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Abstract

Abstract

The analysis of the development context for a distributed temperature detection
system in an aircraft cargo compartment and the review of candidate technologies
stressed the advantages of using the Spontaneous Raman scattering principle with a
signal processing in the time domain. Simultaneously, the wished detection
performance defines the hardware specifications of the system.

For the “Cargo Compartment Fire Detection and Extinguishing” application, several
design parameters were identified; namely: the spatial and sampling resolution, the
temperature accuracy and its resolution, the possible sensing element length for a
given peak optical power per pulse, the refreshment time to get a temperature profile
over the sensing element length, the operating/survival temperature ranges and the
mechanical constraints at the sensing element in operation or during installation and
the possibility to discriminate an optical fibre break from an increase in temperature.
To reject the noise generated and amplified by the Avalanche Photo-Diodes (APD)
and by the cascaded amplification modules, the numerical signals were processed
using digital filters.

The detection system has also to early detect a fire while rejecting fire-like events. Its
detection performances are, namely: a temperature profile refreshment time of 3s, a
temperature resolution of + 1°C around the alarm signal, a spatial resolution of 1.3m
for a sensing element length of 500m. The detection of a temperature increase is a
spatial analysis organized through specific algorithms. These algorithms involve
processing the temperature time derivative, the spatial gradient, the variation of
danger surfaces, an analysis of the temperature spatial frequencies and the
calculation of the pewer spectral density and of the temperature covariance matrix.
Fire tests were performed and the optical fibre within a protective stainless steel tube
was connected to a control unit to monitor the danger situation over an aircraft cargo

compartment.
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Introduction

Introduction

T his thesis is concerned with understanding the needs of fire and overheat
A detection improvements on-board large aircraft using online temperature
detection systems to propose a suitable technology. Today, aircraft suppliers are
proposing the use of a loop of temperature sensors with a level of monitoring
performance, which is not fully responding to the complexity of a fire or overheat
situation. However, there is an increasing néed to be able to better characterise the
danger level, so as to inform the aircraft crew with regular, reliable and adequately
detailed information. In order to achieve this, a detection technology shall provide
evidence of robustness and shall demonstrate its capability to return faithfully the
evolving criticality of a fire or overheat situation. On the selected, improved and
tested technology, the overall objective was to question the feasibility of a

demonstration in an “operational” environment.

1.1 BACKGROUND

In recent years fire sensors have evolved from threshold devices that sense a single
fire signature to multi-mode, multi-criteria sensors that can employ algorithms for
decision making. Airplane flight manuals contain the approved procedures to follow
for a variety of situations. In the case of a cargo compartment fire detector alarm, the
typical flight manual procedure is to shut off any applicable ventilation, discharge
fire suppression agent if equipped, and divert and land at the nearest suitable airport.
In addition to the direct costs associated with a diversion, there could also be an
increased safety risk due to a variety of factors such as unfamiliar airports, less
effective navigation aids, inadequate maintenance facilities, shorter runways, inferior

" airport rescue and fire fighting capabilities.

The review of flight accidents involving overheat or fire cases indicates the necessity



Chapter One

of an improvement of detection performance. New international regulations, new
aeronautic applications for fire/overheat detection system, or new aircraft programs
are also presented as opportunities to launch the development of a system in

accordance with the system specification requirements.

Sensor systems which permit monitoring of the magnitude of temperature, and also
its variation along the length of a continuous uninterrupted sensing element, offer a
powerful and economical means of covering a large number of locations within a
large area and are particularly attractive for obtaining a graphicaI or pictorial

presentation of information.

A technology review was cdnducted io identify the most suitable distributed
temperature detection system to cover a wide range of aeronautic applications.
Regardless of the application, both for the control unit and the sensing element, the
Distributed Temperature Sensor (DTS) system shall be desighed to eliminate false
warnings, to reduce the number of components to a minimum, to provide fast
positive checks and troubleshooting procedures, to allow easy installation and
substitution, to present small size, low weight and high reliability figures. These
constraints impact directly on the design of the Raman DTS.

Cargo cbmpartment fire detection is particularly interested in detection systems able
to reduce drastically the false alarm rate andr capable of ensuring a higher safety
level. Halon gas, the cargo extinguishing agenf, is to be replaced by an efficient
ecological agent and therefore the cargo compartment application would require a.
system which ideally could monitor the ﬁre-éituation after the discharge of the
extinguishing agent during the specified time period (nine hours). A candidate for the
substitution of the extinguishing agent is a mixed system using a cooling water mist

component in combination with nitrogen, an inert gas.
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1.2 OBJECTIVE AND STRUCTURE OF THE THESIS

The objective of this thesis was to demonstrate the integration feasibility of a
Distributed Temperature Detection System on large aircraft. To achieve this
objective, a systematic analysis of the detection failures on aircraft and of the DTS
technologies having already a “proof-of-concept” available allowed the selection of a
unique technology and the launch of the research for a technological improvement.
Many interconnections exist between the chapters; for example the constitutive
equations and model parameters from chapter 4 are used for the constrqctidn of the
detection system described in chapter 5 and 6. The knowledge determined in chapters
2 and 3, on fire detection and distributed temperature-sensing technology
respectively help to understand the fire test procedures and results from chapter 6.
The content of each chapter is summarized below in more details. |

Chapter 2 gives a status of the aviation incidents and accidents related to fire or
overheat over 22 years up to 2002 and presents in detail the repercussions and
possible improvements. Background on international regulations and trends for the
new aircraft programs are also provided.

Chapter 3 explains how the technology selection was operated and describes, per
identified application, the various detection requirements and environmental
conditions that should be considered. Based on an accurate knowledge of potential
fire scenarios, the development of the DTS targeted the following set of detection '
perfoﬁnances: a temperature profile refreshment time of 3s, a temperature resolution
of £3°C around the alarm signal, £5°C outside the alarm range, a sampling interval
of 0.5m, a temperature detection range between -55°C and +300°C (long term), a
maximum senéing element length of not less than 500m. Detection and monitoring
algorithms are available and are refined using the full size of an A340 cargo
compartment. Finally, the Raman Optical Time Domain Reflectometry is decided as
the technology to be developed for the application “Thermal Cargo Monitoring”. In
measurements undertaken using fibre-optic DTS, an optical fibre is positioned along

the object of interest and laser pulses are passed through the optical fibre. The laser
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beam is scattered in the fibre, and Raman scattered light (which has two components,
Stokes light and anti-Stokes light) is generated and measured on its return to its point
of origination. The intensity of the Raman scattering depends on the temperature of

the optical medium.

In chapter 4, the Raman effect in optical fibres is detailed and the level of the optical
 signals reaching the photodetectors are calculated. It allows the specification of the

amplification characteristics.

Chapter 5 examines the different system modules and its global architecture. A
relationship is then established between the set of the module characteristics and the
detection performance. The amplification model of the received optiéal signal is also
fully developed in this chapter. To reduce the criticality dependent on the hardware
development of the pre-amplification stage, which has to be generating a low level of
noise, the study in this chapter aims to show that signal processing techniques can
‘improve significantly the temperature éccuracy of the fire monitoring system.
Besides, an evaluation of the system compatibility to on-board system requirements
is carried out.

The detection algorithms, the test program and results are explained in the chapter 6
and illustraté the maturity of the detection system coﬁéept

Finally, in chapter 7, the overall conclusions of the work are presented and the

directions for future research are given.

. Odic, RM.; Tatam, R.P., "Distributed Temperature Sensor for Aeronautic Applications".
The International Conference on Optical Fibre Sensors, Portland (USA), May 2002.

¢ Odic, R M.; Tatam, R.P., "Distributed Temperature Detection for Large Aircraft Systems".
Conference on Sensors for Aircraft Systems, Institute of Physics, London (UK), May 2003.

¢ Odic, R.M.; Tatam, R.P., "Detection, Control and Monitoring of Fire in Aircraft Cargo
Compartment". SPIE Photonics East 2003, Optical Technologies for Industrial and
Environmental Sensing, Rhode Island (USA), October 2003.




Context of Development for a Distributed Temperature Detection System

Context of Development
~ for a Distributed Temperature Detection System

21  Review 61' flight accidents involving fire 6
22 The questionvof false warnings.. 9
2.3  Improvement of the detection performances 13
24  The inﬂuénce of international regulations 17
2.5  New technologies for new aircraft programs 21
2.6  Detection systems for retrofit or new applications 25
» 2.7  General requirements to equipment design and industrialisation 28
2.8 Conclusion ‘ .30

A significant aspect of aeronautic fire/overheat (F/O) protection is to identify a
developing emergiency situation in a timely manner, and to alert the occupants
of the aircraft (A/C). The other common functions are the transmission of an alarm
notification, the shut down of electrical, air handling equipment or special process

operations and the initiation of automatic suppression systems.

The development of a new aeronautic fire detection system is here described as a
process necessitating the consideration of key parameters. The review of flight
accidents involving overheat or fire cases, balanced with the “unwanted alarm” rates
from the detection systems involved indicates the necessity of an improvement of
detection performance. New international regulations, new aeronautic applications
for (F/O) detection system, or new A/C programs are also presented as opportunities
to launch the development of a system in accordance with the system specification

requirements.



Chapter Two

2.1 REVIEW OF FLIGHT ACCIDENTS INVOLVING FIRE

The objectives of this study are to assess the potential benefits, in terms of reduction
of fatalities, by statistically identifying which parts of the A/C are the most affected
by F/O events leading to an accident. The term accident refers here to such an event

associated with the operation of an aircraft in which there were one or more fatalities.

Although the number of fatalities per 100 000 ﬂight hours decreased significantly
within the last 20 years [U.S. Department of Transportation, 2003], the projected
increase in the demand for air travel in the 21* century is such that unless the current
accident rate can be improved, the public will find the number of accidents together

with the associated loss of life, unacceptable.
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Figure 2.1-1 Rate of fatal accidents per 100,000 Flighf Hours 1975 through 1996

Fire is involved in approximately 60% of aircraft accidents [Muir, 2003].
: Historically, improvements in standards for initial type certification have frequently
been based on lessons learned from the continued airworthiness process [The Federal
Aviation Administration, 2003b]. Consequently, making the continued airworthiness
process more effective is one axis to improving safety in the near term and to

providing a foundation for improvements in the long term.

Reports have been collected from the crashDATABASE.com server [Rupp, 2003] to
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draw an analysis on Large Aircraft Accidents with fatalities related to fire or

overheat situations.

Accidents, where the starting location of the fire or overheat situation was unknown,
were not taken into account, neither were events where it was not possible to say if
the danger was or was not detected. The small percentage of unwanted alarm cases
given by Detection Systems and leading to an aircraft accident, or accidents resulting
from wars, terrorist actions, hijacking, lightening...were also not included in this

analysis.

The 22 accident cases, happening on Airbus, Boeing, McDonnell Douglas and
extracted from 1980 to 2002, were arranged into 9 categories corresponding to
aircraft areas where the F/O event started, namely: Engine, Cabin, Auxiliary Power
Unit (APU), Cockpit, Landing Gear, Wing, Cargo Hold, Hidden Area or Electronic
Bays. The Hidden Areas are zones in the aircraft with a low level of maintenance

operations, for example in the lower centre fuselage section of large aircraft.

Warning No Warning

Engine
Cabin
APU
Cockpit

Landing Gear

Wing

15% < Pf Cargo Hold

10% < Pf <15% Hidden Area

5% < Pf<10%
Pf <5% Electronic Bays

Figure 2.1-2 Distribution of accident with fatalities as a function of the selected A/C Area
“Pf” stands for the probability that an accident with fatalities has been initiated in the considered zone
of the aircraft and where a warning (first column) or no warning (second column) was given.
Out of the total number of accident with fatalities, we notice that about 60% were
having a danger detected, and that the Engine, the Cabin, the Wing and the Cargo

Hold areas had the highest probabilities.
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One significant reason for the lack of progress could well be that with the very low
accident rate that the industry has achieved over the past few decades, no single
safety feature is likely to be cost effective [Taylor, 1996]. The suggestion is then to
‘aim at having a collection of safety features waiting on the shelf until their need is
agreed by all concerned. To achieve this we must concentrate R&D on mmlmlzmg,

to an acceptable level, the disbenefits of any feature.

The previous analysis aims to identify zones in large aircrafts, which are more likely
to be the start of a ‘F/O. Pinpointingv the difference of occurrences per zone may
indeed reduce the déveloprhent costs. In fact, the identification of these zones
enables the requirément to be separated in terms of detection, and to evaluate wether
a detection or an extinction system development would bring the most benefit to ‘the

overall security of the aircraft.

While improving the accui‘acy and early warning capabilities of the detection
systems or the efﬁciency of extinguishing agents [Sarkos, 2003]; the aircraft
manufacturers, the airlines, the regulations are aiming at improving survivability
during post-crash fires and preventing uncontrollable in-flight fires. Survivable
accident is one in which thé fuselage remains relatively intact, the crash forces do not
exceed the limits of human tolerance, [Murray, 1995] there are adequate occupant

restraints, and there are sufficient escape provisions.

Over the past ten years, the Federal Aviation Administration (FAA) and most other
aviation authorities worldwide have implemented modifications, which have vastly
improved fire syaféty,in transport aviation, and increased the survivability rate [Hill ez
al., 1998]. The greatest improvements in fire safety have been gained in the area of
materials flammability upgrading. Further reduction in fatalities [Warren ef al., 1998]
is now expected, along that development axis, through enhanced aircraft fire

penetration resistance.
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2.2 THE QUESTION OF FALSE WARNINGS

An unwanted alarm occurs when any signal activated by an automatic protection
device, when any alarm or any kind of direct or indirect signal given to the aircraft

crew, is not the result of a fire/overheat event.

Unwanted alarms not only put at risk the airplane occupant’s life, but also endanger
people’s life on the ground. A fire alarm system that repeatedly gives unwanted
alarms produces mistrust in the detection system and compromises the fire safety
objectives. In case of a genuine fire, the crew will for example have a slower
response to the danger and might cause del’ays in evacuation. A high “unwanted
ala_rm"" rate is linked to high airline maintenance costs and direct costs due to a
possible diversion of the aircraft. The “no go” situations and their associated delays

degrade also the opinion the passengers have of their “favourite” airline.

The first type of potential failure is when a system that has been designed and
installed to meet detection performance objectives fails to meet those objectives. The
failure may be the result of an operational failure or fault, or it may result from
changes in the environment or hazards that affect the system ability to meet its
objectives. The second failure mechanism is when the objectives of the fire/overheat
alarm system have not been properly matched and integrated with the overall fire
safety mission. A third type of failure is when a system “fails positive” due to false

or nuisance alarms.

The unwanted alarms consist of false alarms and nuisance alarms [Conforti, 1998a].
The false alarms are a result of stimuli (which are not targeted by the original design
of the detection system), including among others system malfunction, electrical
problems, electromagnetic interferences, lightning strikes and aging of components.
Nuisance alarms are those caused by non-threatening events but “detection criteria-
like” stimuli. For optical smoke detection system, it can be for example non-fire

aerosols like cooking fumes, steam, dust, insecticide, cigarette smoke...
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These situations can also be the result of a poor product design or production, wrong
selection of the model of detector and of its location, poor quality in installation,

commissioning and maintenance.

The status of the unwanted alarm rate in Cargo Compartments of Large Aircraft has
been largely analysed [Blake, 2000]. The number of reported unwanted alarms shows
an increasing trend. Without improvements in the technology used for fire detection,
it would be expected to accelerate due to the addition of 3000 aircraft with class D
compartments, with fire detection and suppression systems that should have been
installed by March 2001. The ratio of unwanted cargo compartment fire detector
alarms to actual fire or smoke events is increasing and is at 200 to 1 between 1995
and 1999.
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Figure 2.2-1 Number of unwanted alarms for every alarm due to verified Smoke Source

After years of successful development and of lessons learnt, the detection system
suppliers still face the complexity of a continuously evolving environment. This
situation is potentially occurring in the A/C wherever the detection system is

inputting an alarm equipment.

The unwanted alarm cases were searched by the Accident/Incident Database System
[The Federal Aviation Administration, 2003a] using the keywords Fire or Overheat

or Flame or Smoke, and Aircraft, and “Boeing” or “Airbus”. The cases considered
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took place between 1980 and 2002. The objective is to isolate zones in the aircraft,
where the unwanted alarm occurrence is significant in comparison with the other

protected sectors. The database contains 205 unwanted alarm records where the all

Unwanted Alarms
Engine

Cabin
APU
Cockpit

nine selected A/C zones are considered.

Landing Gear

Wing

q 15% < Pfa Cargo Hold

i 10%< Pfa < 15%

5% < Pfa < 10% Hidden Area
Pfa < 5%

Electronic Bays

Figure 2.2-2 Distribution of the number of unwanted alarms as a function of the selected A/C Area
“Pfa” stands for the probability that an unwanted alarm may occur in a considered area. It is calculated
within the ensemble of the selected A/C regions.

One may simply notice that among the identified zones in the aircraft the “Engine”
detection system is the most significant contributor to the generation of unwanted
alarms, followed by the “APU” and the “Cargo Hold” detection systems. The high
levels of EMI, mechanical and acoustic stress mostly explain the observed false
alarm rates in the Engine and APU detection applications, whereas the multiplicity of
the aerosol types in the Cargo Hold makes uneasy the discrimination between the
“Fire” and the “non-Fire” situations. It is therefore necessary to identify the potential

remedies to an overall situation of false alarm and of nuisance alarm on A/C.

A deeper exploitation of the detected signals may be one axis of improvement. A
better understanding of the detection environment may indeed allow the tuning of the
detection system sensibility to better match the targeted spectrum of fire cases. A de-
correlation towards the variability of the background may also help to move away
from the environmental conditions related to the traditional nuisance alarm situations

[Ugarte et al., 2001]. Increasing the number of sensors will also provide a higher fire
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detection probability for a fixed nuisance alarm probability. Whereas the use of the
difference of sensor outputs with highly correlated background zone will reduce the
nuisance alarm probability for a given threshold. In any case, one may only advise to
build a systemic analysis to identify the chain of events leading to :a false warning.
~ Among the various aircraft zones for which fire protection is required, the cargo
compartments are specific in this sense that their characteristics are very variable in
terms of dimensions and topologies as well as environmental cdnditions and fire
threats [Mangon, 2001]. However, the description of the potential fire sources, the
analysis of the fire ignition process and the study of the fire propagation conditions
will inevitably help to understand and to minimize the gap between the detection
system performances and the fire diversities. As an example, theoretical analysis and
~ test results showed that a released energy model and an associated algorithm of |
prediction were suitable to fire detection study [Yan et al., 2001]. In a closed space,
genuine and deceptive fires are theoretically considered as a thermodynamic system.
These systems cause the increments of entropy, which demonstrate the release of

kinds of energy such as heat, light radiation and material losses (smoke, gasses etc.).

