to-noise ratio was
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calculated. The alignment of the collimating lenses was then adjusted so that
less light was coupled through the system. The new average light power was
calculated, and a new signal-to-noise ratio was calculated on an RRI amplitude
measurement over a second of measurement. This signal-to-noise ratio was then
plotted against the light power passing through the system as a percentage of

the light power emitted by the laser (~5mW). This is shown below in Figure 6.10.

=

o
w
]

x X X XX X XXxXxXX X

=

o
N
1

X
X
| X
1 X
X

1072 107t 10° 10!

Light Intensity as
% of That Entering Sensing Region

Signal To Noise Ratio

Figure 6.10: The SNR measured in as a function of the light intensity passing through
the sensing region in Figure 6.9

Figure 6.10 shows that when the light power coupling through the sensing
region is less than approximately 0.005% of the output, there is a steep drop
in the signal-to-noise ratio as the light power continues to fall. However, if the
light intensity coupled through the sensing region is increased beyond 0.02%
there is no associated increase in signal-to-noise ratio, instead the ratio plateaus
beyond this point. This experiment suggests that in order to avoid operating in
the regime in which SNR rapidly drops, the light intensity returning from the
tinal sensor region should be no less than 0.03% of the light intensity emitted
from the laser diode used in this experiment. By reference to Equation 6.3 and
Equation 6.6, it can be shown that to meet the desired criterion of >0.03% of
the total intensity of the laser light being returned from the final sensing region,
a system arranged in the serial topology can have a maximum of 3 sensing

regions, while a system arranged in the serial-bus topology could have up to 13
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sensing regions with the laser operated in the power regime of approximately
3mW investigated in this work. There is the possibility for a greater number of
sensing regions to be interrogated by using a laser operating at higher powers
or by reducing the losses associated with the coupling in and out of the sensing
regions. The laser used in the experiments described here is capable of operating
at powers of up to 1omW, meaning there is the possibility of trebling the number
of sampling regions while staying on the SNR plateau. The existence of this
SNR plateau suggests that in this power region, sources of noise other than
laser intensity or sensor noise dominate. Previous work[128] has shown that
increasing path lengths increase the noise within the system. While no work has
been done within the context of this thesis to quantify this effect, this finding
is borne out by the work in Chapter 5 wherein the sensing regions with the
OPDs have worse signal-to-noise ratios as shown by the lower sensitivities of
those sensing regions in Figure 5.20. In this light intensity regime, the dominant
noise source is the phase noise caused by the finite linewidth of the laser output
which is transduced into noise on the RRI amplitude due to changes in the phase

carrier amplitude in Equation 4.4.

63 DEPLOYING THE SERIAL BUS TOPOLOGY

The work previously detailed in Section 6.2 suggests that the serial bus topology
was the most suitable configuration for deployment in field applications. In or-
der to test this arrangement, the experimental apparatus as shown in Figure 6.11
was put together. As described in Section 6.2.1, the common path is provided
by the light reflected from the terminal reflector. The individual sensor regions
branch from the main bus by way of go:10 couplers with 10% of the light passing
into the sensing region. While this ratio is not the ideal coupler ratio for a system
of three sensing regions, it allowed the testing under less than ideal situations

and would give results that would be more applicable to sensing systems with
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larger numbers of sensing regions. The light is reflected back from the end of the
gas tube by a prism retro-reflector. This is a change from the in fibre reflectors
proposed in Figure 6.4, and was chosen for convenience. However, these retrore-
flectors have an effect on the polarisation state of the light that they reflect. The
nature of this effect depends on the part of the retroreflector that the light strikes
on its way in[152]. No attempt was made to measure this, but it was considered
that the system was stable enough for the effect to be constant over time and, as
before, the position of the fibres connecting to the sensing regions were adjusted
to produce the highest visibility and held in place using tape. As with the Mach-
Zehnder topology, it is necessary to carefully arrange the various OPDs of the
constituent interferometers within the system. This is achieved by the insertion
of various lengths of fibre (Lx1-Lx3) marked in red in the diagram.

rgortoe ) L dser
| |

Lb3

before mirror(M)=1m La4

La3

Length of coupler T |}—
arm (Lco)=1m %[[' Lb2

La2

\ =—>| Retroreflector

Additional fibre length (Lal)

/ngngth of circulator arm (Lci)=1m
@

Figure 6.11: A universal serial bus topology showing the ability to alter the OPDs by
adjusting the lengths of fibre (La, Lb) within the system.

The arms of the couplers were approximately 1m long, there was approxi-
mately 1m of fibre before the reflection point in the terminal reflector and each

arm of the circulator is 1m long. The additional lengths of fibre within the back-



63 DEPLOYING THE SERIAL BUS TOPOLOGY 113

bone of the bus topology are labelled as La, while the additional fibre in the
branches are labelled as Lb. The sensing regions are all 1.2m in length, which

given the refractive index of silica is equivalent to 0.8m in fibre.

Sensing Path of Light Simplified Path Length
Region

A 4Lei+4Leo+ 2Lat+2Lb1+2Ls 9.6+2*(La1+Lb2)

B 4Li+8Leot2lat+2Laz 13.6+2*(La1+La2+Lb2)

+2Lb2+2Ls
C 4Lcit12Leo+2lat+2laz 17.6+2*(La1+La2+La3+Lb3)
+2La3+2Lb3 +2Ls
Common 4L+12Lco+2La1+2La2+2La3 18+2*(La1+Laz+Laz+Lag)

+2Lag+2M

Table 6.1: The path travelled by light illuminating each part of the interferometer, and
the simplified path lengths as functions of the lengths of the sections shown
in Figure 6.11.

Table 6.1 describes all the possible path lengths for a system as in Figure 6.11.
In the following experiments, however, no extra path lengths (La & Lb) were
added, so the sensing region path lengths were 9.6m, 13.6m, and 17.6m. Thus, the
OPDs that exist between these paths will be 4m and 8m. Therefore, for the OPDs
of interest to be properly spaced from these parasitic interferometers, the OPDs
of interest should be at 6m, 1om and 14m. This produces the largest possible
spacing between the parasitic OPDs and the OPDs of interest. When such a
system was put together and interrogated by RRI, the RRI amplitude map shown
below in Figure 6.12 was generated. The positioning of the RRI amplitude peaks
is such that a similar arrangement could be expanded to a larger number of
sensing regions with parasitic interferometer OPDs remaining situated between

the OPDs of interest.
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Figure 6.12: An RRI amplitude map produced by the interrogation of the chosen topol-
ogy. The peaks labelled a, b & c are those of interest formed by the intera-
tions between light in the sensing regions and the common local oscillator.
Those labelled 1 and 2 are the parasitic peaks caused by interferences be-

tween the sensing regions.

A ramp modulation was then added to the RRI modulation and the RRI ampli-
tude of the three interferometers of interest over the period of the sweep were cal-

culated as before. The resulting RRI amplitudes are shown below in Figure 6.13.
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Figure 6.13: The RRI amplitudes measured when a ramp is applied to the serial bus
topology system as shown in Figure 6.11

As is shown in Figure 6.13, the recovered TDLS-like plots show the existence
of interference that prevents them from being straight lines. This interference
had been seen before in earlier, unrecorded iterations of experiments using the
Mach-Zehnder configuration and was the driving factor in the choice of path

lengths used in that configuration. The chosen OPDs in Chapter 5 were those
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at which this previously observed interference was not present. The fact that
changing the OPDs was previously able to remove this interference shows that
it was not due to physical reflections in the lightpath causing optical fringing
but down to interactions between the interferometers themselves. The process
by which this can happen is illustrated in Figure 6.14. To show the effect of the
parasitic OPDs on the measurement of one of the OPDs of interest, a system as

in Figure 6.15 was investigated.
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Figure 6.14: The motion of an RRI amplitude peak due to change in driving current.
Showing the position of the parasitic RRI amplitude peak at high and low
driving crurrent (red and blue) and the OPDs used to investigate an inter-
ferometer of interest (grey)

Sensing regions
N\ >
N\ >

D Photodiode
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Figure 6.15: The experimental layout used to demonstrate the interaction between the in-
terferometric signals of two sensing regions. The only interferometer formed
is that between the light reflected from the ends of the two sensing regions.

Laser

In this experimental set-up, the only interferometer formed is that between

the light reflected from the end of the two sensing regions, which is a parasitic
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interferometer, rather than one of interest. This forms the peak labelled as (a)
in Figure 6.12. The ramp modulation on the laser, the centre wavelength was
adjusted from its initial position (producing the blue peak in Figure 6.14) to a
wavelength corresponding to a lower point on the ramp modulation (producing
the blue peak). As can be seen in Figure 6.14, the RRI amplitude peak associated
with the parasitic interferometer moves so that it is within the region marked by
the OPDs that are interrogated to reconstruct the OPD associated with sensing
region 3 (indicated by the vertical dashed lines). This means that any reconstruc-
tion of the RRI amplitude peak associated with sensing region 3 will be incorrect,
given that it will not be reconstructing a single RRI amplitude peak but various
combinations of the two peaks as they move across the region being sampled.
In order to prevent this interference between OPDs, it is possible to adjust the
spacing between the OPDs so that as they move, there is sufficient difference
between each one that they do not interfere in this way. However, while this
was possible in the earlier experiments in the Mach-Zehnder configuration with
a limited number of sensing regions, application of this to a system with many
sensing regions would be impractical. As the OPDs of the constituent interferom-
eters are increased, as would be the case with larger numbers of sensing regions,
the apparent motion of the peaks increases. This dependence of apparent RRI
amplitude peak motion on OPD is shown in Figure 6.16, which was plotted by
measuring the apparent motion of the RRI amplitude peaks over a single ramp
modulation in a Mach-Zehnder interferometer with varying OPDs. In order to
measure this, systems of single interferometers were constructed and the RRI
amplitude maps were examined to identify the location of the peak when a
constant central driving current was applied to the laser. This driving current
was changed to a value corresponding to the highest central wavelength of the
ramp modulation, and the lowest. This was repeated multiple times for each
interferometer and an average of the shift in RRI amplitude peak position was

calculated, along with a standard deviation for each.
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Figure 6.16: Apparent motion of RRI amplitude peak as a function of OPD.

As the magnitude of this apparent motion increases, in order to prevent the
peaks crossing over the regions in which other peaks are measured, greater sepa-
ration between the peaks will be needed. This can only be achieved by increased
OPDs, and so increased path lengths of fibre, which will in turn lead to higher
levels of noise as result of the phase noise of the laser. While this effect of fi-
bre length on signal-to-noise ratio was not quantified, it will reduce the limit
of detection of the device, as was seen in Section 5.4.3 As a result, this is not a

practical solution, and so an alternative had to be found.

64 PREVENTION OF RRI AMPLITUDE PEAK MOTION

6.4.1  The source of RRI amplitude peak Motion

During Range Resolved Interferometric demodulation of a photodiode signal,
the RRI system multiplies the photodiode signal by a Gaussian window and by a
complex demodulation signal that is the interferometric signal that would be ex-
pected to be formed by an interferometer with given parameters, specifically of a
given OPD. The result of this multiplication is a complex number, the magnitude
of which is proportional to the amplitude of the portion of the total photodiode

signal that is provided by an interferometer with the same parameters as the
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demodulation signal. The equation used to produce the demodulation signal is
first stated in Equation 4.6, and is repeated here for convenience as Equation 6.7,
wherein A4 is the demodulation phase carrier amplitude, w, is the frequency
at which the phase is modulated and T4 is the a factor that is approximately half
the time of flight delay for the light travelling down the two arms of the notional

interferometer.

C(t) _ eiAd sin(wm (t—tsp—0.514)) (6.7)

The function A4, which has units of radians, is chosen, either as part of a
swept measurement of all values of Ay within a range for the production of an
RRI amplitude map or at a set value for interrogation of a particular notional
OPD. As such it can be interpreted as containing similar information about the
notional interferometer as the phase carrier amplitude in Equation 4.5, again
repeated here for convenience as Equation 6.8

_ ZﬂAfoptT]k

An 6.8)

Co

In this equation, ny is the OPD of the kth notional interferometer, and Afqp¢
is the output frequency range over which the laser is modulated. This range is
determined by the magnitude of the modulating driving current applied to the
laser by the RRI system, and is considered during the demodulation process to
be constant. As a result, the phase modulation amplitude is only a function of
Nk, the OPD of the system. In previous implementations of RRI, this assumption
was valid as the only modulation of the laser was the sinusoidal RRI modulation.
However, the application of the ramp modulation makes this assumption invalid

as will be shown in the next section of this text.
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6.4.1.1  Measurement of Optical Wavelength Modulation

As discussed before in Section 4.4, the process of measuring the amplitude of
an RRI signal at a given notional OPD is achieved by comparison of a superpo-
sition of interferometric signals and extracting the magnitude of the portion of
that signal that is equivalent to the signal that would be produced by an inter-
ferometer of a given phase modulation amplitude. In previous applications of
RRI, that phase modulation amplitude (Ay) is proportional to the OPD of the
interferometer itself and so each unique OPD of the combined interferometers
is equivalent to a unique value of this phase modulation amplitude. However,
looking at Equation 6.8 shows that this is only true if the output wavelength
range (AAopt) remains constant. If this value changes, then, even as the OPD
remains constant, the value of A, will change. As a result, the value of the mag-
nitude of the product of the interferometric signal (U(t)) and the complex carrier
signal(C(t)) will reduce as the notional interferometer signal will have different
parameters to the actual interferometer signal being measured. As a first step
towards mitigation of this effect, the change in the value of Afq,t needs to be
measured.