One méy also assume that a combination of several criteria to trigger a fire alarm
would bring a significant benefit in terms of discrimination capabilities, provided
that the nuisance alarm spectra associated to these additional detection criteria do not
degrade the global system performances [Gottuk et al., 1999]. The main goal is here -
to provide faster responée to real fire threats while providing better nuisance alarm

immunity compared to conventional single-criteria type detectors.

The false alarms can be avoided by simple and rigorous design rules, methodical test
phases and clear installation and maintenance procedures [Fitzgerald, 1989].
Following the crash of a Boeing 737 in January 1974, 78 new instances of mis-
wiring on 74 aircrafts were found in the systems designed to flag and extinguish fires

in engines and cargo compartment.

The terms “false alarms” will here after cover proper false and nuisance alarms.
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23 IMPROVEMENT OF THE DETECTION PERFORMANCES

The analysis of the A/C accident scenarios and the status of the unwanted alarms
generated by on-board detection systems call for an improvement of the definition of
the detection objectives and of thé associated chain of alert. The last point suggests
an opportﬁnity axis to reduce the unwanted alarm rate. The following discussion will
explore some potential ways to better exploit the detector output signals, to better

follow the evolution of danger and provide earlier an alarm with more confidence.

For much of their history F/O detectors have been threshold devices, alarm decisions
are made when the signal exceeds some fixed threshold level. In the language of
modern digital electronics this means that the detector is operating on a singe bit of
information [Bukowski ef al., 1999]. As an example, some thermal detectors operate
on the rate-of-rise principle (alarm when the rate of temperature riée exceeds a fixed
value). Even where the thermal detector has dual elements (fixed temperature and
rate-of-rise) they indicate an alarm when either element exceeds its threshold. As
opposed to a single bit criterion, a two-bit criterion device is for instance one thermal
' detector, which operates such that a rapid increase in temperature causes it to
decrease the fixed température value at which it activates. One light scattering type
smoke detector from the 1970’s incorporated a circuit that increased the sensitivity
(décreased the alarm threshold) if the rate of rise of the smoke signal exceeded a
threshold value. | |

Multi-criteria detection and additional signal processing might contribute to lower
the nuisance alarm rate but might also help to narrow the gap between what is the
reality of the danger and what is returned by the sensing system. In theory, if one
could determine a unique pattern in the signal from real fire sources, it would be
possible to differentiate these from nuisance sources. The first successes in increased
intelligence required the combination of different sensors sometimes called multi-

mode sensors. The more bits available on which to base an alarm decision, the better
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that decision can be made and the lower is the rate of both false positives (nuisance

alarms) and false negatives (unwanted fires not detected).

Fuzzy logic allows multi sensors to utilize multiple criteria to signal an unwanted
fire, but as the sensor inputs increased it became very difficult to think through the

logic of their interaction. ’

Neural networks were the next advance where the system is “trained” in how to
categorize various patterns of signals. As an example, in conjunction with a Fourier
Transform (using Infra-Red speétroscopy), neural networks have already
demonstrated their efficiency as an advantageous signal processing method [Chen et
al., 1999]. The underlying problem with signal cross correlation, fuzzy logic, and
neural networks is that they represent an empirical fit to data. The correlations, logic
tables, or trammg process are developed by exposing the sensors to fires and
nuisance sources and determining the coefficients or settings that alarm to all fires
and ignore most nuisance sources. Though neural networks can learn on the field,
from past situations, since it is impossible to include in the tests all fires and nuisance
sources, the applicability of this approach is somewhat limited to highly controlled
applications. What is needed is therefore a system that knows enough about fire itself

to decide on signal patterns that it has never encountered before.-

Similarly to the unwanted alarm study, using the same keywords,' the incidents were
searched by the Accident/Incident Database System [The Federal Aviation
Administration, 2003a] where the fire or the overheat situation was or was not
detected. When there was a “Waming” and it was justified by the observation of a
fire, of an overheat or of a technical problem susceptible to lead to a danger, the
- probability “Pi” that such an event occurs for a given A/C zone shows that the engine
and the cabin are the most exposed. When there was “no warning” but a fire, an
overheat or a technical problem had happened, the probability “Pi” values are more

equally distributed among the zones of the A/C.
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Respectively from 1980 to 2002, on large Airbus and Boeing aircrafts, 343 “justified
detection” and 260 “no detection” cases were found. While more than 75% of the
incidents with “Warning” are noticed from the “Engine” environment (52%) and
within the “Cabin” (24%), it is more contrasted for the “No Warning” incidents
where two contrasted groups are clearly noticeable: group A, 5 zones each above

14%, gathering more than 85% of the incident cases and group B the 4 other areas.

Warning No Warning
No Fatalities No Fatalities

Cockpit
15% < Pi Landing Gear
_ | 10%< Pi< 15% Wing
5% < Pi< 10% Cargo Hold
Pi< 5% Hidden Area
Electronic Bays

Figure 2.3-1 Distribution of the number of incidents with “Warning” and of incidents with “No
Warning” as a function of the selected A/C Area
Group A joins together detection applications where one may find harsh
environmental conditions, or where there was no operative detection system in place
or where the detection performances were not compatible with the suddenness of the
event. Group B is a set of areas where there is basically only a few cases of
undetected F/O but unwanted alarms (cargo hold), fatalities (wing), well-controlled

environment (electronic bays), or known conditions (hidden area).

One key to success could come from the clear definition of the non-fire state.
Significant information can be gained from detectors when the environment is in a
non-fire state [Grosshandler, 1998b]. Other information that would be useful in
discriminating the two states could come from air pressure and velocity sensing;
temperature fluctuations dimensioning; unburned fuel concentration measurements;
0,, H,0, and CO; levels; CO, NOy, HCl, HCHO, or other trace species levels; the

size and make-up of particulates.

One may also draw attention to the Computational Fluid Dynamic (CFD) codes, for
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which computer speeds have advanced to the point that meaningful numerical
predictions now can be made for relatively complex and realistic fire/overheat
scenarios. Computer simulation can be here an optimisation means for the detection

system performances.

Another route for improvements is to bring intelligence into the detection system
using the benefits of the statistical tools. The multivariate statistical approach, called
_principal component analysis [McAvoy ef al., 1996], is used to compress the sensor
- information down to a small humber of variables that can be interpreted more easily
than the raw sensor signals themselves. Besides, a detection algorithm based on the
comparison of the short and ‘l'ong-term power spectral densities of monitored input
signal sequences from “fire sensors” was presented by Duisburg University [Klose et
al., 1991]. The algorithm is as well suited for single and multiple input detection, but
one risk of such a method might well be the variation in time of the danger signal

compared to the temporai window taken as a reference.

New sensing technologies may either sometimes bring significant performances to
replace existing systems or can complement still operational but more traditional
techniques. As such, the video smoke detection system [Wieser et al., 2001] and the
infra-red video detection systemv seem to have large application opportunities as long
as they can take advantage of a large enough observation window to operate their

necessary image processing.

As performed by the National Institute of Standards and Technology [Cleary et al.,
1999], which is about to produce fire signatures and nuisance signatures '
characteristic of cargo compartment envirdnment, a rigorous analysis of the detection
application requirements may help also to isolate more rapidly the most applicable
technologies for the designated environment and reduce therefore the development
efforts.
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24 THE INFLUENCE OF INTERNATIONAL REGULATIONS

The international regulations for aircraft fire safety have an immediate impact on the
development of F/O detection systems. Indeed, aircrafts will be authorized to land in
countries around the world with systems in compliance with the certification rules
established by the local authorities. In principle, the local authorities are following

the international regulations.

Over the p'ast fifteen years, the Federal Aviation Administration (USA), and most
other aviation authorities worldwide have implemented modifications to aircraft fire
safety standards [Hill et al., 1998], [Sarkos, 2003]. Those modifications have vastly
improved fire safety in transport aviation. The main modifications are explained

here.

e The “Seat Cushion Fire Blocking” rule requires that all cabin seat cushions in
transport aircraft meet a large oil burner test.

e The “Floor Level Lighting” rule is a requirement for emergency lighting near the
floor in an aircraft.

e The “Low Heat/Smoke Release Panel” rule established for the large surface
material in an aircraft cabin (ceiling, sidewall, stowage bins, partitions, etc.).

e The “Radiant Heat Resistant Evacuation Slide” rule is a requirement for the slide to
resist the heat from a large fuel fire nearby.

e The “Flight Recorder Thermal Protection” rule. The intense fuel fire test exposure
duration was doubled. A low temperature, long duration test requirement was also
added. : '

e The “Cabin Fire Extinguisher” rule requires for the transport aircraft to carry at
least two Halon 1211 extinguishers.

e The “Lavatory Smoke Detection/Extinguishment” rule requires smoke detectors in
all transport aircraft lavatories as well as a fixed extinguisher in lavatory trash
receptacles.

‘e The “Burnthrough Resistant Cargo Liners” rule requires a severe burnthrough test
for ceiling and sidewall cargo liners in inaccessible cargo compartments.

e The “Blanket Flammability” rule, this new flammability test method measures the
ignition resistance of airline blankets subjected to a small source.
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e The “Cargo Compartment Fire Protection” rule. A major consideration in the
issuance of this rule was the potential explosive hazards of aerosol cans carried in
passenger luggage and the demonstrated effectiveness of halon fire suppression in
controlling cargo fires involving aerosol cans.

e The “Combi Aircraft Fire Protection” rule. This airworthiness directive (AD)
ensures adequate fire protection in “combi” aircraft, or aircraft containing both
passenger and cargo compartments on the main deck.

The description of these rules brings to the front the importance of the changes of the
selected aircraft materials, of the modification in the aircraft interior and also stresses
the necessity to follow closely the evolution of the certification tests. The detection
system designer will have therefore to adjust the equipment performances to the new

_environment.

Other influences can also produce big changes. After the 1996 Value Jet accident, the
Air Line Pilots Association was pleased to see the FAA requiring both detection and
suppression systems in almost all cargo compartments. Specifically, FAA required
_that airlines convert their Class D compartments that depend on fire containment by
limiting the available oxygen via a tight ‘compartment liner into Class C
compartments that have both detection systems and extinguishment systems [Blake |
et al., 1998]. Nevertheless, the association settled that pilots need better and more
_reliable information about the cargo compartment status [Phillips e# al., 1998]. Since
it is the heat that presents the greatest threat to the pilot and the continued safety of
the flight, the pilots fnust have this information. This may lead to a very signiﬁcant

market of new detectors for fire monitoring applications.

Still in the cargo compartment, to overcome the unwanted alarm rate, the industry is
willing to use multiple sensors. As we have seen previously, this option brings
intelligence into the detection system to face the multitude of fire scenarios.
However, the certification guidelines for using these types of fire detectors on
aircraft do not currently exist [Blake, 2001] but testing is being conducted to define
the types of fires that should be detected and the production of smoke, heat and gases

from these fires. Here again the designer must anticipate the changes on the fire
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detection technology to be induced by outspread certification guidelines.

In 1987, an international treaty, the Montreal Protocol, was established to control the
release of materials that cause stratospheric ozone depletion. Under the Protocol, the
production of halon fire and explosion protection agents was phased out in all
industrialized countries at the end of 1993 [Tapscott et al., 1998]. On aircraft, halon
gasses (the term halon is used here to denote Halons 1211, 1301 and 2402) are used
for several fire extinction applications. Its ban leads therefore to a profound re-
thinking of the co-operation between the detection and extinction systems. There are

four general types of fire and explosion protection applications for Halons.

Table 2.4-1 Modes of Fire Extinguishing on large A/C with Halon Gas as Extinguishing Agent

Type of application | Applicability to A/C Extinction means
Fire Protection
Total-flooding - Cargo Compartments Halon is discharged into a space to achieve a gas
) - Engine Nacelles, APU or vapour concentration sufficient to extinguish or

suppress an existing fire

Streaming - Handheld extinguishers The agent is applied directly onto a fire or into the
region of a fire. This is usually accomplished

- Lavatory Protection S .
B using manually operated portable units

Explosion suppression | - Cargo Compartments Halon is discharged into a space to suppress an
' explosion that has already been initiated

Inertion Halon is discharged into a space to prevent an
) explosion or a fire from occurring

This 1Hustrates the difficulty to come with a full ban of Halon gases used in
extmctlon application, when moving for example in cargo compartment from a total-
flooding protection to a streammg application. At the moment there is indeed no
alternative agent to Halon able to reach the requirements while operating in total-_
flooding mode. Alternatives like Water Misting [Notarianni, 1993], Particulate
- Aerosols, Inert Gases, Gas Generators or some of their combinations are currently
under investigation [Grosshandler, 1995]. One may also notice that a streaming
protection system might require putting in place a checking system (a detection

system) to monitor the effect of the extinction agent on fire.

The future of Fire Safety is also through Research and Development. We can
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partition it in terms of three major areas: Materials, Fire Management and Systems.
R&D on Materials consists of the development of improved or new fire test methods
and criteria for aircraft materials. Fire Management refers to rapid and reliable
detection of aircraft fires and effective fire extinguishment or suppression. Systems
addresses the need for the protection of vital aircraft systems from the effects of fire
or preventing malfunction of these systems from causing or accelerating the spread.
of a fire. The three topics may induce the need of new regulations and in turn theb

need of a redefinition of the detection system requirements.

The types of in-flight fire that can become a problem are those that originate in
hidden or inaccessible areas [Sarkos, 2003]. Hidden fires involve materials such as
thermal acoustical insulation, and wiring and cable, installed behind the cabin
sidewall, above the ceiling and beneath the floor. Investigation of these fires has
revealed extensive contamination in hidden areas, for example, thick grease dust on
kcable stained insulation battery, etc. Work is clearly needed to address the

contamination problem in hidden areas.

Apart from the Cargo Hold Corhpartments situation, most aircraft in-flight fires are
electrical in nature and are usually controlled before having any effect on flight
safety. Arc tracking failures have occurred in civilian and military aircraft. Electrical
- faults from frayed wires have also occurred in service because of failed or improper
securing of wiring aﬁd cable. Therefore, more comprehensive test methods may be
required for electrical wiring as well as improved methods for securing and
protectmg cable and wiring. Another aspect of the problem that needs to be

1nvest1gated is the effect of aging or time in service.
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25 NEW TECHNOLOGIES FOR NEW AIRCRAFT PROGRAMS

The lessons learnt from accidents are drivers for the design of future aircrafts.
Additional considerations include emerging technology, fire safety improvements
and the quality of the functionalities proposed to the airlines and passengers. Also,
past regulatory activities/interior design changes alter the perception of the need for
R&D and impact on cost/benefit computations. The goal is however to make aircraft

as fire-safe as is technologically possible.

The need for faster and more intelligent decision making regarding the presence or
absence of a fire threat has become more acute in a number of critical applications
[Grosshandler, 1998a]. The following questions might help to refine the strategy in

terms of new development for a F/O detection system:

- What fire detection systems are currently being used in the commercial
aircraft industries?

- What are the industries’ definitions of a “false” or “nuisance” alarm, and
what are the primary sources?

- Are new, low-unwanted-alarm technologles emerging that are pract1ca1 for
use aboard aircraft?

- What physical environmental conditions (e.g. temperature, pressure,
moisture, particulate levels, air flows, gas concentrations...) are most likely
to be confused with the early stages of a fire on board an airplane?

- What activities or events are most likely to generate these conditions (e.g.
maintenance, cleaning, normal heating and cooling, ram human presence,
operation of adjacent equipment...)?

Conducted in reference to the environment the detection system has to scrutinize and
in reference with the specific requirements of the aircraft program, the analysis aims
to define the “environment of detection” combined to the “most-suitable-

technology”.

One may think therefore to new approaches, to new kinds of fire detection [Freiling,
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2001]. Currently, advanced fire detection technologies are targeting the recognition
of fire or overheat signatures. In the Cargo Hold or in inaccessible areas of the
aircraft; the new technologies under consideration include gas sensing with semi-
conducting metal oxide sensors in thick- or thin-film technology or/and
;electrochemical cells; the optical smoke sensing with light attenuation or back-
5cattel'ing dévices; near infra-red and visible Iight sensing with CCDF and/or CMOS.
However, the gas sensors are, for'instancev, particulaﬂy sensitive to the nuisance

alarm spectrum of the cargo hold environment.

Although the majority of early warning fire detection applications can be covered by
photoelectric and iori,detectors, these technologies are too sensitive for very dirty,
- dusty or wet areas [Conforti, 1998b]. Use of these standard types of fire detectors in
harsh environments would result in a high occurrence of nuisance alarms. A “harsh
environment detector” needs to provide early detection while eliminating nuisance
alarms and the need for frequent maintenance. To do this, in areas at low level of
maintenance, or “hidden areas”, these detectors need to be provided with protection
from airborne particles such as dust, Water Mist (WM), insects, aerosols, fuel and

hydraulic vapours.

 With regard to the engine dry bays and engine compartinents, the harsh environment -

makes accurate fire detection and response a difficult task. Fires on-board aircraft

may be caused by impacts of projectiles, electrical sparks, etc. The combination of

heat, fumes, and oil from the hydraulics, fuel lines, etc., inside an aircraft dry bay can
account for most false alarms or failures of conventional smdke/heat Sensors [Foo,
1996]. A CCD camera is reported as offering real-time detection in these
environments. Using a set of heuristics derived from a combination of histogram and
image subtraction analyses, it is possible to detect and categorize life-threatening

fires from non-fire events.

In the same movement of extending the demand for smarter detection systems, the

extinguishing systems seem to require more control so as to provide in real-time the
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efficiency of response to the fire threat and so provide to the aircraft crew
information to react accordingly. Besides, some fire extinguishing agents are
performing enough to question the necessity of a detection system and are therefore

narrowing the perimeter of investigation for a given fire protection application.

The vulnerability of the upper deck to post-crash fire in future double-decked aircraft
carrying more than 600 passengers such as the Very Large Civil Transport (VLCT)
A/C is a major concern of aircraft manufacturers and regulatory authorities. The
anticipated difficulty of exercising an emergency evacuation from high elevations
would become even more life threatening if a chimney-like effect created an
unusually hazardous fire on the upper deck. Enhanced fire protection of the VLCT
upper deck would tentatively encompass three R&D activities. First is the
development of fire-stops and barriers to prevent upward spreading of the fire from
the lower deck. Second, is the protection of the upper deck floor from the effects of a
fire from below. Finally, an enhanced fire protection of the upper cabin interior based
on the effectiveness of improved fire resistant materials has to be analysed against

on-board cabin water spray system [Sarkos, 2003].

- Another objective is to minimize or to eliminate fire hazards associated with aircraft
systems. Past accidents and full-scale tests indicate that improvements in oxygen and
hydraulic systems could improve both post-crash and in-flight fire safety. Near term
R&D is required to determine what improvements are feasible to prevent or
minimize hydraulic fluid fires, while methods of reducing the quantity of oxygen
accidentally released should be explored (e.g., flow restrictors, fuses or solid oxygen
generators). The ultimate answer may be an oxygen generation system utilizing gas
separation membrane technolbgy, which would probably require a long term R&D
program. These efficient and compact membrane devices can separate an incoming
air stream into two existing streams with the composition of one of them being a
nitrogen enriched air mixture that is approximately 95 percent nitrogen and 5 percent

oxygen. The aircraft nomenclature for these systems includes On-Board Inert Gas
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Generating Systems (OBIGGS) and On-Board Oxygen Generating System
(OBOGS). An OBIGGS installation would have two potential inerting applications.
The first is fuel tank inerting in the High Speed Civil Transport (HSCT) as well as in
- current A/C if deemed appropriate (elevated skin temperatures on the fuselage and
wings is a major concern, particularly as it relates to fuel volatility). An OBOGS
installatibn, if it had the capacity for continuous on-demand éupply for aircraft |
passengers, would eliminate fire hazards posed by curfent systems employing bottle

oxygen or solid oxygen generating canisters.

Challehges of new aircraft programs are also to limit the risk of unnecessary
passenger evacuations and uhdue emergency landings. This category of requiremeﬁt
requires more intelligence in the detection system to reduce the nuisance alarm rate
and in taking stringent precautions in the integration of the on-board detect‘ors’or in
identifying specificities of the detecfion technology itself to decrease the false alarm

rate.

The question is also now for potential suppliers to be able to activate a development
project as ’soon as a new A/C program has been activated. A spifal development
process, which was successfully utilized on the Boeing 777 avionics controller,
emphasizes modélling and prototyping, and promotes early definition and validation
of design decisions [Black, 1998]. The rapid prototyping spiral development ﬁrocess
includes three major loops: Virtual Development, Rapid Prototyping, and Flight

DeveIopment. ‘

Thé number of on-board sensors interfacing with the cockpit avionics shows that
there is an advantage to push ahead the integration of equipment on busses for data
transfer. The flow rate of data to be transferred is growing from aircraft to new
aircraft. The Boeing 777 aircraft is the first commercial aircraft to implement an
optical fibre On-board Local Area Network (OLAN), the ARINC 636 [Anderson,
1997]. It is localized in the flight deck, in the electronic bay, and as a Cabin LAN

overhead of the passenger cabin.
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2.6 DETECTION SYSTEMS FOR RETROFIT OR NEW APPLICATIONS

The retrofit of on-board F/O detection system intends to realise a virtual elimination
of false warnings, an increased operational readiness through reliability, decreased

operational costs, a re-established crew confidence in flight safety.

- As an example, the retrofit on A/C has addressed the replacement of the originally
used electronic type sensing elements for the engine F/O warning system. These
systems are known to provide a high frequency of false warning incidents and
require extensive maintenance to remain serviceable. A modification program to
remove the electronic F/O warning systems was launched to replace them with a
pneumatic type safety system. Electronic and pneumatic F/O detectors differ in the
fact that they are operationally opposite. The current electronic systems have an
operational logic for the true alarm signal to the pilot. This ldgic operates the same
whether there is a true alarm or false alarm. Both alarms are the result of resistance
decreases in the sensing wire. Damage or simple in-service deterioration of the
sensor, such as kinks, nicks, severe bends, or moisture can result in falsely signaled
alarms. The wide use of the pneumatic detector is for aircraft and crew protection
and is solely based on the improved reliability over electronic systems, while

minimizing parts consumption and maintenance man-hours.

As we can see, the preVious modification is targeting mainly a decrease of the
- number of false warnings. As a second example, a wireless smoke detection and fire
“suppression system has the prime objectives of reducing installation time, of
lowering overall costs and wéight. The complex problem of having to install a smoke
detection and fire suppression system during a heavy maintenance cycle is over. The
wireless system can be installed during short inspection interval. Airlines and other
installers have calculated anywhere from 40 to 60 percent fewer installation man-
hours for the wireless system versus a wired system. However, with each added

functionality (here the functionality of wireless-transmitting the signals) coupled
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with the fact of having an embedded battery per detector will likely bring additional
failure modes and may reinforce the number of false warnings. Targeting a retrofit
‘market, we will therefore keep in mind that the performance improvement has to be
reached using a mastered and simple technological principle, which will avoid

operational unexpected failure conditions leading to unwanted alarms.

A third example will lead to examine the case of a new detection te‘chnolo‘gy'. This
new detection technology associated to the measurement and the associated signal
processing is also suggested to be part of a confirmation system in the Cargo Hold
[Boucourt, 2001]. The detection system, a camera working in the near infrared, aims
to detect all the characteristics of a fire: hot spots, flames, smoke, and radiations.
However, the camera needs to be in a pbsition where the all cargo compartment can
be examined. The small gap between the ceiling of the cargo compartment and the
top of the containers will here be a major disadvantage for this technology. Besides,
maintenance operations will here be necessary 50 as to guarantee a clean camera
window, and not generate non-fire events or not degrade the detection performances
of the system. Here, as a lever to access retroﬁt applications, the improvement
direction is clearly to focus on the widening of the detection spectfum compared to
current systems, unfortunately at the cost of neglecting the stringency of ihe
environmental conditions like for instance the diversity of the loading procedures and

the diversity of aerosols potentially present in cargo compartments.

It is p0551b1e to draw a status of the current potentialities for F/O detection

1mprovement per operational zone on alrcraﬁ

On Figure‘2.6[]1, a “Very Early Detection” is considered as a detection taking place
strictly less than a minute after a F/O event occurs. The necessity to have a “Danger
Localization” is coming from the fact that this additional functionality could permit
isolating zones in the A/C where F/O has to be fought and/or could shorten the
checking/repair operation durations with a preliminary in-flight diagnostic. “Post-

Monitoring of F/O” is more than a “nice to have” but will help the pilot to take the
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best decision at the right time. The field “[DS+] or [DS1 <+> DS2]” is about all
possible improvements of the current detection systems, which would not be “Very
Early Detection”, “Danger Localization” or “Post-Monitoring of F/O”. Feasible
ameliorations from the current detectors or improvements will be done by the
adjunction of a complementary detection system to potentially reduce the number of

nuisance alarms.

1) Very Early Detection

2) Danger Localization
3) Post-Monitoring of F/O
4) [DS+] or [DS1 <+> DS2]

5) ES Automatic Re-activation

Figure 2.6-1 Fire safety and retrofit requirements
A: Engine — B: Cabin — C: APU — D: Cockpit — E: Landing Gear
F: Wing — G: Cargo Hold — H: Hidden Area — I: Electronic Bays
Spreading of the "nice to have” or of the required improvements as a function of the A/C Area
“ES Automatic Re-activation” highlights the possibility that the pilot could not be
the prime decider in a re-activation of the Extinguishing System and addresses also

the question of a change from a total flooding extinction to a zoning suppression.

In the frame of this work, we will therefore focus on the definition of a system, to
improve simultaneously the key parameters of a good retrofit operation. This means
to reduce the maintenance burden and the unwanted alarm rate while bringing
additional interesting detection functionalities and keeping the technology simple as

much as possible.
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2.7 GENERAL REQUIREMENTS TO EQUIPMENT DESIGN AND INDUSTRIALISATION

The critical path to present to aircraft manufacturers an outstanding F/O detection
system involves gaining a complete understanding of the international standards and
a good knowledge of the internal system description process from the concerned

aircraft manufacturer.

Although the joint aviation requirements JAR-25 [Joint Aviation Authorities, 1994],
dedicated to large airplanes, aims to minimize certification problems, and also to
facilitate the export and import of aviation products, it should be borne in mind that
an importing country may require equipment additional to those in the JAR-25 for
operational purposes. In other words, this means that a supplier, while designing and
manufacturing has to take into account all additional requirements from the civil
aviation authorities of the different countries ordering the aircraft. The compliance to
the international directives is obviously more easily reached when a close

development partnership exists.

Having the Airbus process as an example, on one hand, we see the clear definition of
requirements and guidelines for the system design by the airframe manufacturer or
his delegated system designer. These requirements and guidelines address product,
process and documentation issues and are joined together in a reference document

named ABD0200 Airbus directives and procedures [Airbus S.A.S., 1997].

On the other hand, another reference document called ABD0100, Equipment —
Design — General Requirements for Suppliers [Airbus S.A.S., 1998] aims to define
the general requirements to be addressed by the suppliers of the equipment for use in
Airbus aircrafts. These requirements are applicable to equipment design and
industrialisation in parallel with the purchaser technical specification, PTS, from the

aircraft manufacturer and are specific to that equipment.

The PTS writing is part of the procurement process, which targets to involve closely
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the supplier in all design decisions and changes. The suppliers are approached by
Airbus with a Request for Technical Information, RFTI, which informs about the
basic functionalities the system has to fulfill, which asks to sign a non-disclosure
agreement document, to release some preliminary technical concepts and to provide
a Rough Order of Magnitude (ROM) for cost figures. A Request For Information,
RFI, addressed to the same potential suppliers, will bring the complementary
information on the technical proposals, on the budgetary cost estimates and on the
key business terms. These two phases last usually not more than 6 months and end
with the creation of a vendor short list. Then comes the Request For Proposal, RFP,
which will intensify the relationships between Airbus and the pre-selected suppliers
along more than 4 months of “Plateau Phase”; which sees Airbus and supplier
specialists co-located and working together. The general conditions of purchase, the
detailed technical proposal, the checking of the compliance to the General
Requirements for Equipment and System Suppliers, GRESS process, a price
agreement between the two parties and the contractual terms agreed on
specifications, qualification and certification tests are also part of this procurement
phase. This phase ends with the signature of the contract and starts the development
and industrialization phase, where costs, weight, and safety and reliability becomes
the prioritized concerns. The qualification and certification test procedures will be
also supported by documents like for the Environmental Conditions and' Test
Procedures for Airborne Equipment, the DO-160D [EUROCAE, 1997], and for the
Software Considerations in Airborne Systems and Equipment Certification, the DO-
178B [EUROCAE, 1992].

These details stress the fact that the tighter and tighter aircraft program development
timeframe means for the suppliers to have constantly a product development strategy
available in phase with the improvement wishes of the customer. This compulsory
reactivity needs a very good understanding of the acronautic design and
industrialization processes and more and more a self-funding capability to support

the non-recurrent cost involved inherent to the development process.
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2.8 CONCLUSION

~ The review of the consequences of a F/O detection system malfunction and of the
- complexity to discriminate a F/O situation, from operational conditions interfering
with the detection'system alarm process show that for some A/C areas there is a clear
‘need to improve the F/O detection performances or for other areas to introduce F/O

detection capabilities.

A status of the probability of accidents / incidents as a function of the detection area
is taken to guide the technology selection assuming logically that the stringency of
the environment defines in part the technology to consider. For a given detection
system, in a given aircraft environment, we define separately different families of
F/O events, where the number of events per family is taken as:

A: false warnings (unwanted alarms).

B: F/O situations detected correctly and not leading to an A/C accident.

C: F/O situations detected correctly and leading to an A/C accident.

D: F/O situations without alarm and leading to an A/C accident.
- E: F/O situations without alarm but not leading to an A/C accident.

| B+C
o B+C+D+E
Equation 2.8-1 Detection system efficiency -
Number of cases where the detector has correctly detected, out of the full number of real

fire/overheat situations. ‘
A
P, =|——-]
fa [A +B+ C]

Equation 2.8-2 False alarm probability
Number of cases where the detection system has detected a fire/overheat when no danger was ever
confirmed, out of the full number of warnings carried out by the detection system.

p -|__D+E
™" B+C+D+E
Equation 2.8-3 Non-detection probability

Number of cases where the detector has not detected a real fire/overheat, out of the full number of
real fire/overheat situations.

The accidents following a false alarm event (no fire or overheat situation) were not

considered here.
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Cargo hold Cargo hold

Hidden Area 100% Engine Wing  100% APU
80% 80%
60% 60%
40% 40%
Landing Gear 20% Wing Cabin 2006 Landing Gear
Cockpit Cabin  Electronic Bays Hidden Area
APU Electronic Bays Cockpit Engine

(a) detection system efficiency (b) false alarm probability

Figure 2.8-1 Detection system performances per given A/C environment.

As an example the detection system of the cargo hold presents a detection efficiency
of 80% (Figure 2.8-1, (a)) were on Airbus A/C a real fire never remained undetected
within the delay of one minute (Figure 2.8-1, (b)) imposed by the JAR/FAR 25.85
[Schmoetzer, 2001]. The false alarm rate calculated here is particularly low in
comparison with analysis coming from other databases less focused on false alarms
leading to dangerous incidents. It is the case, for instance, of the analysis carried out
by Mr. David Blake from the NIST, who reported about 200 false alarms for every

alarm due to verified smoke source [Blake, 2000] in US registered aircraft.

The unwanted alarm rate is the first parameter to be analyzed to measure the success
of the integration of a detection system for a specific application. The key
characteristics from each aircraft zone and the relevant regulations will drive

therefore the technology selection.

Hence, the next step is to isolate a technology that offers a low unwanted alarm rate
using a more reliable spectrum of detection (either a larger detection spectrum,
potentially using a multi-criteria algorithm, or a detection spectrum that is more de-
correlated from the operational environment). This technology will be able to be
brought to maturity in phase with the development timeframe of new large

aeroplanes or with the retrofit operations supported by the civil aviation authorities.
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Sysfem Test, Flight and Operations

System / Subsystem Development

Technology Demonstration

Technology Development

Research to prove Feasibility

Basic Technology Research

9 Actual system “flight proven”

through successful mission operation

8 Actual system completed and “flight qualified™

? System prototype demonstration
In an oparational environment

6 System / Subsystem model or prototype demonstration
In a relevant environment

Component and/or breadboard validation
in a relevant environment

Component and/or breadboard validation

4 In a laboratory environment

Analytical and experimental critical function
and/or characteristic proof-of-concept

2 Technology concept and/or application formulated

1 Basic principles observed and reported -

Figure 2.8-2 Technology readiness levels -

The technology readiness levels have been defined by British Aerospace Defence Military Aircraft
Division and are considered as being applicable to a technology evaluation for commercial aircraft.

So as to reach stage 8 as quickly as possible(Figure 2.8-2), "System/Subsystem

Development — Actual system completed and flight qualified”, we will evaluate

further the technologies having a "technology readiness level” equal or bigger than 2,

"Basic Technology Research — Technology concept and/or application formulated”.
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X || AB,C,D,Eare
. closed areas
A B C D E representing a certain
® ® number of events
A+B+C:

number of alarms for a
given environment, for
a given fire/overheat

No major Change Probability Analysis detection system
on the Detection B+C+D+E:
Technology number of fire/overheat
situations for a given
™\ No Necessity of an environment
P < Improvement of the Detection .
L Performances ? C+ D : number of

accidents due to
fire/overheat situations

Industrial > "Customers”
Marketing Aircraft Manufacturers
Aviation Authorities
Airlines
Is "On-time” Passengers
Return on Investments

realistic ? | "Product” Definition

- Product Development Identification of
Considerations aeronautic Applications
Aeronautic Standards Review of available
Detection Performances Scientific and Technical Studies Detection Technologies
conducted on -
Project Organization Product Concepts Evaluation of 1}ew A/IC
Program Requirements
Associated Parameters: -
- costs ' Study of specific
- development "on-time” Regulations
- overall reliability ) - -
- easy product installation Production of a list of
- low maintenance potential Partners
- simple repair procedure
Product Demonstrator

Figure 2.8-3 Analysis Process for the Development of a Fire/Overheat Detection System

Assuming than the "On-time Return on Investments” will be realistic (Figure 2.8-3),

the following work will demonstrate the setting of a "Product Demonstrator”.
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Chapter Three

I n this chapter, a number of technologies are presented in detail as potential DTS
systems for aeronautic applications. The use of measurement selection criteria as
miﬂimum requiréments for a technology to be further analjrsed put the number of
available industrial technologies to five. Describing now the foreseen aeronautic
applications for DTS sy’stems, three distinct groups of applications are created. The
characteristics of the remaining technologies are then compared‘with the application
constraints. Finally' other technological selection criteria are shown and the most
appropriate DTS technology is drawn for a group of applications having similar

characteristics.
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31 REVIEW OF POTENTIAL APPLICATIONS FOR A DTS

This section is intended to provide the basic technical requireménts in terms of
performance and installation in view of a potential aeronautic application of the
Distributed Temperatufe Sensing (DTS) technology. Strictly based on its functioning
principle, the DTS technology could be considered for numerous aerospace uses. The

following applications will be considered in the frame of the evaluation: -

1) Bleed Leak Detection [BLD]
2) Engine Fire Detection [EFD]
~ 3) Thermal Cargo Monitoring [TCM]
4) Wire Fire Detection [WFD]
~ 5) Cabin Temperature Control [CTC]’
6) Hidden Area fire Detection [HAD]
7) Landing Gear overheat Detection {LGD]
8) De-icing System Control’ [DSC]
There are no well-established requircments for such systems to date. The
performance and installation requirements as defined below, are based on those
currently known for applications 2 and 3 and anticipate possible additional
requirements that can be expected for applications 4 through 8. In general, the DTS
system shall be designed to eliminate false  warnings; reduce the number of
components to a minimum; provide fast positive checks and troubleshooting
procedures; allow easy installation. It is possible to isolate several characteristics that
the DTS system should have regardless of the application, both for the control unit

and the sensing element.