In order to measure AAq,¢ as a function of the central wavelength, the laser
tibre output was connected to a Yokagawa optical spectrum analyser (OSA). The
driving current applied to the laser was set, in the absence of modulation to
various points along the ramp used to sweep the laser wavelength across the
gas absorption feature. A signal generator was then used to apply a sinusoidal
modulation to the current driver at a frequency of 49kHz, which is the same as
that produced by the RRI system, and with an amplitude of 500mV, which is
approximately double the amplitude of the driving voltage of the RRI system
as used in this thesis. This amplitude was chosen to amplify the effect of the
modulation making it measurable using available equipment. In the absence of

modulation, the OSA recorded a Gaussian profile for the laser emission, but,
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upon application of modulation, the output of the OSA changed. An example of

the new profile of the laser is shown below in Figure 6.17.
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Figure 6.17: The power spectrum of the laser undergoing 49kHz, 500mV modulation, a
and b mark the positions of the peaks used as a proxy for the value of the
wavelength modulation of the laser (AA)

The OSA trace was measured over a large number of modulations periods
and maps the average intensity at each wavelength. As the laser was driven
sinusoidally, the resulting behaviour was simple harmonic motion in the wave-
length space and the height of the peak at each wavelength was a function of the
time the laser spends at each wavelength and the power of the laser at each point.
Hence the existence of the two peaks labelled a and b in Figure 6.17 where the
rate of change of wavelength was lowest (peak b is higher than peak a because
the laser has a higher power at that point). The separation between the peaks
was measured and used as a proxy for the wavelength excursion (AAqpt) as in
Equation 6.8. With a central driving current of 179mA applied to the laser, the
amplitude of the current modulation was changed, and the peak separation was
measured to check that the separation was proportional to the current modula-

tion. This proportionality is shown below in Figure 6.18.
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Figure 6.18: The measured difference between the frequencies of the two peaks in Fig-
ure 6.17, as a function of the applied sinusoidal modulation, the uncertainty
being given by the resolution of the OSA used.A line of best fit shows the
linearity of the response

This proportionality gives confidence that while the OSA is unable to resolve
the peak separation caused by modulations at the amplitude used within the
system described in this thesis (approximately 250mV), the findings of measure-
ments at higher modulations amplitudes will be applicable to the system as
used.

The current controller was used to set the central DC driving current of the
laser at various currents that corresponded to various points on the ramp current
applied when the laser was swept in previous work. At each central driving
current, a 500mV 49kHz modulation was applied, and the OSA was used to
measure the optical wavelength excursion (AAopt) as shown in Figure 6.17. This
optical wavelength excursion was plotted as a function of the central driving

current in Figure 6.18
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Figure 6.19: The measured difference between the wavelength of the two peaks in Fig-
ure 6.17, as a function of the central driving current

Figure 6.19 shows that the wavelength excursion varies by a factor of approx-
imately 25% over the period of a single ramp modulation. However, given the
apparent noise within the measurements (possibly caused by a lack of resolu-
tion on the OSA combined with the use of the two peaks in Figure 6.17 as a
measure of AAqp¢ rather than a more precise measurement such as the use of a
Fabry-Perot interferometer) means that the actual relationship between the cen-
tral driving current and AA,p¢ cannot be precisely determined. Both a 1st and
2nd degree polynomial fit to the data are shown on Figure 6.18, and both have
similar coefficients of determination.

Having determined the effect and the underlying cause of the motion of the
peaks, there exist two possible solutions and these will be discussed in the next

section of this thesis.
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6.4.2 Methods to Prevent The Motion of RRI Amplitude Peaks

The apparent motion of the RRI amplitude peaks described in Section 6.3 and
thus the interference between the measurement channels is caused by the fact
that at different central driving currents, the laser used in this work has differ-
ent behaviours when a modulation is applied on top of the driving current. As
a result, the phase modulation amplitude (Ay) as given most recently by Equa-
tion 6.7 becomes a function of the central driving current applied to the laser
as well as the OPD of the interferometer. This in turn causes a mismatch be-
tween the demodulation complex interferometer signal and the measured signal
causing a loss of the signal when demodulated at a fixed notional OPD.

In Chapter 5, this problem was mitigated by simultaneously demodulating the
signal at 7 OPDs per measurement channel, thus capturing the signal as the RRI
amplitude peak moved in phase space, and rebuilding the RRI amplitude curve
at each instant in post-processing. While this was suitable for demonstrating the
potential of RRI to measure gas concentration, the lack of real-time measurement
means that it is not an appropriate method for deployment as a safety critical
gas detector. Further, the motion of the RRI amplitude peaks into regions that
contain RRI amplitude peaks associated with other sensing regions means that
even a real-time system based on multiple notional OPDs per sensing region
would be unfeasible. Therefore an alternative system of mitigation needs to be
used.

The calculation of the RRI amplitude at any point is determined by the mul-
tiplication of a complex demodulation signal and the measured interferometer
signal. In the system as currently deployed, the complex demodulation signal is
kept constant, while the measured interferometer signal is a function of time. In
order to avoid mismatch between the two, it would be possible to adjust either
the applied demodulation signal, or to adjust the modulation on the laser and

thus the measured interferometer signal. Both would be mathematically equiva-
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lent, but for the purposes of simplicity of implementation it was decided to work
towards a system wherein the wavelength excursion (AAypt) is kept constant.
This is similar to problems faced in speckle interferometry where modulation
preshaping was used to mitigate nonlinear laser response to current[153, 154].
Figure 6.18 shows that the value of AAyp¢ is proportional to the amplitude of
the sinusoidal voltage modulation Agy,. At the same time, Figure 6.19 shows that
it is possible to model the response of AA,p¢ as a 1st or 2nd order polynomial
function of the central driving current Ip. Consequently, the value of AAypt can
be modelled by an equation of the form of Equation 6.9 where gy is a polynomial
function of time that can be derived from Figure 6.19 and a is a constant that
connects the sinusoidal voltage to the wavelength modulation of the laser. It is
possible to have q be a function of t, rather than the central driving current, as

in a single ramp, the current is a linear function of time.

Adopt X AAsm (1) (6.9)

In order for the RRI amplitude peak to be stationary and for AAp¢ to be a con-
stant, a function of time Py needs to be found such that q)Pt) = 1. Multiplying
the sinusoidal modulation by this function P(;) will adjust the amplitude of the
sinusoidal modulation as a function of time, to counter the effect of the rising
central driving current and keep the value of Afyp constant across the ramp. An
example of one such potential modulation program, with arbitrary values for

the modulations and the enveloping function is shown in Figure 6.20.
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Figure 6.20: An example of the combined result of the enveloping function (P) to the
ramped and sinusoidally modulated driving current

P(t) could simply be the reciprocal of ), but due to choices made in coding
the software that will implement this solution, it is implemented in the form of
a simple polynomial.

In order to implement a system that implements the above ideas, an RRI sys-
tem that had previously been developed by K. Wiseman in the course of his
PhD at Cranfield University for use in laser stability applications was modified.
Unlike the system used in Chapter 5, this system was built on National Instru-
ments hardware and programmed in LabView software, making modification of
its processes possible for the author. The system already produced a sinusoidal
modulation the amplitude and frequency of which could be altered in the soft-
ware. A schematic diagram of the part of the LabView code that produces the
laser modulation is shown below in Figure 6.21. A clock module, along with user
defined values for the frequency and amplitude of the sinusoidal modulation is
used by a module to produce a sinusoidally varying voltage that is applied to
the current control of the laser to produce the wavelength modulation needed for

interferometry. The software that demodulates and interprets the signal is not in-
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cluded in the schematic as it is left unchanged and performs the same functions
as described in Section 4.4. It should be noted that this Wiseman RRI system has

the ability to measure the RRI amplitude at only three OPDs simultaneously.