When the Product is considered as a stand-alone system including its controller and
the sensing element (SE), the DTS Control Unit (DTS_CU) shall have a size below 3
MCU, a weight below five kilograms and use for example typical aerospace

connectors such as ARINC 600. The DTS system operation shall not be affected by
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mechanical damages to the Sensing Element (SE) such as twists, flattening, dents,
kinks, crushing or flexion. The standard "EUROCAE ED-14D/RTCA DO-160D
Environmental Conditions and Test Procedures for Airborne Equipment” will be

taken as a reference for the definition of the system environmental conditions.

- The sensing element are those ruggedized cables or wires utilized to sense the
overheat condition or monitor ambient température changes. The maximum ‘
individual SE length shall range, depending on the'application, from 0.3m to 300 -
meters and the total maximum SE length shall range, depending on the application,
from 20 meters to 300 meters. The number of connectors necessary should be
typically comprised between 1 and 30. The SE cross-section diameter shall range
betweeﬁ 2mm and 10mm. For existing applications 2 and 3, the SE shall withstand,
with no degradation in performance or reliability, a minimum bending-radius of
25mm. The SE shall be designed to that any point along the element may undergo a
minimum of 10 cycles of 0 to 90 angular degree bends without deterioration. In the
case of a threshold DTS application, the "sampling interval” might indicate the
minimum length of sensing element when heated at a test temperature (test
performed to check the time necessary for the system to show an alarm in
compliance with the tefnperature accuracy) and/or the maximum length of sensing
element to be heated at a detection threshold for the System to show an alarm. The
aeronatjtic applications are evaluated using the following parameters:

le-  System response time (s ) [ to be less than 10s ]

2e Temperature accuracy ( °C) [ to read typically 1°C steps ]

3e Temperature resolution (% °C) [ not more than £3°C is the target ]
4o Temperature detection range (°C) [-55°C to +300°C is expected ]

5e Sampling interval ( m ) [ from 0.2m to 0.5m is expected ]

6 Temperature points per loop [ 100 to 1500 is expected ]

7+ Number of sensing loop [ 1 to 4 might be required ]

8 SE length per loop (m) [ 20m to 300m might be required ]
9 SE bending radius ( mm ) [ down to 25mm might be required ]
10  Number of connectors per loop [ to be minimized ]
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3141 NON-PRESSURIZED ENVIRONMENT

The non-pressurized areas for F/O detection are under the responsibility of Airbus
France. In the frame of the study we will review the wing and the landing gear F/O

protection.

3.1.1.41 BLEED LEAK DETECTION [BLD]

~ Leakages occur in ducts located all along aircraft wings. A detection system is in
used to detect overheat situations within the wings. This application is currently
covered in civil and military aerospace vehicles. The detection methods however are
based on conventional technology such as pneumatic or eutectic salt cables, which
present different characteristics at different temperatures. For these applications the
requirements as defined below are based on current aircraft manufacturer
requirements. A SE fault (e.g. cable break for example) shall be detected and
localized. The'failure localization performance shall be in accordance with the alarm
localization performance [Jones ef al., 1996]. The construction and operation of the
wing/body overheat elements are similar to the LanDing Gear (LDG) system. The
alarm temperature set points are different for the wing and body overheat detection
sense elements. Elements actuate at a first threshold, approximately 124°C for these
areas. The SE will have to function over the temperature range -55°C to +250°C, and
not be adversely affected by exposure to the ambient temperature range -65°C to

+250°C.

3112 ENGINE FIRE DETECTION [EFD]

In commercial aircraft, the electronics are positioned to be air-cooled. Because of the
high temperatures in jet engines, many sensors are located remotely from the real
measurement points, for example hydraulic fluid pressure sensors at the ends of
isolation tubes. High-temperature sensors and signal processing electronics could
increase aircraft reliability and performance by providing better response in turbine

controls, and by eliminating the weight of cooling systems and high-performance
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cabling [Berkcan, 1992]. The harsh environment of an engine compartment makes
accurate fire detection and response a difficult task. Fires on-board aircraft may be
caused by impacts of projectiles, electrical sparks. The combination of heat fumes
and oil from the hydraulics, fuel lines, inside an aircraft engine compartment can be
accounted for most false alarms or failures of conventional smoke / heat sensors [Lei
et al., 1998]. Monitoring accurately the engine temperature profile could lead to both
an improvement of the pilot's response speéd to a fire (to activate extinguishing
nozzles for example) and to facilitate ground ‘inaintenance/repair operations by a
" location pre-analysis of a default. In accordance with the Technical Standard Order
TSOC11d, the SE insfalled in the engine bay detects an integrated -averége
temperature of 260°C and shall detect the crossing of a set temperature threshold of
550°C. The SE shall function over the temperature range -30°C to +150°C and not be

adversely affected by exposures to the ambient temperature range -65°C to +150°C.

3.1.13 DE-ICING SYSTEM CONTROL [DSC]

Icing of an aircraft occurs when it flies through a cloud of small super cooled water
droplets. A portion of the water droplets impinges on the aircraft components and
results in ice formation. The growth of ice on an aircraft wing results in a sharp
increase in drag and a reduction in lift. This causes deterioration in the aerddynamic

performance of the aircraft.

Because ice can be difficult to see, airlines do not always know when de-icing is
necessary. Despite all the advances that have made air travel safer than ever, the
accumulation of ice on airplane wings continues to be one of aviation's most
insidious problems [Sarter ef al., 2001]. In the past 25 years, 35 air-carrier incidents
worldwide have been attributed to inadequate ground de-icing. Icing was blamed for
the 1992 crash of USAir Flight 405, which killed 27 people after a failed take-off in a
snowstorm. Still more accidents take place when ice accumulates while a plane is in
flight. Some airplanes cannot use engine heat to melt ice, so any ice that accumulates

in-flight is removed by pneumatically inflating rubber bladders installed along the
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wings. For planes on the ground, maintenance crews use various chemicals to melt
ice and prevent it from reforming. Traditionally, crews visually determine whether
either de-icing method is needed. However, visual inspection is sometimes
unreliable, because ice can be difficult to see. As a result, airlines are increasingly
relying on various devices including magneto-strictive, electromagnetic, and
ultrasonic sensors to alert them to the presence of ice and the need to implement de-
icing measures [Cober et al., 2001]. Ice affects a plane's performance by hampering
the wing's lift capability. Even a relatively small amount of ice can have a serious
impact on performance; planes can face the threat of chunks of ice breaking off,
flying into the engines, and causing extensive damage. Even in cases where
accumulation isn't severe enough to jeopardize safety, it still forces the aircraft to
burn more fuel to compensate. Though detection of ice is difficult, in-flight icing
isn't a significant problem for large, fast commercial aircraft, which use turbine-
engine bleed air to melt any ice that might start to form on the wings. Furthermore,
the cruising altitudes of these aircraft are generally well above any precipitation, so
ice would only be a potential concern during take-off and landings. Ice formation
when a plane is on the ground is much more common, affecting aircraft of all sizes
and speeds. Airlines normally remove ice from wings by coating them with various
de-icing and anti-icing solutions. A distributed temperature detection system able to

detect the presence of ice on wing edges shall be analysed [Jackson et al., 2001].

3.1.14 LANDING GEAR OVER!{EAT DETECTION [LGD]

Landing gear brakes are currently controlled in temperature with thermocouples. The
brake temperature indicating system provides the Captain and the flight Engineer /
Second Officer brake temperature information [Lockheed-California Company,
1970]. The flight Engineer / Second Officers brake temperature panel displays brake
temperature selectable by wheel pair. An amber indicator light comes on when any
one brake reaches a temperature of 275°C. A red indicator light comes on when any

one brake reaches a temperature of 400°C. When the overheat indicator light comes
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on, the brake temperature indicator light on the pilots annunciator panel comes on.
Another landing gear temperature detection system is under consideration by tyre
manufacturers. Having embedded temperature detection system within tyres would
bring substantial improvements to aircraft safety. The possibility would be indeed to
monitor the tyre temperature profile so as to be warned as soon as possible and be
able to land when a fire/overheat hés started. Tyre temperature rise over long taxi
rolls have been measured for various operational conditions and may reach up to
© 200°C after a Rejected Take-off [Bobo, 1985].

The power déhsity and interface temperatures génerated at the wear surfaces of
carbon-carbon composite aircraft brakes during landing operations vhave been
estimated to be IMW.m* and 950°C respectively.‘ The power density generated
during rejected take-off is 2MW.m? and interface temperatures have been estimated
to lie in the range 1300-1500°C; even higher temperatures, exceeding 2000°C, have
been cited. This temperature range, combihed with the temperature levels described
above for warning signals, shows the robustness required for a landing gear
temperature detection system. Heat generation in tyres is governed by inelastic
energy. This energy is highly dependent on the stress and strain evolution during the
tyre deformation process [Kerner, 1986]. These in turn depend on the material
properties of the tyre. Therefore, to monitor tyre heat generation, it is necesséry to
acquire accurate knowledge about the heat transfer rates from tyres to sensors during
take-off and Iandingk stages. The installation of a DTS system and the specific LDG

environmental conditions are here the major concerns.

312 PRESSURIZED ENVIRONMENT

The pressurized areas for fire/overheat detection are allocated to Airbus Germany.
The areas included in the study are related to the cabin, the cargo compartments, and
the zones with low frequency of maintenance operations or the F/O protection for

cable bundles.
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3.1.2.1 THERMAL CARGO MONITORING [TCM]

As presented earlier [FAA, 1991], a DTS can be a very complementary fire detection
system (to smoke detectors) and employed as a secondary detection system in cargo
holds and also used to monitor the efficiency of the extinguishing agent against a fire
threat [Tanaka et al., 1997].

Since the signing of the Montreal Protocol, extensive efforts have been devoted to
the search for Halon alternative(s) to replace Halon 1301 (CF Br), an ozone depleting
substance, as a fire suppressant. A comprehensive agent screening and performance
~ evaluation program were conducted in order to identify potential Halon replacements
for in-flight aircraft engine nacelle, dry bay and cargo holds fire protection. A DTS
system can provide here again [Brite Euram Project, 1995, Brite Euram Project,
1999] the possibility to detect and control a fire in a A340 cargo hold and to activate
the Water Mist nozzles selectively where the fire threat is detected in the

compartment. All IHRWG works can be cited as references for this application.

3.1.2.2 WIRE FIRE/OVERHEAT DETECTION SYSTEM [WFD]

The parameters leading to an accelerated deteridmtion of aircraft wire insulation
were recognized'cmpirically as moisturé, mechanical strain and temperature. The
wire tested, identified as MIL-W-81381, uses an aromatic polyimide insulatiokn,v
which is widely used in electrical wiring systems for acrospace applications due to its
high dielectric strength, low weight, non-flammability and h_igh temperature
capability. During the aircraft's service life the wire is installed to bend diameters of

1.25mm, relative humidity up to 100% and temperatures to at least 100°C.

The environmental conditions lead to ageing of the wire insulation. Deteriorated
cable bundles may produce electrical hazards. The need of a new fire detection

system is therefore verified: a Wire F/O Detection system.

Alarm thresholds for heat rates of rise and static temperatures, response time and

| sampling resolution have to be specifically defined.
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A MIL-W-81381 wire was using a tested 400Hz power source to determine the AC
corona inception and extinction voltages. The voltages are between 975V™ and
1025V™, The "time-/-current-to-smoke” test is used to determine the current and
duration required to produce smoke from a wire specimen. Smoke shall not‘cci)me
sooner than 45s after a specimen is powered at 40 amps; 10s at 50 amps. Tests to
evaluate the heat generation of faulty wires would have to be evaluated in
comparison with the Wire certification tests, so as to define the alarm temperature (or

temperature time derivative) thresholds.

3.1.23 CABIN TEMPERATURE CONTROL [CTC]

A well-controlled ventilation system in cabins is determinant for passenger’s comfort
during a flight. The accuracy of the temperature measurements taken in cabins allows
the ventilation system to adjust the temperature regulation [Lehle, 1994]. Thus, the

system shall be able to control the cabin ambient temperature [Penrod et al., 1998].

Fatal accidents originating from in-flight cabin fires comprise only about 1% of all
fatal accidents in the civil jet transport fleet. Nevertheless, the impossibility of escape
during flight accentﬁates the hazards resulting from low visibility and toxic gases. It
is therefore important to use a temperature detection system that measures accurately
tcmperaturcs and, detects at an éaﬂy stage the beginning of a fire. A DTS system
would be able to fulfil these two needs provided it can be competitive with regard to

the existing system cost.

To some extent, this application can be éompared to the Thermal Cargo Monitbring
[TCM] application but with the system requiring a higher temperature accuracy. The
aircraft fuselage is pressurized in flight and has an air distribution system; which
provides ventilation jets from the ceiling level air inlets running along the cabin
length. A fixed quantity of ventilation air is metered into the cabin and air discharge
is handled primarily by pressure controlling outflow valves in the rear lower part of

the fuselage. In a Boeing 757, the current maximum fresh air cabin ventilation flow
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is 78m>*/min.

In-flight fires pose three major immediate threats, (i) incapacitation or death of the
occupants from toxic gases, (ii) catastrophic damage to the aircraft structure or
systems leading to loss of control, (iii) disabling the flight crew's performance of
critical functions necessary for flight, landing and evacuation. All three threats have
been the cause of significant fatalities in accidents involving in-flight fire. A DTS
system would also allow both to control more accﬁrately the ventilation system and

to reduce the time necessary for the crew to react in case of a cabin fire.

3.1.24 HIDDEN AREA FIRE DETECTION [HAD]

Many aircraft components and structures are manufactured from‘aluminium alloys.
Thermal damage to aircraft can occur due to fire, lightning strikes or through leaking
hot air ducting. Some areas in an aircraft can be visited only occasionally for
periodical niaintenance operations and thus have no easy means of access. Such
places will have nevertheless to be controlled in the next aircraft generation. Because
corrosion, fatigue increase over time the probability of safety issues in these areas
and that a temperature increase is a common outward sign of equipment degradation.

DTS system can be particularly adapted for protecting "hidden areas".

The DTS system shall be able to provide an indication in the form of an electrical
signal when the temperature rises at a certain rate or overruns temperature thresholds.
Alarm thresholds (for heat rates of rise and static temperatures, the response time and -
sampling resolution need particularly to be defined [Dyson et al., 1996]. Some
system ¢hara¢teﬁstics especially in measurement performancés can be very
comparable to those defined for a [WFD] DTS system. '
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3.2 REVIEW OF POTENTIAL DETECTION TECHNOLOGIES

Probes that are useful for monitoring temperature along a line may be divided into

four classes according to the type of information that they provide.

Point monitor:

¢ Class I provides a measurement of temperature at a specific single position. A
single couple of "temperature-location" is supplied (location is defined by the
installation). A single alarm signal for temperature threshold crossing might be

supplied.
Distributed monitor:

¢ Class IT provides the magnitude of a maximum/average temperature along a line.
This type of sensing system may not be able to provide an evolving
maximum/average temperature value but only information such as a temperature

threshold crossing.
Location distributed monitor:

¢ Class III providés the magnitude and position at which a certain temperature
occurs along a line. This type of sensing system may not be able to prdvide an
evolving maximum temperature value but only information such as a temperature

threshold crossing at one or several locations.
Location-temperature distributed monitor:

¢ Class IV measures the temperature at a plurality of positions, thus providing a
temperature profile along a line. Distributed temperature systems being a member of
Class IV can be classified either as a quasi distributed system if the sensing element

is made up of discrete sensing units, or as a fully distributed system.
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3.21 ULTRASONIC WAVEGUIDE

Ultrasonic waves are vibrations at a frequency above human hearing, with respect to
sensing and measurements. High frequency avoids interference from many audible
low-frequency noises due to wind, machinery, pumps and vibration of large bodies.
Attenuation often imposes the upper limit on the maximum usable frequency. An
active ultrasonic detection sysfem for sensing lines comprises a transmitter to
interrogate the medium or the measurand in question. Pulsed transmissions are
usually characterized in terms of spectral content, which expresses the intensity, the
centre frequency, the pulse duration and the repetition frequency. Modulations
include AM, FM and PM. The ratio of amplitude received over for example two
rdifferent distances allows calculation of the attenuation coefficient. Attenuation
includes absorptive, scattering and beam spread losses. The receiver transducer is
often the same as the transmitting transducer as in non-destructive testing pulse-echo

interrogation.

In dispersive materials or structures, the wave velocities also depend on their
respective frequencies much as the speed of light in a glass prism depends on the
wavelength of light. The loss in intensity as a function of distance or time depends on
beam spread, scattering losses and absorption losses. The sound velocity slightly
decreases with temperature increase and attenuation coefficient increase. The sound
velocity slighﬂy increases also with pressure increase while the attenuation
coefficient is little influenced [Lynnworth L.C. et al., 1970]. The transmission,
reflection and mode conversion of ultrasonic waves at a boundary depends on the
boundary conditions such as bonded versus lubricated, and on the incident conditions
by which is meant wave type, geometry or angle of incidence and, if applicable, the
polarization. At the interface of two adjacent media, the sound pressure transmission
and reflection coefficients are given in terms of the characteristic acoustic
impedance. The spatial resolution of the detection system is function of the
interrogating wavelength of an ultrasonic pulse. Resonators generally yield higher

precision than time-of-flight systems, but they require transducers responsive over
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the full range of resonant frequencies to be sensed, but now, with 1-ns time

resolution readily achieved in the MHz region, time of flight is the method of choice.

Schlumberger Ind. Ltd. presents a distributed temperature sensor comprising an
elongate ultrasonic wave-guide having a number of zones along its length, each zone
having a grating formed on it. This is typically achieved by incorporating uniformly
spaced notches or bands (or collars) throughout the zone [Kulczyk, 1990]. The.
- grating spacing in each zone is different, so that each grating reflects a characteristic
frequency. This frequency varies as the temperature of the zone varies, so if wide-
band ultrasonic pulses are launched into the wave-guide, the temperature of each
zone can be determined from the reflected frequencies. This technology is considered

as a class IV quasi-distributed temperature detection system.