Current
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Figure 6.21: A schematic of the data flow and output of the LabView software as sup-
plied showing the clock module, user inputs and the produced sine modu-
lation.

In order to sweep the laser’s central frequency across the methane absorption
feature, a ramp function generator module was added, the value of which could
be added to the sinusoidal function pin software, as was done by the external
signal generator and voltage adder in the work described in Chapter 5. The
ramp function was programmed to have a time period that would be set as an
integer number of the sinusoidal periods. To perform the enveloping, a module
was created that created a polynomial using the time produced by the clock. The
value of this polynomial was calculated at the frequency of the sinusoidal mod-
ulation and multiplied by the value of the sinusoidal modulation. This product
was then added to the ramp modulation value and output as a voltage to the

current controller. This process is shown schematically in Figure 6.22
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Figure 6.22: A schematic of the data flow and output of the software modules that pro-
vide the modulation to the current controller of the laser. The user defined
parameters for the ramp (R,), enveloping (P) and sinusoidal (S) modulation
are used to produce a voltage modulation (V) similar in shape to that shown
in Figure 6.20

65 USING LABVIEW SOFTWARE TO PERFORM REAL-TIME GAS MEASURE-

MENTS

With the software that was described in Section 6.4.2, the user is able to set
the parameters for the ramp, the sinusoidal modulation, and the polynomial
functions that are used to modulate the laser injection current. The input screen

is shown in Figure 6.23.
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Figure 6.23: The user interface for the LabView software

For the purposes of gas sensing, the key panel where the parameters are set
is labelled Modulation Config. In the implemented software, the user is able to
define the parameters of the enveloping function as a 3rd degree polynomial
as well as the parameters of the ramp and sinusoidal modulation. The other
settings are for fine control of the RRI demodulation process and are beyond the
scope of this thesis.

The experiment was set up using the topology described in Figure 6.11 with no
additional fibres (Lxn). The sinusoidal modulation was set to operate at 583Hz,

with an output amplitude of 0.05V. An RRI amplitude map was then produced

and displayed as in
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Figure 6.24: The RRI amplitude map produced by the LabView software. The top region
shows the interferogram measured at the photodiode and the bottom repre-
sents an RRI amplitude map of the system.

This image is of a system with a single sensing region.

The user is then able to set up to three OPDs to demodulate, and the system
then interrogates the RRI amplitude of the signals associated with those interfer-
ometers. With a ramp applied so that the central output wavelength of the laser
crossed the absorption feature of methane, a measure of the RRI amplitude at an
OPD associated with an interferometer of interest was taken over a period of 2
seconds, the ramp having a period of 1 second. With the enveloping polynomial
function set to a constant value of 1, no enveloping was applied and the RRI

amplitude peak moved as expected. This had the effect on the RRI amplitude at
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the measured OPD as shown below in Figure 6.25. This is equivalent to the plot

shown in Figure 5.8
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Figure 6.25: Normalised RRI amplitude measured in the absence of an enveloping poly-
nomial (P). The amplitude starts from zero when the peak is not at the
same OPD as the measurement, rises as it comes closer to that OPD and
then drops again as the peak moves away.

A polynomial function was then created by adjusting the values on the user
interface shown in Figure 6.23 and then simply watching the RRI map shown
in Figure 6.24, adjusting the parameters by eye until the peak appeared to be
stationary. Theoretically it should be possible to calculate the necessary parame-
ters from a plot similar to Figure 6.19, but the relationship between wavelength
excursion and the central driving current was measured at 49kHz, while the Lab-
View software was only able to operate at frequencies of the order of hundreds
of Hertz and the relationship cannot be assumed to hold at this lower modula-
tion frequency. The enveloping polynomial that was found to cause the position
of the RRI amplitude peak to remain stationary was P = 1 — 8t + 0t%. With this
enveloping polynomial enveloping applied, the RRI amplitude at the OPD of

interest was measured again, and is plotted below in Figure 6.26
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Figure 6.26: Normalised RRI amplitude measured over two ramp periods with the ap-
plied sinusoidal modulation subject to a polynomial enveloping. This looks
like a noisy TDLS signal with the rising amplitude due to the increasing
laser power over the ramp.

Visual inspection of the measured amplitude shows a clear reduction in any
effect of the motion of the RRI amplitude peak. The resulting plot of RRI am-
plitude resembles a standard TDLS signal over two ramp periods. The LabView
system however, shows the presence of a lower signal-to-noise ratio that previ-
ous work done with the RRI system used in Chapter 5. It is likely that this is
in part due to a difference in bit-depth between the National Instruments hard-
ware and the hardware used in the system used in Chapter 5. However, no work
was done to investigate the sources of noise as this work is considered to be a
proof of concept, and any further development of the technique will be done on
a system closer in nature to that used in Chapter 5.

To more precisely measure the effect of the enveloping, we consider the fact
that the purpose of the RRI amplitude measurement is to produce a TDLS-like
curve from which gas concentrations can be calculated. To that end, the data
from a single ramp period was taken and compared to a fitted straight line to cal-
culate what would be measured as the normalised absorption across the sweep,
as in Chapter 5 before that normalised absorption was fitted to a Lorentzian

curve.
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Figure 6.27: The residuals from the fitting of each of the data sets in Figure 6.25 (top)
and Figure 6.26 (bottom)

Given that no gas was present when the data was gathered, we should expect
the measured normalised absorption and the height of the fitted lorentzian curve
to be zero. However, in the case with no enveloping, the fitted Lorentzian curve
has a height of -1.43. The data taken with the enveloping applied produces a
Lorentzian with a height of -0.12. This is an improvement by a factor of 11.9.
It is likely that further improvements could be made with a more systematic
approach to the setting of the enveloping polynomial, but that would best be

performed on a system with lower noise levels than the currently available one.

6.5.1 real-time Gas Detection

With the LabView system capable of preventing the motion of the RRI amplitude
peaks, and thereby producing a TDLS-like curve, in order for it to act as a real-
time, stand alone gas sensing unit, a module was added that would interpret the
TDLS curve and provide a value for the amplitude of any detected normalised
absorption curve. This module took a simple ramp period’s worth of data for
each of the three measured channels, and applied the same algorithm that was
applied to extract the absorption peak height from the TDLS-like curves in Chap-

ter 5. This process is not computationally difficult and is done in less time than
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the ramp period, meaning that a real-time measure of the calculated absorption

peak height can be provided. To allow user monitoring, the software was modi-

tied to display a number of pieces of information as shown in Figure 6.28
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Figure 6.28: The gas concentration monitoring screen.
The screen contains user input options that allow the user to determine the
regions of the plot that are used to fit the zero gas background
This figure shows a single OPD being interrogated. (2.5% methane present
in the gas tube)

The system allows the real-time monitoring of the RRI amplitude at each of

the monitored OPDs, as well as the extracted gas absorption curve and the resul-

tant peak height over time. The gas concentration data can be saved to file along
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with the last five TDLS-like curves. The system was unable to show any response
to methane concentrations of 1000ppm, with any absorption being indistinguish-
able from noise levels within the system. Criteria were added to the peak fitting
algorithm so that peaks that were not in the centre of the data and were not of
the expected width would be rejected and the absorption reported as zero. Three
sensing regions were used and starting from being filled with zero hydrocarbon
air, they were filled at different times with a 2.5% concentration of methane. The
methane was then replaced with hydrocarbon free air once more. The recorded

values of the absorption height peaks are shown below in Figure 6.29.
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Figure 6.29: The values measured for the amplitude of the Lorentzian absorption curve
measured in each sensing location as a function of time.