3.2.2 ELECTRICAL TIME DOMAIN REFLECTOMETRY

The electrical time domain reflectometry may provide an electrical method for
monitoring the temperature distribution along a line. The electrical characteristics of

the line will fluctuate with temperature [Pal et al., 1989].

The usual representation for an electrical transmission line model consists of
incrementally small inductances, resistances, conductances and capacitances. Time
domain reflectometry has been used extensively for detection of faults in
transmission line, wave-guide and optical fibre systems. In fact radar may be
regarded as TDR instrument that uses free space as the propagation medium. A TDR
instrument basically consists of a circuit that launches a pulse of energy into a
medium and then monitors the lauhching point for reflected energy. The magnitude
of the reflected pulse of energy indicates the size discontinuity in the medium and the

time delay of the returned pulse indicates the distance to the discontinuity.

A travelling wave voltage pulse is launched on the transmission line by applying a
voltage pulse to the input. From the above analysis, we have found the behaviour of

the transmission line in the frequency domain. We can use Fourier analysis to merge
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the input voltage waveform in the time domain. The pulse is transformed into the
frequency domain and then the transmission line reflection transfer function
multiplies the input voltage spectrum. The resulting voltage spectrum is transferred
back to the time domain with an inverse Fourier transform. Provided that a
temperature sensitive cable is manufacturable to be compliant with the ETDR
technology principle, this System can be categorized as a fully distributed class IV
DTS.

323 DISTRIBUTED TEMPERATURE SYSTEM USING DISCRETE TEMPERATURE SENSORS

This sensing technology is using discrete temperature sensors (for example
thermocouples) to collect, on an extended area, a number of temperature data and
their associated locations. Two main possibilities for signal processing maybe
envisaged. Some systems use a bus line or a network of individual temperature
sensors, each having an individual link cable so as to collect each point sensor data
and/or to communicate with associated transmission units; others use wireless
temperature systems. It has to be noticed that optical fibres can also provide discrete
measurements along a line. Among others the Bragg grating temperature detection
systems that are located along an optical fibre, which can be assimilated to a bus line
for discrete temperature sensors. This technology will be described in "3.2.4 Optical

distributed temperature system".

The principle will be recognized as delivering the detection performances of a quasi-

distributed class IV system.

324 OPTICAL DISTRIBUTED TEMPERATURE SYSTEM

Sensor systems, which permit monitoring the magnitude of a physical parameter, and
also its variation along the length of a continuous uninterrupted optical fibre, offer a
powerful and economical means of covering a large number of locations within a

significant area.
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In the last few years, the advent of digital circuits has caused great progress to be
made in measurement and control equipment. Such digital circuits require an
increased number of more accurate and versatile sensors for physical quantities of all
types. The development of digital systems coincides with the introduction of optical
fibres and the opto-electronic transmitting and receiving elements associated
therewith. The advantages of such systems are well known: they include a wide
bandwidth, electrical isolation, relative insensitivity to electric noise, the ability to
withstand extreme temperature changes and explosive or corrosive environments,

low weight and small space requirements.

The Raman effect has been employed, due to its temperature dependence. It is an
effect where light propagating in the medium is médulated by the material vibrations
and rotations at a molecular level. Unfortunately, silica does not have a large Raman
- scattering coefficient, but its convenience as a fibre optic material does to make

overcoming this important difficulty.

32441 RaMAN OTDR

The earliest form of distributed sensor was the well-known optiéal time domain
k reflectometry (OTDR). In 1980, Rogers suggested for the first time a method for the
measurerhent of the spatial distribution of magnetic and electric fields, pressure, and

temperature, using OTDR concepts in conjunction with polarised light sources.

A pulsed semiconductor laser is coupled into a section of fibre via a directional |
coupler, which serves also to couple the backscattered light fraction, captured and
returned via the fibre under test, to the avalanche photodiode detector. For uniform
fibres, the detected component of the scattered light varies as the product of the
launched energy and the bi-directional attenuation between the source and detector,
because the scattering coefficient does not vary significantly along the length. As a
result, the method has proved extremely useful for measuring the spatial variation of

fibre attenuation. The scattering occurring in both glass- or liquid-cored fibre is
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primarily of the Rayleigh type. The Stokes and anti-Stokes signals are filtered and
processed separately to reduce the acquisition noise then combined to determine the
temperature along the line [Tozaki et al., 1990]. The spatial interval seen is
dependent upon the Digital-to-Analog-Convector (DAC) processor clock. Some
experiments have been carried out at various wavelength, it is then possible to deduct
the Raman backscattered power as a function of the fibre length [Paton et al., 1990].
The analysis of Raman shifted backscattered in a U.V. grade silica fibre using a
pump laser at 337nm shows a maximum fibre length to power extinction of about

250m while using a 900nm laser source would potentially achieve few kilometres.

The technology offers several potential for a fully distributed class IV DTS.

3.24.2 RaMAN OFDR

This method is essentially similar to the FMCW (Frequency Modulated Continuous
Wave) technique used in radar systems. If an FMCW system is operated in
backscattering mode in a continuous monomode fibre, the beat signal produced at the
detector increases in frequency in direct proportion to the distance from which the
light is backscattered. If the detected beat signal is displayed on a conventional
electronic spectrum analyser, the power in each frequency increment represents the
level of scattered light received from a short section of fibre situated at a distance

corresponding to the frequency offset observed [Glombitza etal., 1993].

The probe laser power of frequencyvfo is coupled ihto the fibre at the position z=0.
The light of this laser is sinusoidally intensity-modulated by an electro-optic -
modulator or by fhe current of a laser diode. Equidistant modulation frequencies fioa
can be used, whereas the probe light is modulated not simultaneously with these
different frequencies but one after another. The modulator is driven by a signal

generator [Gogolla et al., 1999].

As the frequency-slew rate of current-ramp-driven semiconductor laser diodes may

be very high (100 GHz/s is easily achievable) and the frequency resolution of
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commercial electronic spectrum analysers is a few Hz or less, the technique has a far
superior distance resolution capability than OTDR methods. Resolution predictions
are of the order of 1mm, taking into account the reduced velocity of light in the fibre.
However, a major potential problem with OFDR is the coherence function of the -
source, which will modulate the received spectrum and therefore distort any spatial
variation of scattering that it is desired to observe. Another approach to the problem
uses a variation of the FMCW method, where a frequency-modulated sub-carrier is
arranged to' amplitude-modulate the source. This removes the problems of source
coherence and is applicable to multimode systems, but presents a reduced resolution

due to the lower frequency-slew rate possible with electronic sub-carrier systems.

The system is quoted as a fully distributed class IV DTS.

3.243 BRILLOUIN SCATTERING

Stimulated Brillouin scattering has been proposed initially as a means of enhancing
the performance of OTDR field tests, but more recently, the frequency shift of the
Brillouin gain spectrum has been demonstrated to be sensitive to temperature and
strain, leading to series of clegant experiments on the determination of axial strain,
for example in installed cables. In this case, the fibre was interrogated from one end
by a continuous wave (CW) source and from the other by a pulsed source, the
difference in wavelength between these sources being carefully controlled to be
equal to the Brillouin frequency shift (of order 10-20GHz depending on the operating
wavelength). The lower frequency wave (which can be CW or pulsed) is then
amplified, the gain being dependent on the match between the frequency difference
of the two sources and the local frequency shift. From the time variation of the
amplified signal, the local gain can thus be determined. Independent calibration of
the gain spectrum versus strain or temperature thus allows these measurands to be
mapped along the fibre from measured values of the gain along the fibre. One of the
- keys to this measurement has been the development of the diode-pumped, single

frequency, tuneable Nd: YAG ring laser, capable of delivering of the order of 1mW
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into single mode fibres with remarkably narrow (5kHz) linewidth.

The fully distributed measurement of strain/temperature is possible [Horiguchi ef al.,
1995]. Here, a fraction of the optical power launched down a fibre is scattered at
some point in the fibre, causing it to change optical wavelength and return towards
the optical source. Critically, the wavelength of the refuming light depends upon the
strain/temperature of the fibre at the point at which the light was scattered.

One solution to de-convolve the strain from temperature is to pass a single fibre
twice over the same region in such a way that one section is isolated from the strain
and only affected by temperature. This approach makes the installation of the sensing -

optical fibre cable complicated.

If it is desired to measure strain and temperature simultancously along the same
length of a single optical fibre, then both the amplitude and frequency shift of the
Brillouin backscattered light has to be detected. In order to measure the temperature,
the ratio of the amplitude of the Brillouin peaks against the Rayleigh peaks is
measured and the frequency shift is a measure of the strain at the position from
where the light is backscattered [Naruse ef al., 1999]. The Brillouin frequency shift is-

the frequency difference between the pump and the Stokes waves.

The system is quoted fully distributed class IV DTS.

3244 BRAGG GRATINGS

A class of the interferometric optical fibre sensor is that of the in-fibre Bragg grating.
‘,This ‘ system is usually addressed with broadband sources especially when
multiplexed sysfems are considered. The Bragg Grating device consists ofa periodic
refractive index modulation produced within a length of the fibre core and acts as a
multiple reflecting structure. For a structure periodicity of A and a core refractive
index of n, the condition for which the back reflections from the grating elements are

in phase is given by:
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Ag=2nA

Equation 3.2-1 Bragg wavelength of reflection from a Bragg grating

A: grating spacing. n: fibre core refractive index (usually Ge-doped fibre core). Ap is the
associated Bragg wavelength of reflection. Grating reflectivity up to and in excess of 95% is
possible with typical line widths of 0,1nm (20GHz).

The grating transmissidn is complementary to that observed in reflection [Le Gall ez
al., 1997]. The gra'ting‘ is a band-pass filter in reflection and a notch filter in
transmission. The shift in the central wavelength AAp for a temperature change of AT
is dominated by refractive index changes in the fibre core [Cavaleiro ef al., 1999, Du
et al., 1999]. The gratings written by photo-refractive technique are reported to be
permanent in nature and are unaffected by temperature changes up to about 300°C.
Multiplexing of the Bragg gratings can be provided by tuning each grating element i
in a serial quasi distributed array to a slightly different central Az; and with a AA =

Agji+1 - Ahg; for separation large enough to prevent wavelength overlap.

The technology is quoted as quasi-distributed class IV DTS.

3.24.5 POLARISATION OTDR

The practical "single mode" fibre must be regarded as a two-mode fibre, with the
fundamental mode split into two orthogonally polarised states aligned in directions
determined by the symmetry conditions of the fibre. These polarisations travel at
slightly differing speeds Bx and By, and the linear bivr'efringencve, is given by AB = Bx-
ﬂ\?. There are many sources of linear bifeﬁ‘ingence, which depends oﬁ the
environment of the fibre (lateral pressure, V-groove clamp, free bending, bending
under tension, bending over rough surface under tension, external electric field,

optical electric field, polarised ultraviolet light) [Wuilpart et al., 2002].

Circular birefringence tends to rotate the state of polarisation within a fibre (twist
stress, magnetic field along the axis without linear birefringence). This birefringence
is often defined by the beat length Lp, namely the length at the end of which the

polarisations along the two neutral and orthogonal axes of the fibre have become
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phase-shifted by 2z rad [Fougeres, 2002]. This length can be less than 1mm for
specific fibres. The origin of this stress is, therefore, the cooling of the non-
homogenous structure and depends on the temperature. This dependence is of the
order of 10%/°C. It is the object of polarisation sensing system to depict physical

parameter fluctuations by an analysis of birefringence variations.

The system is quoted as a fully distributed class IV DTS.

3.24.6 OTDR USING LIQUID CORE FIBRE

In liquids, the scattering arises from real-time thermodynamic fluctuations in the
refractive index and therefore the scattering shows a significant temperature
coefficient [Altkorn ef al., 1997]. The OTDR signals from the liquid-filled fibre can
return the temperature profile along the fibre. The measurements can be done here
with a somewhat greater signal-to-noise ratio than for conventional OTDR
measurements on solid-cored fibre [Hartog, 1983]. This remote temperature sensing
system uses an optical fibre in which the sensor is optical and passive, with no
electrical power required at the sensor. The temperature-sensing section of the fibre
© optic makes use of a transparent liquid as core or cladding and in which the

transparent liquid has a temperature-dependent index of refraction [He et al., 1995].

The system is quoted as a fully distributed class IV DTS.

3.24.7 OTHER OPTICAL DISTRIBUTED TEMPERATURE SENSING SYSTEMS

Thebalternative optical technologies identified are necessitating the design of a
specific sensing element. One may consider for example erbium doped optical fibres
where the gain is temperature dependent. It is verified that the Amplified
Spontaneous Emission (ASE) is much smaller than that the Rayleigh backscattering.
However, combined with standard OTDR system features, using Erbium-doped

optical fibre remains a simple method to enhance temperature detection sensitivity.

Similarly, fibres with a high fluorescence capability might also be attractive to
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optimise the performance of a Raman DTS. The re-emission spectrum of most
fluorescent materials generally exhibits a significant temperature variation. Thus, if
an optical arrangement similar to that used for Raman OTDR is constructed, with a
laser exciting source as before and with the detector filters now selected to examine -
- regions of the fluorescent decay spectrum having the maximum possible differential
temperature variétion, a distributed femperature sensor should be possible; Although‘
ﬂuoréscent doping necessarily increases the loss in the optical iﬁbres, it is found that
this is, for short-distance (less than 100m) operation, more than offset by the much
higher fluorescent light levels theoretidally attainable. If suitable fibres can be
produced, it is likely to be an attractive method for distributed thermometry in the
future. 7

Some investigations on the design of specific optical fibres to extend the available
temperature range have also been carried out [Bryant ef al., 1991]. Polyimide and
gold-coated fibres have been shown to be suitable for use in high temperature optical
fibre thermometry. The coatings provide mechanical stability for the fibre and the
Raman ratio technique has been demonstrated to be valid for these fibres to
temperatures of at least 330°C for polyimide and 600°C for gold-coated fibres (long

term — more than 4 hours).

It is possible to improve the detection performance of a system using specific signal
 processing mefhodology. The influence of detector noise on temperature-
measurement accuracy with IR systems has been studied [Chrzanowski et al., 1998].
The results show that the influence of detector noise depends strongly on the number
of spectral bands employed in the system. Errors in temperature measurement with
multi-band systems caused by detector noise decrease when the difference between
the number of system spectral bands n and the number of measured unknowns m
rises. Thus for a system to be robust to noise the difference n-m should be as great as

possible.

From the analysis of these different improvement solutions, the technology selection
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process also aims to identify the best compromise between a performing Sensing

Element and a simple Control Unit.

3.2.5 OTHER NON OPTICAL TECHNOLOGIES

Two main sensing families of non-optical DTS technologies present attractive
detection performances. The first system is an over-temperature sensor and locator
utilising a temperature sensitive cable comprising an electrical conductor, a
dielectric, and a conductive  polymeric composition (CPC) such that the dielectric
separates the electrical conductor from the CPC. An over-temperature condition at
any point along the cable is detected by a drop in the capacitance of the cable, as
measured from one end of the cable [Lutz, M. A., 1982]. The location of the over-
temperature point on the cable is determined by comparing the reduced capacitance
from the control end to the over-temperature point with the capacitance of the full
cable length. This cable possesses flexibility, ruggedness and durability. A massive
resistance increase at this over-temperature location which when combined with a
capacitance measuring technique, makes it possible to locate the over-temperature
position. When the critical sensing temperature is exceeded in the solid conductive
polymeric composition, the resistance increase can be four or more orders of
magnitude over a small temperature range (e.g. 5°C to 10°C). The large resistance
- change ié necessary to electrically isolate the portion of the cable beyond the hot spot
so that it does not contribute to the capacitance of the cable between the control end

and the hot spot, thus making precise location of the hot spot possible.

The second system relies on a longitudinal resistance temperature sensor, which sees
its resistance decreasing at the "hot-spot" between two conductors separated by a
dielectric [McQueen, M. M., 1990]. Melt-able plastic devices utilise a twisted pair of
wires, each wire encased in melt-able plastic material. When the temperature exceeds
the material's melting point, the wires touch. To reuse the sensor, the shorted section
must be cut out and replaced. A continuous thermistor cable comprises two

conductors separated by continuous negative temperature coefficient of resistivity
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material. As the temperature of such cable rises, the resistance between the two
conductors fails. Once the temperature falls, the resistance returns to its original high
value. Eutectic salt type devices utilise a salt compound between two conductors. At
the eutectic temperature, the compound melts and its resistance falls, connecting the
conductors. When the temperature falls, the compound solidifies and the resistance

returns to its original high value.

These two options achieve the performance of a Class III DTS. ,

3.2.6 TEMPERATURE / OVERHEAT DETECTION SYSTEM OVERVIEW OF AIRCRAFT SUPPLIERS

The major competitors have entered the aeronautic market proposing distributed
temperature detection mainly for the engine fire detection application. Barber
Colman, Fenwall, Systron Donner, Walter Kidde, Whittaker, Thermocoax, Siemens
Cerberus Division are the companies that are most active in the field. Resistive cable
made of eutectic salts, networks of discrete temperature sensors (thermocouples or
temperatufe sensitive diodes separated by a delay liné), pneumétic or hydraulic
systems (hollow tube filled with gas or compressible fluids) have been the
technblogies selected by these aircraft suppliers. Their systems are ranging from
class II to quasi-distributed class IV DTS.

3.2.7 SUMMARY OF CURRENT MEASUREMENT CHARACTERISTICS

Characteristics are presented in Table 3.201 for each physical principle.'
Performances describe the current optimum detection capabilities of the associated

technologies.
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Table 3.2-1 Compliance table for DTS main aeronautic qualification tests
IV": does mean "System Class IV - ['] for quasi-distributed system. NA does mean "Not applicable".