Figure 6.29 shows that the system responds to changes in methane concentra-
tion at the three sensing locations independently and in real-time. When the sens-
ing regions were all filled with 2.5% methane, they all showed approximately the
same absorption heights. The system also shows response to levels of methane
below the 2.5% concentration as evidenced by the readings as the methane filled
the tubes. However, the LabView software itself was not stable over the long
term, crashing, possibly due to memory leaks, meaning that no calibration or

long term stability testing as discussed in Chapter 5 could be performed.
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6.6 SUMMARY

While Chapter 5 demonstrated that Range Resolved Interferometry could be
used, in principle, to measure the presence and concentration of methane in a
number of places simultaneously, the system as presented there was only shown
to operate in a Mach-Zehnder topology and not in a real-time capacity. Both of
these problems would make it unsuitable for deployment. Two possible topolo-
gies were examined, a serial and a serial bus topology. It was shown that the
serial-bus topology had a number of advantages including a higher light inten-
sity illuminating the later sensing regions as well as maintaining the indepen-
dence of each sensing region.

It was shown that the response of the laser to sinusoidal modulation was not
constant over the applied ramp modulation, and that this was the cause of the
apparent motion of the RRI amplitude peak that had previously required off line,
non real-time data processing to form a TDLS-like curve from which gas concen-
trations could be measured. A method to overcome this problem by applying
an enveloping function was developed so that the amplitude of the sinusoidal
modulation varied over time. This removed the need for post-processing to pro-
duce a TDLS-like curve, instead producing it in real-time and thus allowing the
detection of gas in three independent locations in real-time.

Both the ability to deploy sensing regions in an effective topology and the
ability to measure methane in real-time are essential factors in deployment of an

RRI system in a safety critical environment.
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7.1 INTRODUCTION

Previous chapters have shown the possibility of using Range Resolved Interfer-
ometry to measure the concentration of methane in a number of locations simul-
taneously in real-time. In order for such a system to be put into use, a number
of parameters of the system would need to be measured and optimised. As an
example of one such parameter, the effect of the amplitude of the sinusoidal
wavelength modulation on measurement capabilities is investigated in this chap-
ter. As this sinusoidal RRI modulation amplitude is varied, the laser interaction
with the wavelengths that are absorbed by the methane are shifted in time. This
has an effect on the measured shape of the absorption feature, as opposed to
its natural shape, and this effect must be understood since the shape of the ab-
sorption feature is used to calculate the methane concentrations. In addition, the
ability of the RRI system to identify individual interferometers is used to ex-
tract the signal of interest from with a system with unwanted optical fringing,
fringing being a potentially serious impediment to the measurement of gas con-
centration[155]. Fringing occurs when etalons are formed in the gas path which
forms interferometric signals that sit on top of the measurement signal. Range
Resolved Interferometry is used to identify the desired signal and measure it

without the influence of the parasitic signal.
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7.2 EFFECTS OF MODULATION DEPTH

In the work presented in this thesis, Range Resolved Interferometry has been
used to extract an absorption curve produced when light passes through a sam-
ple of methane gas. As discussed in Section 2.4.1, the shape of an absorption
feature of a gas is determined by factors such as the temperature and pressure
of the sample being tested. This can be thought of as the absorption feature’s
natural line shape in those conditions. In standard direct tunable diode laser
spectroscopy, the shape of the absorption feature is directly measured. The use
of RRI to interrogate the gas absorption feature, as with wavelength modulation
spectroscopy, however adds a sinusoidal modulation to the ramp modulation,
which has an effect on the measured lineshape as described in this chapter. As
shown in Figure 7.1, a sinusoidally modulated laser beam has a wavelength
equivalent to the a point on the absorption curve of a gas species earlier than a
the purely ramped laser. In Figure 7.1, this is ilustrated by showing the point at
which the sinusoidal (red) and ramped (blue) laser wavelengths cross a point cor-
responding with the full width half maximum (FWHM) points of the absorption

curve (shown in grey).
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Figure 7.1: The different behaviour of a standard TDLS ramp and a RRI modulated
laser. The blue line shows the behaviour of a laser undergoing a sawtooth
modulation, while the red line shows the wavelength response of a laser
being modulated for RRI. The grey lines are the fullwidth half maximum
points on the natural line shape of a methane absorption feature.
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The rapid sinusoidal modulation of the laser effectively produces a wave-
length emission that is wider in wavelength space, and when this is convolved
with the natural lineshape of the absorption feature will produce a measured
lineshape that is broader and shallower than the natural one.

In order to visualise the effect of the magnitude of RRI modulation, software
that modelled the process of Range Resolved Interferometry and its interaction
with absorption features was created. The logic flow of this software is shown in

Figure 7.2

139



140 THE EFFECTS OF RRI ON TDLS MEASUREMENTS

Calculate absorption coefficient
at each point in a wavelength
scan

Y

Set value of wavelength
modulation depth -

Y

Calculate intensity transmitted
at each instant of time on
wavelength scan

\J

Calculate interferrogram
produced for each RRI
modulation period

\J

Calculate the RRI amplitude for
each RRI modulation period

Y

From RRI amplitudes produce a
normalised absorption curve

Figure 7.2: Logic flow for software used to simulate the effect of modulation depth on
measured absorption lineshape

Using different values for the amplitude of the RRI modulation, the system
was used to simulate the RRI amplitude that would be measured when light was
passed through a two armed interferometer that contained a set concentration

of methane in the sensing arm. The results are shown in Figure 7.3
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Figure 7.3: Top: The TDLS-like curves produced from a simulated interferometer con-
taining a constant constant concentration of methane in a single sensing re-
gion when different amplitudes of RRI modulation are applied.

Bottom: The normalised absorption curves calculated from the TDLS-like

curves, showing the perceived broadening of the absorption feature as the
modulation amplitude increases

Figure 7.3 shows the broadening of the perceived absorption feature as the

RRI modulation amplitude increases, and this effect is quantified in Figure 7.4.
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Figure 7.4: The peak height and the full width half maximum of the absorption curves
from Figure 7.3, as a function of the RRI modulation amplitude applied in
terms of the modulation depth and the modulation index (the ratio between
the modulation amplitude and the width of the absorption feature)

In order to validate this simulated decrease in peak height as a function of
RRI modulation amplitude. experimental tests were performed wherein the ab-
sorption peak height was measured using RRI. The Wiseman RRI system allows
control of the amplitude of the RRI amplitude applied to the laser control in
a range of 0.05V to 0.3V. The system outputs the calculated absorbance values
as a function of time and a fitted Lorentzian curve. These outputs, measured at

various RRI modulation amplitudes are shown in Figure 7.5
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Figure 7.5: Top: The reported absorption curves measured with a sensing region filled
with a constant concentration of methane, using different amplitudes of RRI
modulation.