Technology / Physical Principle System Spa.ﬁal Tempe‘rature Mea'surement Maximum
Class | Resolution [m}|Resolution [°C] Time [s] Length [m]
Ultrasonic Waveguide v >0.15 +1 <1 ’ <20
Electrical Time Domain Reflectometry v >0.01 *1 <1 afew 10
Discrete Temperature Sensors v >03 *1 ) <1 afew 10
Raman OTDR v | >os s <3 a few 1000
Raman OFDR v | >o0s 1 <3 a few 1000
Stimulated Brillouin Scattering v >0.1 +]1 about 60 a few 1000
Bragg Gratings v >0.1 +1 <3 afew 10
Polarisation OTDR w >0.2 *1 <3 afew 10
OTDR using Liquid Core Fibre v >0.5 +1 <3 afew 100
Capacitance Cable Jitg NA %5 . <1 afew 10
Resistance Cable ) m NA +1 <1 afew 10

3.2.71 MEASUREMENT SELECTION CRITERIA
The selection of the technology to be developed for aeronautic applications will be

done on the basis of the following required measurement performances, called here

Measurement Selection Criteria (MSC):

¢ Measurement time: ' <3s

* Temperature resolution: <z*]1°C

* Sampling interval: <0.5m

* Maximum sensing element length: ‘ >300m

' Temperature detection range: -55°C; +300°C
* Minimum number of temperature points: 50

- * The system will be a class IV DTS
These values are selected on the ground of former experiments performed in the
framework of the "FIRE Detection And Suppression Simulation" project, an EU
funded BRITE/EuRam research project concerned with the development of fine
water mist systems as a possible replacement forv halon fire suppression system

currently used in aircraft cargo holds [Brite Euram Project, 1995]. These values have
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to be considered as application requirements and as detection performances for the
candidate technologies. The selection is rejecting technologies taking into account
the fact that no industry related to the technology analysed is supplying equipment in
conformity (or near) with the MSC. Mofeover, a certain technology is rejected if a -
lack of dynamism is perceptible in the concerned field, which might mean that no
outst‘anding pfogress is to be expected for related applications in the ne‘ar‘ future. The
maximum sensing element length has to be considered with respect to the possibility
that the sensing loops have to be multipiéxed. Note : the "Electrical Time Domain
Reflectometry: ETDR" is rejected because of the important effort of development to

design a sensing element covering the full required "Temperature detection range"..

3272  PRE-SELECTED TECHNOLOGIES

The pre-selected technologies are investigated further with respect to the application
requirements. These technologies are namely: the ultrasonic waveguide, the discrete
temperature sensors, the Raman OTDR and OFDR, the fibre Bragg gratings and the
polarization OTDR.
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33 METHODOLOGY FOR TECHNOLOGY SELECTION

The pre-selected detection technologies and the application requirements are
compared using the same Measurement Selection Criteria. What is the maturity
status of a technology compared to the selected set of detection requirements? What

is the application demand in terms of detection performances?

331 THE DETECTION PERFORMANCES COMPARED TO THE MEASUREMENT CRITERIA

From the previous description, it is possible to categorize the 8 applications into 3
groups with their own characteristics. The BLD and DSC applications call for a
technology to be installed on aircraft wings. The first application is the detection of
overheats along bleed air ducts, the second is the detection of ice accretion on the
leading edge of an airfoil. For this group, the common characteristics in decreasing
order of importance are the spatial resolution, the temperature accuracy and the

detection range.

The EFD and the LDG are two detection applications strongly calling for system
robustness and reliability and deal with cylindrical symmetry, which can be an
advantage for systems not having the capability of a very accurate spatial resolution.
For these two applications, the temperature detection range, the system response time
and the témpérature accuracy are the priorities as far as the detection performances -

are concerned.

The TCM, WFD, HAD and CTC applications appeal to ,systems‘ dedicated to the
protection of large areas. The specificity of TCM is that a 2D rectangular spreading
of the SE is necessary contrary to the others where the SE is installed lengthways.
This field is in relation with the expertise ficld of Siemens Cerberus Division, the fire
detection in aircraft cargo holds. For this group of applications, the common
detection peifonnances preferred are the temperature detection range, the

temperature accuracy and the spatial resolution and sensing element length per loop
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The relationship between the technologies and the measurement parameters is the
description of how a technology is fulfilling various measurement requirements. To
give to these requirements a notation between 1 and 10 is establishing a ranking (1 is

very important, 10 is the less important parameter out of the 10).

The ranking factors_ RF! (e [1; 10]) are evaluated against the measurement
parainéters MP;, (i e [1; 10]) for each application k (k € {1;' 8]). The requirements
for a givén potential aeronautic applications are given a notation between ~5 and +5
(0 is excluded) to evaluate the degree of rneeds towards the same measurement
parameters. These notations are called enhancement values EVji e {[-5; -1]U[+1;
+5]} dedicated to a measurement parameter for a technology j, (j € [1; 6}). It shall be -
noted that enhanced values are invariant against the applicatibns (+5 is quélitatively
the best result).

Therefore the quality factors describe the relation "Technology-Application”. They

describe the level of appropriateness a technology has towards the considered

aeronautic applications.
I { R -
QR = Y RALEV]
. i=l
Equation 3.3-1 Quality factors for technology selection process

This evaluation method is an evaluation tool to determine the most appropriate
technology covering the most interesting aeronautic applications for Siemens
Cerberus SA.

3.3.2 THE APPLICATION REQUIREMENTS COMPARED TO THE MEASUREMENT CRITERIA

For the "Thermal Cargo Monitoring” application, we obtain the following

relationship.
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Table 3.3-1 Technology performances against measurement parameters and definition of quality
factors for the thermal cargo monitoring application

Measurement Parameters RF Technologies
Acoustic Discrete Raman Raman ¥BG Polarisation
OFDR OTDR

1] * System response time (3) 7 5 4 -4 2 3 A
21 » Temperature resolation (°C) 6 -1 2 1 2 ] -4
3 « Temparatare accuracy (£°C) 1 -1 - 4 4 5
{4 * Temperatare deésction range (°C) 10 2 1 3 3 5 3
151 « Sampling interval (m ) 5 4 3 2 1 3 2
6] « Nomber of temperature point: per foop 9 2 4 4 4 4 3
i « Number of sensing leop 1 3 5 2 4 2 5
{81 « Sensing element length per loop (m) 4 5 3 5 5 1 4
9] # Sensing Element bead radins (¢m ) 2 T4 2 3 3 2 -2
{10]  « Number of connectors per loop 3 3 K1 5 5 Kj 1

Quality Factor, QF [TCM) 35 5 43 €D -19 44

- The same analysis is made for the remaining applications.

333 FINAL TECHNOLOGY SELECTION
The quality factors range between —56 and +76.

Table 3.3-2 Quality factors between the applications and the pre-selected technologies

Applications Technologles
Acoustic Discrete Raman OFDR | Raman OTDR FBG i’ntnrisnﬂnn

BLD 48 19 44 28 5 12
EFD 76 73 -8 T -8 -24
TCM 28 5 43 60 -19 44
WD . Cn -9 62 71 . <28 21
CIC 42 18 ) 29 43 6 ~58
HAD 2 =3 50 57 2 26
LGD -3 36 -13 4 40 51
DSC 45 43 44 ) 16 17 -19

Table 3.3-2 is normalized using 12 spreading iﬁtewalé. The selection process result

is shown
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[Quality Factors for considered Asronautic Applications]
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Figure 3.3-1 Normalised representation of the quality factors between the applications and the pre-
selected technologies
'One may draw a short conclusion on the capability of a technology to fulfill the

requirements associated to the considered technologies.

The ultrasonic wavegulde technology seems to be partlcularly well appropnate for
applications necess1tatmg only relatively short SE lengths. It can be noticed an
outstanding notation for EFD application. Discrete sensors (mainly ther_mocouples)
~are well représented on aircraft. The drawback of this technology 1s the overall
* number of deported electronic units required to settle a temperature sensor network.
~ For some applications, this presents major non-conformities to their specific
environmental constraints. The OFDR/OTDR Raman technology is particularly well
dedlcated to the group of applications for large area protection. The bad result
obtamed against BLD can be explained by the number of connectors required. The
temperature detection range and sampling interval performances prevent this

technology from being really adaptable to aeronautic applications.
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The "temperature accuracy" and "temperature detection range" of the POTDR
technology presents a lack of accurate detection performances -and rules out any
possibility the technology would have to be used in the cited applications when
compared to other available technoiogies. Because the expertise field of Cerberus is
part of this group of applications, and because this group contains an interesting
number of applications, the study will focus on the large area protection. The
applications belonging to this group are being all new aeronautic applications except
for TCM. Performances required for these applications are close enough to be able to
develop a unique product. Therefore analysing their associated normalised Quality
Factors, it is possible to identify 3 qualified technologies when we considered
Quality Factors superior to 1. Thén, only Raman Optical Time or Frequency Domain
Reflectometry technologies OTDR / OFDR are common to all these applications,
whereas the Acoustic technology (ultrasonic wave-guide from Schlumberger) might

be used in cabins.
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34  RAMAN OTDR VERSUS RAMAN OFDR

Alternatives to OTDR interrogation are direct intensity monitoring and a variety of
optical frequency domain reﬂectometry techniques. OFDR can be applied to physical
measurement pafameters, for example, strain, pressure, forcé, temperature, etc.,
where the measurand can be coupled inechanically to a periodic deformation of an
optical fibre [Pierce ef al., 2000]. In coherent OFDR, the operating frequency of a
narrow-linewidth source is modulated, and the associated beats arising from
reflections (discrete of continuous) within the optical fibre system under inspebtion
are monitored on a spectrum analyser whose frequency axis corresponds to a position
along the fibre axis. Use of a CwW laser diode source allows for easy modulation of

the optical frequency by direct current modulation.

OFDR can also be used as a backscattering technique for fault diagnosis and fibre
loss‘measureme'nt [Ghafoori-Shiraz ef al., 1986]. The sinusoidally modulated laser
beam, the frequency of which changes stepwise, is launched into the fibre and the
backscattered light phase amplitude and frequency responses are measured at the
same input end and processed, i.e., inverse-Fourier transformed, to ‘obtain the
temporal response of the fibre, the variations of the back-reflected signal along the
fibre length. ’

When we consider a single reflection at the far end of a test fibre with a length of z,
the reflection position z, is related to the beat frequency f;, by using a frequency-

SWeep rate y as follows:

v
g
Zy Z:.;Y-.fb

Equation 3.4-1 Relation between the fibre length z, and the system beat frequency

where v, is the group velocity of the lightwave, and the frequency-sweep rate y is

defined using a sweep time T,y and a frequency sweep span AF as follows:
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Y=
Towp

Equation 3.4-2 Frequency-sweep rate

The beat spectrum has a sharp line at the frequency f;, and the spatial resolution Azp
is determined by the frequency-resolution bandwidth AB of the spectrum analyser as

follows:

Azg =~E AB
B"‘ »
2y

Equation 3.4-3 C-OFDR spatial resolution

where the frequency sweep is assumed to be entirely linear with respect to time
[Tsuji et al., 1997b]. Since the beat signal is generated within the duration of the

finite sweep time, the spatial resolution limitation is:

Equation 3.4-4 C-OFDR spatial resolution

Therefore a wide frequency-sweep span AF is needed for high-spatial resolution
(typically 100MHz for 1m). If the linewidth Av of the lightwaves is sufficiently
narrow or y is sufficiently fast, the achievable spatial resolution approaches AZpin.
The optica1~frequency-sw¢ep nonlinearity brings about a temporal change in the beat
frequency f, for a constant fibre length zo. It causes additional beat-spectrum
broadening and degrades the spatial resolution. The use of time-gated spectral
analysis to reduce the spectral broadening caused by the sweep nonlinearity (when
the beat frequehcy change is small and the sweep linearity is good) shows, as the
time gate narrows, that the measurement efficiency in time is considerably decreased

[Tsuji et al., 1997a].

In R-OFDR sensor, low-power lasers of wavelengths around 1320 or 1550nm can be

used. In this range, the attenuation and dispersion of standard telecommunication
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fibres are very low. Because of the low noise in a frequency-domain measurement, a
modulated laser diode of 100mW CW-power implies the same SNR as a pulsed laser
of about 7W in a time-domain application [Gogolla et al., 1999]. The signal
processing to obtain a temperature profile can be demonstrated as presenting no

. major difficulties for current electronic components [Geng et al., 2002].

Table 3.4-1 summarizes the discrepancies of various pérformances for an OFDR
system in comparison with an OTDR system. A table cell is marked gréen when a
system aspect (system architecture, emitter, ...) in front of an aeronautic pré-requisite
(performance in A/C environment, reliability, ...) is seén as comparable for both
technologies. The cell is yellow, when the OFDR has a slight disadvantage and red

when the disadvantage is judged critical.

Table 3.4-1 Performance of an OFDR compared to an OTDR DTS

OFDR Performance
versus in A/C Reliability | Integration . Cost
__OTDR_ environment
System Architecture
Emitter

Power
consumption

Receiver
CPU
Power Supply

Signal Processing
A/C Interface

In general, the review demonstrates no signiﬁcant advantages of the OFDR
technology over the OTDR within the context of the measurement selection criteria.
Moreover, the system costs (RC, NRC), the remaining efforts to reach the equipment
integration and the system electrical payload have been identified as risks for its
acceptance as part of a development for short-term coming aircrafts. Therefore

OTDR is the optimum choice.
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35 RAMAN OTDR VERSUS PHOTON COUNTING

The common principle of all photodetectors is the photoelectric effect. A photon
impinging on a sensitive layer is absorbed, while emitting a charged carrier pair. The
current corresponding to one photon, or one carrier pair is too tiny to be directly
measurable [Huttner ef al., 2000]. In avalanche photodiodes (APD), each free carrier |
emitted by the photons is accelerated by a high voltage and efnits several new
carriers during collisions with surrounding atoms. It is the same principle as in
nuclear reaction, where each particle has enough energy to generate new particles,

thus creating an avalanche process.

Using the APD in Geiger mode is when a single photon is like a trigger using up all
~ the energy stored in the device. In this regime, the gain in the device can reach
several thousands, thus generating a macroscopic current that is easily detectable.
The problem is that the output current is no longer proportional to the input. One,

two or three photons would give the same current.

To be able to measure the intensity of a pulse, it is necessary to attenuate the light
beam to ensure that the average number of photons per pulse is much lower than one.
Each time a pulse is sent, we may or may not obtain a count. But if many pulses are
sent, the average number of counts will reflect the input intensity. Each detected
photon generates the same current pulsé. The only remaining task is to count the
number of pulses. A digital measurement instrument based on photon counting can
thus be simpler and more robust than analog instruments, based on standard

“detection. A full measurement takes several seconds.

In the short wavelength region (from 0.8 to 1um) at room temperature the two
methods are demonstrated as identical in terms of generated Noise EqﬁivalentPower
[Healey, 1984]. To obtain data from any photon correlation experiment demands
serious attention to optimising both the measuring system and experimental

conditions [Brown et al., 1997]. The laser must have sufficient power, be stable
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under all likely conditions, and usually be restricted to a single transverse mode.
Surfaces surrounding the point of measurement must not introduce optical noise.
Flare reduction in the receiver optics may be improved with spatial and spectral
filtering, and careful choice of stops, baffle, and surface coatings. Performance may
be compromised by thermal, mechanical or electrical instabilities caused by exposure
to environmental excesses. Errors may even be introduced by preprocessing

hardware and software before proper information is extracted.

The time-correlated single photon counting (TC-SPC) technique was used in a
distributed anti-Stokes Raman thermometry (DART) sensor. A spatial resolution of
30cm over a range of 30m was demonstrated. The measurement time needed to

achieve a temperature resolution of +4°C was 3 minutes [Feced et al., 1997b].

Present commercial systems suffer from the existence of dead-zones along the
network due to intense Fresnel reflections generated by connectors or other optical
components [Feced ef al., 1997a). One may design a system using photon counting

principle to overcome the dead-zone limitation by monitoring the spontaneous

Stokes Raman emission to avoid the intense Fresnel reflections.

Despite these good operational and metrological performances, the photon counting
technique is explained here as very demanding in terms of equipment specifications
and mounting precautions.i Besides, recently demonstrated detection _péfformances
show that the basic reqtﬁred detection performances are far from being fulfilled. The
components used as part of the system are also sensitive to environmental condition
changes. Analogue detection will be therefore preferred to the photon counting

technique.
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3.6 SINGLE PULSE VERSUS CORRELATION OTDR

The use of higher power lasers and the parallel averaging of all data points on a
single probe shot have provided some improvements to the standard OTDR
technique, they have been unable to remedy a limitation that is fundamental to all
conventional OTDR designs: the trade/off between signal-to-noise ratio (which
- determines dynamic range and measurement time) and response resolution. Spread-
spectrum techniques are proposed to increase the dynamic range of an OTDR
[Thomas, 1997] and signiﬁcanﬂy reduce the required measurement time, without
sacrificing resolution. The response resolution of a measurement is the minimum
separation between two faults that allows these faults to be clearly distinguished.
Increasing the SNR of an OTDR measurement results in increased dynamic range in
a giveﬁ measurement time, or alternatively, a reduction in the number of averages
required to obtain a given result [Nazarathy et al., 1989]. The spread-spectrum
technique such as correlation offers the possibility of providing measurements with
improved SNR. The method consists in correlating the detected signal with the probe
signal. In this case, it is the duration of the autocorrelation of the probe signal that
determines the response resolution rather than the duration of the probe signal itself,

which may be long and energetic.

Correlation OTDR has been presented where the transmitted pulse in the optical fibre
is correlated to the backscattered signal. In the éimulation, 100bits have been
correlated and 10° averages have been made. Both transmitted traffic and incoming
traffic have been simulated with a binary random data source [Biain ef al., 1994].
The correlation and averaging processes achieve a 34.8dBopr improvement in the
SNR. When the phase at the receiver shifts by one "bit”, the reference code for that
backscatter signal must also change by one "bit". If the reference signal is simply the
original probe signal delayed by an appropriate number of bits, the bit rate of the
modulating code determines the spatial resolution of the instrument. It also means

that the bandwidths of the spread spectrum and pulsed probe signals are identical, for
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the same spatial resolution [Thomas, 1997]. Once encoded, a matched receiver is
necessary in order to retrieve the information from a spread spectrum signal. This
comprises a correlator that multiplies the received spread spectrum signal with a
local reference code. These two signals are correlated when the local reference
matches that of the input signal. When they are correlated, the broadband input signal
collapses down to restore the original information. Otherwise, any uncorrelated input
is spread by the local reference signal. A filter at the output of the correlator rejects

all but the wanted signal.

The novelty of the spread spectrﬁm technique lies solely in the nature of the stimulus.
The correlation process then takes this long and energetic probe signal and
compresses it into an equivalent form of a narrow, high-energy pulse. Ideally, the '
éode should possess an orthogonal autocorrelation function, i.e. it should have zero

amplitude side-lobes. The code would then offer perfect discrimination.

Despite the clear evidence of detection performance advantages of the spread
spectrum techniques, which improve the average launched power and thereby make
more efficient the use of the time available for signal averaging, the preferred
solution stays the standard analog OTDR detection. Its hardware simplicity indeed
makes it particularly attractive as opposed to the need of a certain modulation

process, at laser diode driver level, for the correlation OTDR.
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3.7 CONCLUSION

This chapter has endeavoured to show that sensor systems which permit monitoring
the magnitude of temperature, and also its variation along the length of a continuous
tininterruptéd sensing element, offer a powerful and economical means of covering a
large number of locations within a significant area and are particularly attractive for
obtaining a graphical or pictorial presentation of information. The technological
selection process is rather simple in terms of measurement performances, since the
technologies available have specificities, which are or are not compliant with
aeronautic application constraints. It was necessary to compare SE and CU pre-
~ selected system costs, as well as their respective commercial positions on the DTS
industrial market. Raman Optical Reflectometry systems came out dedicated to a
group of four acronautic applications. It is recognised that, eventually, optical fibre
sensors will have to be at least roughly price competitive with electrical sensors in
order to gain widespread acceptance. Whereas Raman Reflectometry is the most
adequate for the selected applications: Thermal Cargo Monitoring (complementary
fire detection to smoke detectors and/or detection system for "zoning extinguishing
system"), Wire Fire Detection (electrical cables protection), Cabin Temperature
Control (cabin temperature regulation for passenger comfort and possibly cabih fire
detection system), Hidden Area Fire Detection (protection of areas not easy to access
and then ‘wherc maintenance operation are not frequent), Ultrasonic Wave-guide
technology might be further analysed for the Engine Fire Detection application. The
Raman technology development work has consisted firstly of deciding the signal
processing type to be used to collect Raman back-scattered signals. Several |
possibilities have been investigated: the time domain, the frequency domain analysis,
the photon counting and the correlation OTDR options. The analog Raman OTDR
has been selected. The following steps are then to study theoretically and
experimentally all aspects of an operational Raman DTS system: the behaviour of
stimulation signals in optical fibres as well as the architecture of the control unit and

the transformations required to make it match aeronautic application needs.
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R aman speétroscopy of optical fibres and optical time domain reflectometry are
combined to create a distributed temperature sensing system. Commercial
Raman DTS are today covering the needs of numerous ground applications.
However, some of the detection performances required for the selected aeronautic
applications are either not achieved by ground systems or available only when using
a bulky or expensive technology, or at the cost of relaxing a dependant performance.
The aeronautic industry is very cautious in the introduction of new technology,
therefore the study will investigate a number of possible improvement, where shall
be demonstrated the validity of hardware selection as much as the simplicity of

signal processing algorithms.

In this chapter, the review of the Raman backscattering phenomenon in optical fibres
aims to describe the optimisation path by an adequate component selection in view of
the detection performances requested in chapter 3. Details on the implications of the
key detection performances are provided and evaluated in front of essential operating

environmental and failure conditions.



Chapter Four

4.1 RAMAN EFFECT IN OPTICAL FIBRES

When light is transmitted through a medium, the electric and magnetic components
of the light interact with the microstructure of that medium to produce the effects of
scattering. It may have an elastic interaction with the inhomogeneous microscopic
structure of the glass, which leads to Rayleigh scattering, or an inelastic interaction
with the molecule vibration and lattice vibration of the glass, which leads to Raman

and Brillouin scattering.

A description of the nature of the different possible losses is provided, as well as
recommendations for the choice of the laser source characteristics and of the fibre to

optimise the detection performances.

4.1.1 RAMAN BACKSCATTERING PROCESS

There are many optical loss factors for silica fibres [Yoshida et al., 1981], as shown
in Figure 4.1-1. Electron transition absorptions in the UV region and Si-O bond

vibration absorption in the infrared region are intrinsic absorptions of silica glass.

Electron
Intzinsic transition
bsorptions
L $i-0 bond
Absorptions vibration
OH radicals
Impuritics
Transition
metals
Total loss Colour
centres
Rayleigh
scattering
Linear
scattering Imperfections
of waveguide
Scatterings
Raman
Nonlinear | scattering
scattering
Brillouin
scattering

Figure 4.1-1: The schematic diagram of total loss in optical fibres
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The low-loss wavelength band of the fibres exists in a region between these
absorptions. Absorption due to OH radicals contained in core glass degrades the loss
characteristics. The presence of 1ppm OH radicals in core glass almost corresponds
to 1dB.km™ losses at 945nm. Absorption due to contamination by transition metals
causes almost no problem at all with the present manufacturing technology, which
uses high-purity raw materials. The Rayleigh scattering phenomenon is caused by the
refractive index fluctuation in glass, which is small compared with its wavelength.
This refractive index fluctuation is caused by thermal fluctuation of glass frozen in a
state of thermal equilibrium at a certain melting temperature T. The Rayleigh
scattering o in the case of a single-component material can be obtained by the
following expression: |

3
o =-814-n8p2k’1‘ﬁ
©3A

Equation 4.1-1 Rayleigh scattering in the case of a single-component material

where A is the wavelength, n the refractive index, p the photo-elastic coefﬁcienf, k
Boltzmann's constant, T absolute temperature and f3 the isothermal compressibility.
In the case of multi-component glass, Equation 4.1-1 is modified by introducing a
* concentration fluctuation term. Concerning scattering losses due to the imperfection
of waveguides, it is reported that the core-cladding imperfections were mainly
caused by bubbles outside the core and that these iinperfections can be avoided by |

appropriately selecting the drawing conditions and by their precise control.

Describing vibrational excitations in a crystalyisk usually done with the concept of
phonons. Phonons are described with a wave-function. The equation of motion for
this wave-function describes how temperature and sound propagates through the
solid as vibrational excitations. If the atoms move in opposite directions to each other
the propagation is associated with optical phonons, if on the other hand the atoms

move in unison the propagation is associated with acoustic phonons. The crystal
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lattice is three-dimensional, therefore there exist both longitudinal and transversal
optical and acoustic phonons. From a crystal structure point of view, glasses are
different from their crystal counterparts in that they lack long-range order, but of
course still sound and heat are transferred. One can describe Raman scattering as due
to optical phonons and Brillouin scattering as due to acoustic phonons. Despite the
many differences between SRS and SBS, they can both be described by propagating
vibrational excitations and therefore we can derive the governing equations for SRS

and SBS simultaneously.

The effects of light scattering are classified by the relationﬂbetween the frequencies
of the incident and those of the scattered photons. When these frequencies are equal,
- one speaks of unshifted scattering, i.e., Rayleigh or elastic scattering. But if these
frequencies differ, the tenh shifted or inelastic scattering is used. An example is
Raman scattering. Here, the frequency shifts equal the characteristic vibrational
frequencies of the molecules. For Raman shifts in the range 100-600cm™, the Raman
cross-section is fdund to depend linearly on the Germania concentration [Davey et
al., 1989]. Photons scattered to lower frequencies are termed Stokes lines and those

scattered to higher frequencies are the anti-Stokes lines [Gogolla ef al., 1999)].

If one assumes the interaction of a molecular system with a harmonic electric field
initiated by a laser of angular frequency @y, one can interpret the Raman scattering as
an inelastic scattei'ing ofa photon of energy hwe/2n with a molecule of initial energy
state E; and final state E,. A

86



Raman OTDR Thermometry and Application Constraints

E4 . ‘W;‘i ............
B ,,{ states N,

WAAS WA WA N
heog haog hay hoyg
) -

AE = Mag—0g) AE =W, s—0g)
I
@) ) , »
(a) Stokes scattering : (b) anti-Stokes scattering

Figure 4.1-2: The schematic diagram of Rayleigh and Raman scattering.

Now we suppose the scattering system as one vibrating molecule with the fixed
| energy states E; and E,. By elastic or inelastic collision of an incident photon with
the molecule, the system initially in the state E; is excited to the virtual nature of the
state E3, no real absorption takes place, but only light scattering. In the case of
Rayleigh scattering, the final state equals E;. Thus this process is characterised by the
transition E; = E3 2 E,. The transition E; = E; 2 E; (see Figure 4.1-2 (a))
represents the Raman Stokes scattering. The transition E; = E4 > E1 (see Figure
4.1-2 (b)) represents the Raman anti-Stokes scattering. Here the initial state is E;, it is
excited by molecule vibration. By interacting with an incident photon, the molecule
is excited to the virtual state E4 and may drop spontaneously to the 1owest enérgy
level E,. The vibration energy levels E; and E; are occupied according to the Bose-
Einstein phonon distribution. Consequently, the anti-Stokes transitions are rare in
comparison to the Stokes transitions and the intensity of the Stokes wave is higher
than that of the anti-Stokes wave. With increasing temperature, the probability for an

anti-Stokes transition increases.

By assuming phase matching and neglecting group velocity dispersion and higher-
order Raman processes [Alfano et al., 1988], a predicted ratio of the Stokes spectral

width to the primary spectral width without dispersion is:

X = A®Raman
Aoy aser

Equation 4.1-2 Ratio of the Raman spectral width to the laser source spectral width
In glass fibre the ratio X is equal to 2.
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A7"anti—Stokes = 2{1 - 2'_ }A?“source

source

Equation 4.1-3 Rayleigh scattering in the case of a single-component material

The spectral broadening of the Raman lines is about two times that of the laser line.
As an example at 905nm, a source having a spectral width of 4nm, the spectral
Stokes or anti-Stokes shift is about 36nm [Liu et al., 1991], therefore the Stokes
spectral width is épproximately 8‘5n1ﬁ and the anti-Stokes spectral width is 7.5nm
without dispersion. However, the measured ratio of these spectral broadenings was -

reported from Alfano to be 2.9 £ 0.1.

412 OTDR PRINCIPLE

The principle of OTDR has been discussed by a number of authors [Dakin et al,
1985], [Geiger et ‘al.', 1995]. From these references, it follows that there is a close
similarity between conventional, Rayleigh-backscatter OTDR and Raman-
backscatter OTDR. Short pulses of light are launched into the fibre and the scatteriﬁg
~ata givenr range determined from the return power after a time interval appropriate to

that round-trip distance.

1 :
Ppg(z) = 3 Po.WS.aps(2).Vy. exp[— 'y;rxs.z] »
1 .
Ps(@) = 3 .PO.W.S.aS(z).Vg.exp{— yg.z]

Equation 4.1-4 Anti-Stokes and Stokes backscattered power atrange z

The only additional equipment required for Raman OTDR is a spectrometer to reject
the Rayleigh scattered light and pass the desired Raman spectral components
| {Kikuchi ef al., 1988]. The return power P(z) from scattering in the fibre at range z is
given by Equation 4.1-4, where Py is the peak power launched (Watt), W is the pulse
width (second), S is the backscatter capture fraction of the fibre, i.e. the proportion of
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the scattered light collected by the fibre in the reverse direction. S depends on the
numerical aperture of the fibre, the angular distribution of the scattered light and the
distribution of scattering cross-section across the core [Whitbread et al., 1989]. The
Raman scattering loss coefficients aas(z) and as(z) are the attenuation coefficients at
range z for the anti-Stokes, Stokes signals respectively [Healey, 1986]. The
paranieters yTas and y's are the total attenuation coefficients resultiﬁg from the
respective average attenuations of the forward travelling (yg) and backscattered
pulses (yas or ys) and of the total optical losses on line. V; is the average group
velocity (Vg = c/ny). It can be seen that any change of the fibre parameters [Eriksrud
et al., 1984, Mickelson et al., 1982], its numerical aperture, local loss changes
induced by'an environmental constraint, will cause variations of backscattered power
P« and will be reflected in the OTDR profile [Kee et al., 1999]. Both the amplitude
and the location of these variations can be determined from that profile. OTDR can
therefore be used as an interrogation technique to determine both the strength and the

position of the external perturbations.

4.1.3 OPERATING WAVELENGTH AND FIBER DEPENDANCY

As a pulse of light proceeds through the fibre, it widens in the time domain. This
spréading is caused by dispersion. It is important to consider dispersion effects
because pulse spreadings will reduce spatial resolution. Theré are three primary
sources of dispersion in fibres [Powers, 1993]: rhaterial dispersion (also called
chromatic dispersion), waveguide dispefsion and modal delay (or group delay).
Material dispersion and waveguide dispersion are caused by the same physical effect:

the depehdence of the index of refraction of glass on wavelength.

Material dispersion is caused by the index of refraction being a function of
wavelength. All sources of light have some degree of spectral width to their output,
therefore the longer wavelengths with their faster velocities will arrive at the receiver

before the shorter wavelengths, thereby stretching the pulse. In the following study,
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n; is the axial optical fibre core index, n; is the cladding index and a is the core

radius. The pulse spreading due to material dispersion is given by:

d’n,
2

- Equation 4.1-5 Pulse spreading due to material dispersion

LA,
A

ATt =——
mat
c

where A is the spectral width of the source, A is the source nominal wavelength and
d’ny/dA? is the second derivative of the core index of refraction with respect to

wavelength. A%.(d?ny/dA?) characterises the material dispersion of the fibre.
v__ 1 2 d2n1
DSmat. = “‘a{?\. -Ei‘i"

Equation 4.1-6 Normalised delay from material dispersion

DSpat. is the normalised delay. At 900nm, for a typical monomode silica glass
A%.(d*ny/dA?) = 0.018 then DS = -67ps.km™.nm™. Therefore, an optical fibre
length of 0.5km and a source spectral width of 4nm give a pulse spreading of 0.13ns.

Usually the waveguide dispersion is negligible in multimode fibres and in single-
mode fibres operated at Wavelength below 1000nm. This waveguide dispersion‘
results from the propagation constant of a mode being a function of the ratio of the

core diameter to the wavelength. The net delay due to the waveguide dispersion is:

~LidB|
Fwg = c{dk]

Equation 4.1-7 Net delay due to waveguide dispersion

B is the mode propagation coefficient and k = 2.n/A. The normalized propagation

constant b is defined by:

90



Raman OTDR Thermometry and Application Constraints

2 /1,2 2
sz_]_ﬁ /3 kAt

nf -nj

Equation 4.1-8 Normalised propagation constant

~ where A = (n>-n,%)/(2.n;%). It can be shown with V = (2.w.a/A).n.(2.A )" that:

V o Give | mpLA L] d3(VD)
ANy 22 e

Equation 4.1-9 Net delay due to waveguide dispersion

Therefore, considering a 9/125 single-mode fibre with n; = 1.48 and A = 0.22%
operating at 1300nm, a 0.5km optical fibre length and a source spectral width of

4nm, the waveguide dispersion is 8ps.

Group delay is important in multimode fibres. It is caused by the different path
lengths associated with each of the modes of a fibre, as well as the differing
propagation coefficients associated with each of mode. Since modal dispersion'is due

to the existence of various modes, it is not present in single-mode fibres.

For a multimode step-index fibre, the time delay between the fastest and slowest
pulse is the modal pulse delay distortion and is given by:

‘ L.(n; -n,) n
e

Equation 4.1-10 Modal pulse delay distortion

This expréssion ignores the constant delay common to all modes and represents only
the difference in propagation times. Therefore, considering a 50/125 multimode step-
index fibre with n; = 1.46 and A = 1% operating at 905nm, a 0.5km optical fibre
length, the modal dispersion is about 24ns.

For a multimode graded-index fibre, we must account for the inhomogeneous
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velocity of the light as well as the sinusoidal paths in the fibre. It has to be noted that
“the higher-order modes have longer path lengths because of their further excursion
from the axis, their average velocity will be higher because of the increased velocity
as the rays moves away from the centre axis. The higher velocity cancels the effect
of the longer path, and modes that leave the axis at the same time will arrive at the
next axis crossing at the same time. More exact analysis of the selected graded index |
fibre provides the optimum value for the profile index ol = 2- (12.A/5). The modal

dispersion for multimode graded-index optical fibre can then be described as:

(o —0lgpt) :
n A—2 7, 0L Loy
A - (a+2)e '
Tmodal ~ n AZ
1= L o= Olgpt
2¢ :

Equation 4.1-11 Modal pulse delay distortion

L is the length of the fibre. For negative ATmoqa, the higher-order modes are arriving
before the lower-order modes. Therefore, considering a 50/125 multimode graded-
index fibre with n; = 1.46; A=1%, a 0.5km optical fibre Iength, the modal dispersion
is about 0.13ns if a = oopy = 2 and 0.64ns if o # oept [ = 0.95 Olopt, Copt = 2].. We
note that sméll differences between cop and the achieved o cause a major change in

the value of this ratio. This high sensitivity to values of o leads to tight tolerances on

its value.

The modal pulse delay distortion is therefore significantly larger for a step-index
fibre compared to a gradient-index fibre. The graded-index multimode fibres provide
a wider bandwidth than the alternative step-index design. However, it has been
shown that the backscatter factor S, i.e. the proportion of the scattered light collected
by the fibre in the reverse direction, for a step-index and graded-index multimode

fibre are:
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r 72
s-3[ma
8 L n |

Equation 4.1-12 Backscatter factor S for a step-index multimode fibre

r 12
s=1|NA
4 B np |

Equation 4.1-13 Backscatter factor S for a graded-index multimode fibre

where NA is the numerical aperture and n; is the refractive index at core centre.

This gives a backscatter factor of 8.51x10 for a step-index and of 5.68x10 for a
graded-index multimode fibre [Hartog, 1981].

The selection of the wavelength of the source is mainly determined by the spectral
attenuation of the fibre and the desired range of the system. The loss in general
increases with decreasing wavelength for wavelengths shorter than about 1.6um,

owing to the predominance of the Rayleigh-scattering process, which increases with

the inverse fourth power of the wavelength.