Bottom: The Lorentzian curves fitted to these absorption curves after the data
has been centred for ease of comparison

As with the simulated data, decreased absorption height is seen as RRI mod-

ulation increases, and this is again quantified in Figure 7.6
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Figure 7.6: The peak height of the absorption curves from Figure 7.5, as a function of
the RRI modulation amplitude applied

In agreement with the modelled relationship, there is a drop in the measured
height of the absorption curve as the RRI modulation amplitude increases. As-

suming a constant value for the noise within the system, this would lead to a
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lower signal-to-noise ratio and a lower limit of detection. This could be coun-
tered by using a lower RRI modulation amplitude, but due to the nature of the
phase carrier amplitude (A;,) in Equation 4.4 which is proportional to the optical
path difference and the RRI modulation amplitude, a decrease in the RRI mod-
ulation amplitude would lead to a loss of spatial resolution in the system. The
spatial resolution of the RRI system, defined as the minimum difference in the
OPDs that can be resolved is set by the ability of the window function (W(t))
to suppress contributions to the demodulated signal from anything other than
the interferometer of interest. This ability, expressed in terms of a broadband
suppression ration (Syy) is greater for narrower window functions and for each
given window function is a function of the applied phase modulation amplitude
(Ay) for a given OPD. The relationship between the phase modulation amplitude
and the broadband suppression ratio is plotted in the work of Kissinger[24]. For
any chosen limit of Sy, a corresponding minimum value of Ay can be deter-
mined and converted to a minimum OPD separation as shown in Equation 7.1
wherein A represents the central wavelength about which the laser is oscillated

Amin)\Oz

Nmin ~ TAN (7.1)

If values for a minimum acceptable value of Sy, is chosen to be 8odB, then us-
ing the figure in Kissinger[24] and a window width of 0.0225, a value of A,in of
gorads is established. Thus, a laser modulated by o.01nm around a wavelength
of 1653nm, then a minimum OPD seperation of 1.3m is shown to be possible,
while under the same criteria, a modulation of 0.02nm yields a spatial resolution
of 0.65m. This work therefore shows the existence between a trade-off between
the spatial resolution and gas sensing capabilities of any RRI based gas detec-
tion system. Spatial resolution in this context refers to the minimum separation
between the OPDs of the system, but does not directly relate to the spacings of
the sensors. For example, while the system shown in Chapter 5 has the interfer-

ometers of interest with OPDs that are separated by multiples of 2m, Figure 5.16
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shows that the sensing regions are placed approximately 2ocm apart on the op-
tical bench and could in fact be placed anywhere that the fibre connections will
allow. Spatial resolution would be a determining factor in the number of sensors
that could be deployed in a serial topology, as the system is limited by the co-
herence length of the laser being used and the number of sensors that could fit
within any given length would be determined in part by the necessary separa-

tion between their OPDs.

7.3 RRI AS A FRINGE SUPPRESSION TECHNIQUE

As was discussed in Section 2.4.2.1, in many instances the existence of interfer-
ence fringes is a limiting factor in the measurement capabilities of tunable diode
laser spectroscopy (TDLS)[72]. In gas sensing, these fringes are often caused by
reflections between surfaces that form the gas cells such as the cell windows|[70].
While care can be taken to avoid these in the design of the cells, using compo-
nents such as wedged windows and anti-reflection coatings, some etalons may
persist or develop over time. The fringes are caused by the interference of multi-
ple beams within the system, with the fringes having a free spectral range deter-
mined by the size of the etalon that gives rise to them. Thus, they are effectively
the product of parasitic interferometers that are added to the interferometers
of interest within the system. Given RRI’s ability to interrogate the interferom-
eters of interest and disregard the parasitic ones, it was decided to investigate
whether this could be used to reduce the influence of unwanted optical fring-
ing on a measurement. In order to test this hypothesis, a system with a reliable
source of unwanted interference fringes was needed. To that end, the equipment

shown in Figure 7.7 was used.
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Figure 7.7: The experimental apparatus used to test the ability of the RRI system to sup-
press the effect of etalon fringes. An etalon of 2m length of fibre was formed
in the measurement arm by use of Thor Labs in-fibre partial reflectors.

The use of Thor Labs in-fibre partial reflectors with reflectance of 9g0% created
an etalon between them of a known, and stable length of 2m in fibre which acted
as a reliable source of fringes. To show the presence of the fringes, the signal at
Photodiode B was measured over the period of a single sawtooth modulation

with no RRI modulation applied. This is shown below in Figure 7.8.

0.15

Voltage

0.05

T 0.05

0 1 2 3

09 09 100 105 110

Time (s)

Figure 7.8: The signal at photodiode B during a single sawtooth modulation period. The
sinusoidal nature of the features in the zoomed in section shows it to be an
interferometric, rather than random source.

The amplitude of the fringes is visible to the naked eye, but to quantify their
effect, the photodiode signal was turned into a plot of normalised absorption

(Figure 7.9) and the height of the absorption peak (0.78) was compared to the
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standard deviation of the last 10% of the curve (0.15) to produce a signal-to-noise

ratio of 5.2.
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Figure 7.9: The normalised absorption curve calculated from the data shown in Fig-
ure 7.8

RRI modulation was then applied and the signal at photodiode A was demod-

ulated to produce the RRI amplitude map in Figure 7.10.
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Figure 7.10: The RRI amplitude map of the system shown in Figure 7.7. The peak la-
belled (a) was that of the interferometer of interest, while other peaks were
parasitic interferometers, including those caused by the etalon
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Using the the techniques described in Chapter 5, a TDLS-like curve of the light

intensity passing through the sensing region was taken and is shown below in

Figure 7.11
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Figure 7.11: The RRI signal taken from the interferometer of interest in Figure 7.7

Visual inspection shows that the application of RRI to a system with optical
fringes provides a large improvement in the signal-to-noise ratio, but for the
purposes of quantification, the same process as for the previous TDLS data was
performed. The normalised absorption curve was calculated Figure 7.12, and the
height of the absorption curve (0.66) was compared to the standard deviation of

the last 10% of the data points in the curve (0.0069) to produce an SNR of 94.
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Figure 7.12: The normalised absorption curve calculated from the data shown in Fig-
ure 7.11
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Thus, the application of RRI to a system beset with optical fringes can increase
the signal-to-noise ratio by a factor of 18. The fact that in Figure 7.12 are not
visible, suggests that they have been suppressed below the level of other noise
sources. In addition, an Fourier transform of an equivalent portion of each of the

data sets was calculated and shown in Figure 7.13
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Figure 7.13: The Fourier transforms of the TDLS plot with fringes present (top) and the
RRI measure of the same system (bottom)

Figure 7.13 shows, at the top, the Fourier transform of the system without
the application of RRI. As well as other noise sources, there are a number of
frequency components at around 50Hz, which corresponds with the frequency
of the fringing shown in Figure 7.8. The Fourier transform of the RRI amplitude
(Figure 7.11 shows no such frequency contribution at 50Hz suggesting that the

effect of the etalon has been suppressed to a level that is not detectable.

7.4 SUMMARY

In this chapter, two experiments were undertaken, one aimed at showing an ex-

ample of the work needed to optimise the RRI system for real world deployment
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and one to show an additional capability of the RRI system for uses other than
in multipoint gas sensing. It was shown that the RRI modulation amplitude ap-
plied to the system lowers the perceived peak height and increases the width of
the absorption curves measured in the presence of methane concentrations. This
will worsen the signal-to-noise ratio of the signal and so lower its potential limit
of detection. However, simply reducing the amplitude of the RRI modulation
is not necessarily the solution as this will lead to impaired spatial resolution.
The second experiment showed that the ability of the RRI system to differentiate
between different interferometric signal within a complex system can be used
for the purposes of optical fringe suppression. By interrogating only the interfer-
ometer of interest, the RRI system reduced the effect of noise in a system with

optical fringes by a factor of at least 18.
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8.1 THESIS SUMMARY AND CONCLUSIONS

This thesis has described how Range Resolved Interferometry, used previously
for positional measurements, was used for the spectroscopic measurement of
methane gas concentrations in three locations simultaneously.

Range Resolved Interferometry, which allows the demodulation of individual
signals from superpositions of multiple interferometric signals, was used with a
Mach-Zehnder arrangement of three fibre coupled gas tubes that could be inde-
pendently filled with methane and a reference path. When a 49kHz sinusoidal
modulation was applied to a diode laser whose output was coupled into the
interferometer, the system was able to identify the amplitude of interferometric
signals associated with each of the interferometers. The system provided range
information for each of the interferometers on an RRI amplitude map, with the
interferometers having OPDs that differed by 2m. This allowed the identification
of the signals associated with the interferometers of interest; those formed be-
tween a gas cell and the reference path, while allowing the user to measure their
behaviour. A slow 2Hz ramped modulation was then added to the sinusoidal
modulation to sweep the laser’s central wavelength across a methane absorption
feature at 1653nm. Monitoring the RRI amplitude of each of the interferometers
of interest was then used as a method to measure the light intensity passing
through the gas sensing region and thus the methane concentration. Due to the
fact that the DFB laser used in the system did not have a constant wavelength

modulation response to an applied sinusoidal current modulation at every cen-
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tral driving current produced by the slow ramp modulation, the system was not
capable of being operated in real-time, as the data had to be subject to signifi-
cant post-processing in order to produce a TDLS-like curve from which methane
concentrations could be measured.

In order to assess the potential of future iterations of the system for use in
safety critical environments, the measurement capabilities of the system in its
current form were tested. The height of the absorption peaks in the recovered
TDLS-like curves were measured at various concentrations of methane and the
system showed good linearity of response in the range 200-1000ppm with R*>
0.95. In order to find the theoretical limit of detection of the system, Allen-Werle
calculations were performed over time series data of absorption heights. This
showed that with appropriate averaging times of around 3 minutes, the system
would be capable of detecting concentrations as low as 4ppm. Finally, measure-
ments of the gas concentration readings in one sensing region while the concen-
trations in the other regions were changed showed that the sensing regions were
independent, with no detectable cross talk between them.

In order to operate in a field safety role, RRI needs to be able to be deployed
in a more convenient way than the Mach-Zehnder topology would allow. Two
topologies, serial and serial bus were theoretically examined to determine the
loss budget for each. It was found that for expected levels of coupling inefficien-
cies in a system, the serial bus topology would be the most suitable in almost all
real world use cases.

Finally, in order to be of value, RRI would have to be able to detect the pres-
ence of methane in real-time. To counter the non-constant wavelength response
to the sinusoidal current, a LABVIEW based system was designed and built that
applied an envelope function to the sinusoidal modulation current allowing it
to vary as a function of the ramp modulation. This produced a constant wave-
length modulation across the scan and enabled the real-time and simultaneous

measurement of 2.5% methane in three locations, which is a concentration equiv-
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alent to half of the lower explosive limit of methane, suggesting that RRI has

potential to operate in safety critical roles where speed of response is important.

8.2 SUMMARY OF PROGRESS TOWARDS THESIS OBJECTIVES

The initial aims of the work described in this thesis were outlined in Chapter 1

and were met as follows:

¢ Investigate the ability of RRI to show the presence of methane in a single

location

— In Section 5.2.2 it was shown that a reduction in the RRI amplitude
measured was associated with the presence of methane. In order to
do this, the RRI amplitude of a single sensing region was measured
as the laser was swept across a gas feature. The outcome was a visible

dip in the RRI amplitude caused absorption.

* Determine if it can be used to produce a measurement of methane concen-

tration using a similar approach to TDLS

— Section 5.2.3 details the creation of a TDLS-like absorption curve from
multiple RRI amplitudes using post-processing. Measuring each sens-
ing region with a single complex carrier function did not produce a
TDLS-like curve due to non constant response of the laser to the si-
nusoidal modulation as the central bias current was ramped. In order
to mitigate this a number of complex carriers were applied per sens-
ing region which allowed the reconstruction of the RRI amplitude and
thus light intensity as a function of time.This allowed the production

of TDLS-like spectra showing the presence of methane.

¢ Establish whether RRI can perform this measurement of methane concen-

tration in multiple locations simultaneously and independently
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— Section 5.4 showed that the RRI system could be used to measure three
locations simultaneously, while Section 5.4.4 showed that each sensing
location could be measured independently of one another with no

detected crosstalk. above the level of experimental uncertainty.

¢ Confirm the ability of RRI to perform this measurement in real-time

— Section 6.5 shows the ability of an RRI based system to operate in
real-time measuring the presence of gas in three locations in real-time.
In order to achieve this, the effect of the non-uniform response to
sinusoidal modulation was mitigated by preshaping of the applied

modulation to produce a constant wavelength modulation.

® Characterise the limits of detection of the system built to perform these

tasks

— Section 5.4.2 found that the post-processed system of RRI had a lin-
ear response in response to methane concentrations as low as approxi-
mately 200ppm, while an Allen-Werle analysis in Section 5.4.3 showed
that it had the potential, given adequate averaging time, to measure
gas concentrations as low as 4ppm for the sensing region with the
lowest signal-to-noise ratio to 16ppm for the region with the greatest

SNR.

8.3 FUTURE WORK

This thesis has described the first use of the RRI technology to perform real-time
multipoint measurements of gas concentrations. While the measurement system
met the expectations described in the thesis objectives, the complete capabilities
of this technology are as yet unknown. As it stands, the system does not meet the
requirements of combined limit of detection and speed of response required for

operation in explosion prevention. Speed of response is only possible using the
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Wiseman system, although it was not directly measured, as the Kissinger system
requires slow post-processing, while the Wiseman system does allow real-time
measurement but has a signal-to-noise ratio such that no methane below con-
centrations of 2.5%(25000ppm) were detected. Some ways to improve the capa-
bilities of an RRI based gas detection system are described below. Two systems
were used in the work described in this thesis, referred to as the Kissinger and
the Wiseman systems(see Appendix A). The Kissinger system, based on Altera
Cyclone IV FPGA technology had a higher signal-to-noise ratio, but was not able
to be adjusted by the author to provide the preshaping of the modulation needed
for real-time concentration measurements. The Wiseman system, being based on
National Instruments hardware and programmed in LabVIEW software could
be modified to provide this preshaping and thus allow real-time measurement.
However this came at the expense of a lower signal-to-noise ratio inherent in
that system. It is thought that the main cause of this noise level is down to the
lower resolution of the analogue to digital converter used. The next step in de-
velopment of an RRI gas detection system would be to produce a system closer
in design to the Kissinger system that would allow immediate improvements in
signal-to-noise ratios while still allowing the preshaping of the modulation that
allows the real-time measurement of methane concentrations. Once such a sys-
tem has been built, a method of determining the form of the preshaping should
be undertaken that is more thorough and precise than the judgement by eye
used in this work. A system could be designed that would allow the system to
measure the location of an RRI amplitude peak at various bias currents and at
various modulation depths and use this information to pre-shape the sinusoidal
modulation to prevent the apparent motion of the RRI amplitude peak. If the
peak was more stable in its position, then this would lead to a better fit for the
baseline used to calculate the absorption, and thus the concentration. The only
source of noise detailed in this thesis was that due to the phase noise of the diode

laser. The fact that decreasing the light coupled through the sensing region does
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not improve the SNR suggests that this phase noise is dominant, as does the fact
that the longer path lengths have greater levels of noise. Given the fact that it is
this phase noise that dominates the system as currently operated, it is likely that
this will be the deciding factor determining the number of sensors that can be
deployed. The work done on the effect of modulation depth shows that greater
spatial resolution and thus more sensors with an acceptable phase noise could
be achieved but at the expense of lower signal produced by a given concentration
of gas. It has been shown that the sensing regions with the longest path lengths
have greater noise, no quantification of noise as a function of path length was
made and so no reliable estimate of the number of sensing regions that could be
monitored is as yet possible. Work on characterising the effect of pathlength on
the ratio of phase noise to gas absorption signal will need to be performed in
the future. The use of a laser with greater coherence would be a method to re-
duce this source of noise. The form of the Allen-Werle diagram, and the fact that
greater averaging times leads to improved limits of detection show that white
noise is present in the system and an early task for system improvement would
be a full noise audit of the next iteration of the technology. This would then
enable the identification of potential improvements that could be made. Effects
due to any polarisation drift in the system will also need to be investigated, par-
ticularly as the system is deployed with longer lengths of fibre. It may be that
polarisation diversity systems[156] could be implemented to mitigate this effect
and produce a more stable measurement over long measurement periods. RRI
has primarily been used to investigate the phase of the interferometric signals
and extract information from that. Gas detection systems have been developed
that can use changes in the phase of light caused by the dispersion effect of gas
on light incident upon it[157, 158]. There is therefore the potential to use this
phase information in a gas detection technique. As well as the signal processing,
improvements can be made in the deployment of the sensing regions themselves.

The work presented in Chapter 6 was done on the assumption that in each of the



8.3 FUTURE WORK

investigated deployment topologies, a single coupler ratio or reflectance value
was used. The aim of this was to simplify the system for deployment with an un-
known number of sensing regions up to a given maximum. However, this is not
the most efficient way of dividing the light between any given number of sensors
and alternatives could be investigated. This could be done in consultation with
a sensor manufacturer with understanding of potential end users” needs from
such a system. Improvements in the sensing regions themselves could also be
made. Losses of 60% on each pass are not suitable for field deployment and far
better coupling needs to be achieved. Commercially available gas cells are avail-
able with fibre-to-fibre throughputs of >50%[159] which would be an immediate
improvement. Another method, the use of fibre lenses to couple light into and
out of gas cells is claimed to have "low" losses compared to conventional lens
systems[160]. An alternative to conventional gas cells is the use of structured fi-
bres. These were mentioned in Chapter 3 and allow the interaction of light with
the gas within the fibre. They allow long gas cells and thus potentially more
sensitive gas detection[161]. Technical issues with the use of these fibres include
the method used to allow gas to enter the hollow core of the fibre and thus inter-
act with the light. This has been achieved by the designing of particular splices
with gaps to allow the gas to enter[116] or by drilling holes into the fibre along
its length[162]. In addition, engineering solutions would be needed that would
protect the fibre from damage and environmental dirt, while still allowing air
to enter the sensing region of the fibre. If these technical and signal process-
ing improvements are made, Range Resolved Interferometry has the potential to

provide a cost effective answer to the problem of multipoint gas sensing.
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presented in this thesis.
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methane detection using range-resolved interferometry,”Journal of Physics: Pho-

tonics, vol.3, no.2, o2LTo1 2021.

PEER REVIEWED CONFERENCES

J. Bremner, T. Kissinger, J. Hodgkinson, and R. P. Tatam, “Range resolved inter-
ferometric multiplexing of optical fibre coupled gas cells,” at Field Laser Appli-

cations in Industry and Research, 2018(Poster presentation)
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of topologies used in an interferometric gas detection technique,” Proceedings

.SPIE, vol.11354, 2020(Invited Talk).

J. A. Bremner, T. Kissinger, ]J. Hodgkinson, and R. Tatam, “The use of range
resolved interferometry for multi point methane detection (Poster presentation
accepted but cancelled due to Covid restrictions),” 27th International Conference

on Optical Fiber Sensors ,2020.
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J. Hodgkinson, T. Kissinger, and R. P. Tatam, “Optical fibre linked gas sen-
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J. Hodgkinson, T. Kissinger, and R. P. Tatam, “Optical fibre linked gas sen-
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PATENT APPLICATION

J. Bremner, T. Kissinger, E. J. Hodgkinson, and R. P. Tatam, Fluid sensing systems

and methods, WO2020/049287 2021



HARDWARE IMPLEMENTATION

The experimental work in this thesis was performed using two hardware sys-
tems, both designed in the Centre for Engineering Photonics. The work de-
scribed in Chapter 5 was performed on a system designed to support the work
of T Kissinger in he PhD thesis[128] and has therefore been referred to in this
work as the Kissinger system. The work described in Chapter 6 was designed
for the work of K Wiseman and is therefore referred to as the Wiseman system.
Both systems were altered by the author of this thesis for use in the experimental

work described here.

A.1 KISSINGER SYSTEM

This system was built around a Terasic DE-115 development board that uses a
Altera Cyclone IV FPGA. It is the field programmable gate array (FPGA) that
performs the demodulation calculations described in Chapter 4. The System is
capable of interrogating 24 range channels simultaneously and can provide a

modulation to the laser at frequencies of 49kHz.
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HARDWARE IMPLEMENTATION

Figure A.1: The hardware system used for the experimental work described in Chapter 5

A2 WISEMAN SYSTEM

The Kissinger system was not capable of providing the preshaping required in
Chapter 6 and the code was not easily amended and so an alternative system
was built based on work done for the the PhD thesis of Keiran Wiseman and
is consequently referred to as the Wiseman system. This is based on National
Instruments hardware NI 9755 analogue to digital input and a NI 9262 digital to
analogue output controlled by a CRIO FPGA system. Software had been written
by K Wiseman to perform RRI analysis and that software was adjusted by the au-
thor of this thesis to allow the addition of a ramp modulation and a preshaping
of the sinusoidal modulation. This system was capable of producing a sinusoidal
modulation at an frequency of 1133Hz, and with 14 bit resolution over a +10V

range giving a resolution of approximately 0.08V.
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Figure A.2: The hardware system used for the experimental work described in Chapter 6
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