3.0 S S - - =

Attenuation (dB/km)
=]

T

0.75 1.0 1.25 1.5 1.75
Wavelength (um)

Figure 4.1-3 Typical spectral attenuation curve for a 50/125 multimode optical fibre

The 1dB/km peaks at 1.39um and 1.24pm, on Figure 4.1-3, are absorption peaks,

which result from the presence of OH™ ions (impurities) in the glass.

93



Chapter Four

There is no doubt that a DTS for aeronautic applications will have to use multimode
fibres [Hartog ef al., 1984]. A single-mode design is unsuitable: the low launching
efficiency into this fibre, together with its low backscatter coefficient [Brinkmeyer,
1980], splicing difficulties and many other factors are indicating major non-

conformities to the environmental conditions.

The use of a large core fibre increases the power that can be launched into the fibre,
in rough proportion to the core diameter. The selection of the diameter affects its
minimum bending radius: larger diameter fibres must, all other things being equai,
generally be bent over wider radii than smaller diameter fibres, owing to the problem
of stress fatigue, which can result in the growth of cracks in‘the ﬁbre and, eventually,
in fibre failure. On the other hand, a larger core diameter facilitates splicing and
connecting fibres. However, the numerical aperture of larger core-diameter fibres
tends to be smaller. A minimum numerical aperture of 0.22 is the design baseline.
For all silica fibres, short distances favour high values of thé numerical aperture,
since this choice results in higher signal levels and the higher loss per unit length

may not be highly significant over short distances.

Thus for shorter ranges, as for aeronautic applications, a short wavelength would be
selected since the higher attenuation per unit length is not important in this case and
the shorter wavelength results in a stronger initial backscatter signal, owing to the
increasing scatter at the shorter wavelengths. For this reason, the DTS could be
operated at a wave]ength of 905nm, a wavelength for. which high power
semiconductor sources are available and which is optimum for lengths of order 1-
2km. Tt can be noted also that good quality fibres have no signiﬁcant impurity-related

losses at wavelengths shorter than about 1pm.
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4.2 RAMAN BACKSCATTERING RELATED TO DETECTION PERFORMANCES

In conventional optical time domain reflectometers an optical pulse is launched into
an optical fibre and the backscattered light is detected in a sampling receiver. The
output of this receiver is amplified, filtered and finally put through an electronic
‘ signal processor to improve the signal-to-noise-ratio. One may focus therefore in this
paragraph on the determination of the optical pulse characteristics to ensure a
performing distributed temperature detection. The system performances are therefore
also relying on the sensing element speéiﬂcations as well as on the system electronic

core architecture.

4.2.1 SPATIAL RESOLUTION

The spatial resolution denotes the ability of the OTDR system to distinguish between
defects or perturbations that occur in close proximity. The minimum distance [Geiger
et al., 1995] between two reflective points to avoid any overlap of the response is
called the one-way two-point resolution Rs.orpr:
C
Rs-oror =5 —-Wrwim
1y

Equation 4.2-1 One-way two-point resolution

where c/n; is the speed of light in the fibre and Wrwmy is the full-width at half
maximum of -the optical pulse. Rs.orpr is also termed the spatial resolution. A
' FWHM of 10ns would therefore give a spatial resolution of 1m. It has been shown in
4.1.3 that the optical fibre bandwidth is also of importance for targeted small spatial

resolution.

Some instrumentation effects, such as post-detection bandwidth or digital sampling
intervals, etc, may limit the resolution. A discrete reflection can be used therefore
determine the spatial resolution. When detecting the Rayleigh or Raman

backscattering components, such a reflection will be taken for example from a
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broken optical fibre or from a sharp and localized temperature variation. To obtain a
high resolution the launched pulse width should be narrow and considerable signal
averaging will be required to obtain a good signal-to-noise ratio. To solve the
problem, it has been proposed to launch a semiconductor laser beam modulated with
a pseudorandom bit sequence [Everard et al., 1989]. The received signal is then
multiplied By a delayed version of the pseudorandom signal, whvich’ because of the
autocorrelation function allows the spatial information to be obtained without
ambiguity. The system described reported a 2'° — 1 maximal length pseudorandom -
sequence, which repeats after 32767 bits. It should be noted that to obtain a dynamic
range a very pure sequence has to be generated and therefore the pulses need to be
accurate both in pulse amplitude and zero crossing position. However, the signal
processing associated with this technique, the interface ‘management between the
laser diode driver and the signal post-processing software, as well as the additional
costs from the modulation stage lead us, as shown also in Chapter 3, to the
conclusion that for an aeronautic system the pulse width shortening to influence the

spatial resolution will be preferred.

4.2.2 TEMPERATURE RESOLUTION

The temperature resolution AT of the system is defined to be that which causes a
.change of the signal level equal to the noise level of the system. Therefore, the
signal-to-noise ratio of the system is related to the temperature resolution by:
SNR 5 = ————
AS TR s ATas
-1

SNRg = AT
$-218

Equation 4.2-2 Signal-to-Noise Ratios as a function of the temperature resolutions

where Rps and Rg are the rate of change of the signal intensity with temperature for

the anti-Stokes and Stokes signals. Ras and Rg can be derived as:
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diys _ heAv  explheAv/kT] dT
Ins kT “explhcAv/kT]-1" T

Ras=

dlg _ hcAv 1 dT

Rg="S= ) et
57y kT explhcAv/kT]-1" T

Equation 4.2-3 Signal intensity rate of change with temperature for anti-Stokes and Stokes signals

where h is Planck's constant, c is the free space velocity of light, k is Boltzmann's
constant, T is the absolute temperature, Av is the frequency Raman shift in fused
silica. The anti-Stokes signal is found to have a temperature sensitivity of about
0.7%/°C, while the Stokes signal sensitivity is reaching 0.1%/°C. To compensate
againsf propagatibn losses along the fibre, we normalize the anti—Stles scattered
signal with the Stokes scattered signal. The ratio R between the anti-Stokes Ixs and

Stokes Is intensities is given by:

4
R(T) =148 - Rs Alps _ o | s exp| - BeAY
Is  Ras dls " |Ras kT

Equation 4.2-4 Raman anti-Stokes and Stokes intensity ratio function of the rates of change

Cr is a constant, As is the Stékes wavelength and Aas is the anti-Stokes wavelength.
Therefore, the temperature sensitivity of the intensity ratio can be found easily by
differentiating Equation 4.2-4. The main advantage of the meésufement of the
intensity ratio of the Stokes and ,anti-Stokes Raman backscattered signal [Yang,
1995] in the fibre lies in providing an absolute indication of the temperature of the
medium, irrespective of the light intensity, the launch conditions, the fibre geometry
and even the composition. The main three system parameters, namely the pump
optical power [Chang ef al., 1997, Landahl et al., 1998], the photo-receiver gains and
the amplification gains will therefore be adjusted so as to optimize the two

acquisition channels in terms of their respective SNR.
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423 SYSTEM DETECTION RANGE

To avoid sampling more than one point at the same time, the maximum repetition
rate of the pulse transmitter must be limited to c¢/(2.n;.L) where c is the free space
velocity of light, n, is the fibre axis index and L is the length of the fibre. This means
that for a 500m long optical fibre (n, = 1.46), the pulse driver frequency can have a

maximum pulse repetition frequency of about 200kHz.

A forecast on the necessity to carry out about 2000 averages to reach a temperature
resolution of +3°C within 3s is dimenéioniﬁg the hardware of the driver for the
pulsed laser diode. At first, without any considerations of signal attenuation, pulsing
at 2kHz would allow monitoring a 50km long optical fibre [Ko ef al., 1996, Spirit et
al., 1989]. However, when interrogating the sensing element in a single-ended
configuration, it is clear that to preserve the ’spatial resolution and to simply beina
position to read the information at the furthest ending of the fibre, one may take into
consideration both its optical fibre bandwidth and its attenuation characteristics
[Samson, 1990]. The first shall be as high as the application is requiring, the second
shall be as small as the SNR should be at the furthest point of the fibre.

424 TE_MPERATURE PROFILE AND REFRESHMENT TIME

The performance of an optical fibre sensor is ultimately determined by the time it
takes to update a set of measurements. Unlike OTDR syéteths that measure the
transmission properties of a fibre network, where long .integration times are
permissible, fibre sensors must respond quickly and so should have measurement
times for F/O detection of a few seconds. What sets the instrument’s response time is
the signal-to-noise ratio after amplification (which might be improved with post
signal processing like for example signal averaging), which in turn depends on: the

required measurement accuracy and the instrument hardware performances [Thomas,
1998].

98



Raman OTDR Thermometry and Application Constraints

43 RAMAN BACKSCATTERING SENSITIVITY TO ENVIRONMENTAL CONDITIONS

The range of applications for fibre-optic distributed temperature sensors based on
Raman scattering is developing in ﬁelds’ for which the variety of the environmental
conditions is questioning the continuous quality of the targeted measurements. These
environmental conditions might be to a certain extent found in the aeronautic
applications described in chapter 3 (and detailed for example in the "DO-160D, the -
Environmental Conditions and Test Procedures for Airborne Equipment” document

[EUROCAE, 1997]).

43.1 ) SENSING ELEMENT AND OPERATING / SURVIVAL TEMPERATURE RANGES

In ‘most external environments and all-harsh environments some form of
ruggedisation of fibre is necessary [Smith ez al., 1996]. The level of robustness to be
provided on the sensing element is clearly a trade-off between the environment and
what the applications dictates to be the response time of the sensor cable [Fitch et al.,
1992]. Thermal response in this sense is not a parameter available from the cable
manufacturers so various experiments will have to be carried out for the DTS
qualification tests to measure it experimentally. The aeronautic applications selected
are covering an operating temperature range from -55°C to +300°C. The survival
range from +300 to +500°C is the rtemperature range where the system can have
degraded detection performances but when coming back to the operating temperature
_range will recover its essential performancés. It has to be said that when such an
event would occur on an aircraft (maximum duration is evaluated to 9 hours), the

sensing element will be replaced.

Some studies have produced interesting results in terms of a temperature-resistant
design of the sensing element [lida ef al., 1994]. The increase of optical loss caused
by hydrogen at high temperatures, quartz with very low levels of impurities and
structural defects is used in the fibre material. A carbon-ceramic, which is resistant to

decomposition at high-temperature is used in the sheath system. The optical fibre is
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enclosed in a stainless steel tube to improve its mechanical features and a nitrogen
atmosphere is used in the tubing to restrain deterioration of the ceramic materials at

high temperature.
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Figure 4.3-1: Characteristics of optical loss in high temperature environment

At 500°C, the increase in optical loss was 0.3dB/km, a value, which presents no
problem for temperature measurement applications. The accuracy of measurements

| using this fibre was within 2°C in the range of 0 to 500°C.

It has been shown also that the fluctuations of these optical losses tend to disappéar
[Feced et al., 1997] after several temperature cycles performed over the full survival

range .

>4.3.2 MECHANICAL AND SPECIFIC CONSTRAINTS

In the aerospace industry, the specified operating and survival temperature ranges
(see 43.1) afe coubled with a sometimes-stringent vibration operating range. A DTS
design will have to make sure that no interaction from the vibration spectrum on the
sensing line can be perturbing the data acquisition for a reliable and fully segregated

temperature measurement [Hurtig ez al., 1996].

As the attenuation of the light level increases with an increase in the degree of micro-
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bending along the fibre, the anti-Stokes and Stokes signal intensities might also be
impacted and the temperature measurement might be corrupted. A separate
characterization of the sensing line for its (micro-) bending and temperature
responses has shown for example an attenuation of light of 1dB/km for a 200pm
multimode optical fibre, when applying locally (along 50mm) a 12kPa pressure
[Knowles et al., 1998]. It has to be noted that a minimum of 20 pressuré cycles
through the full pressure range (7 to 25kPa) had to be carried out to see the hysteresis

effect coming to a minimum.

The information about the stress levels for the cable along the line can be considered
for the selection of the polymer coatings on optical fibres with regard to their
impermeability to water. A multimode optical fibre (200um core) is reported to see a
14% increase of its fused silica OH content in 200 hour, when immersed in water and
undergoing a tensile stress of 1.56Gpa [Walrafen ef al., 1984]. The tensile stress will
have to be compared to an installation realistic situation and the experiment re-

conducted with the selected DTS optical fibre.

The backscattered power received by the detector is affected by both the forward loss
of the probe pulse and the reverse attenuation of the scattered light. One loss source
is resulting from a pure geometrical configuration of the fibre: the variation of its
core diameter at different position along the propagation direction. The backscatter
power level changes associated with these diameter variations fibre can be explained
~in terms of their effect on the reverse-travelling light [Conduit ef al., 1981]. The
phenomenon is caused by attenuation of the backscattered light, which, since it
contains high order modes, is sensitive to mode conversion and differential mode

attenuation.

Although the transport of radioactive elements in aircraft is unusual, it is possible to
briefly address the consequences of radiation on the sensing element [Jensen ef al.,
1998, Takada et al., 1 998]. In presence of radiation, the temperature measured

appears lower than the correct value. In order to apply the DTS system in a
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radioactive environment as a reliable and stable temperature monitor, it is necessary
to put in place special correction techniques. It is for example possible to
discriminate the radioactive effect from the temperature event by comparing

information from different points along the fibre.

433 OPTICAL FIBRE BREAK CONSIDERATIONS

An identified failure associated to the sensing element, which could lead to the
decision of an emergency landing and therefore potentially to a classified

catastrophic event, is a fibre break.

The loss along the fibre will be monitored to detect if the fibre has broken (or has
developed a high loss). The system should then determine which zone if any, has
been affected (a fibre break will lead to a warning signal to bé defined with the
certification/airworthiness authorities) and declare it to the A/C Central Maintenance

Computer (CMC) and possibly to the Flight Warning Computer (FWC).

Variant 1 Variant4

measurement
station

Vari =
ariant2 : %"‘- Variant§

sensor cable
[ with two fibers

Variant 3 Varlant 6

Figure 4.3-2: Basic topology and internal structure of sensor cables with optical fibres

The position of the break will also be identified to continue monitoring the
temperature profile using the double-ended configuration (this configuration, after
- detailed reliability analysis, might be proven necessary only for diagnostic purposes).

The double-ended measurement has two advantages. First the effects of fibre loss are
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eliminated from the temperature measurement, making the system insensitive to
micro-bends and connections. Both of these loss sources may vary and result in a
change of signal intensity. Measuring from both ends and taking the geometric mean
of the two eliminates this source of error, prbvided the fibre does not experience
dynamic loss changes during the course of a measurement cycle (i.e. within about
1s). Secondly, the temperature profile measurement can be made along the total
length of the fibre in the event of a break. Since the fibre is probed from each end,
temperature information will continue to be available up to the break as measured
from each end. Thus, assuming only one break, the integrity of the system is
maintained. The loop configuration for break recovery, as seen on Figure 4.3-2, can
be implemented in different ways as shown through the variants 2, 3, 5 and 6 [Nitz et
al., 1998)]. The reflections that may be caused by the break will be suppressed in the
immediate vicinity to prevent false alarms occurring. In the case of a single fibre,
either the double-ended configuration is managed using an optical switch or both:
endings will be interrogated using two separated emitter-receiver channels. This also
applies for the situation when there is more than one break in the fibre, in which case
the suppression will cover the whole of the area between the breaks. If a break occurs
in a zone when it is an alarm condition, the alarm condition will be clamped. And all
the zones that are encompassed by a multiple break condition will also have the

alarms clamped. These situations might indeed result of a fire damage.

Even though, a single-end measurement is very 'unlikely to be the favourite
configuration, mainly because of a lack of redundancy evidence, the study will
investigate the working principle details and improve the performances of variant 1.
However, variant 2 with 2 independent emitting-receiving modules (solution without

switch) is considered as the most realistic architecture for an on-board DTS.
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434 OPTICAL POWER BALANCE FOR EFFICIENT SENSING LINE INTERROGATION

The Rayleigh scattering loss factor, using the BTL model [Hartog, 2001} as a
function of the parameter Dn(NA)=NA?/2.N,? is calculated as being equal to 1.1, NA
being equal t0 0.2 and Nj to 1.46. The scattering losses being proportional to A4, the
loss factors are then 1.64dB.km™ for the Rayleigh signal (ag at 905nm), 1.9‘2‘d.B.km'I
and 1.41dB.km™ for the anti-Stokes and Stokes signals (o« at 870 and 940nm

respectively).

For a Rayleigh signal about 36dB below the pump signal, the normalized backscatter
factor, which is independent of scattering loss and filtering losses, can be estimated.
The anti-Stokes and Stokes signals are about 28dB and 18dB lower than the Rayleigh

signal level respectively (oip+).

The total optical loss amount (0.pt) reaches about 12dB, taking into account for the |
total light travel, namely: the loss through the wavelength demultiplexer, the total
budget for splices and connectors, the reference coil, the laser to pigtail optical

coupling. The photocurrent before multiplication is then:
Lo (2) = P WReje.1 0—[(2.((1.R O+ 0 Vg, )/10]

SN =%S.Vg.a*.ap

Equation 4.3-1 Anti-Stokes or Stokes photocurrent I.(z) before multiplication from distance z

The optical pulse peak power Py is 10W with a coupling efficiency of about 30%, the
pulse width W is assumed to‘ be 13ns and the APD responsivity R+ is 0.47 and
0.33A/W for the anti-Stokes and Stokes signals. The group velocity V, is about
3.10°/Ni.

The excess losses ox™ and o+ are assumed independent of the input wavelength at
the wavelength range of interest (0™ = a.»™ = 1). The backscatter factor S is detailed

in Equation 4.1-12 and Equation 4.1-13 and is considered here to be equal to 5.68 x

104



Raman OTDR Thermometry and Application Constraints

1073, The distance z is expressed in kilometers.

One may therefore anticipate the following level of Raman signals before

multiplication at the respective APDs:

Anti-Stokes Signal|  Stokes Signal
z=100m 1.26 6.46 nA
2=500m 0.75 14.06 nA

Table 4.3-1 Photocurrent before multiplication from distance z

Further analysis could also demonstrate the limitations system architecture has
towards the number of splicing and connectors. However, one of the main objective
of the study is to offer the aircraft manufacturers the possibility of a permanently
.installed and easily removable sensing element (objective is a maximum of two
connecting points to the control unit) as one part of a concept to improve the

reliability figures of commonly used F/O detection systems.
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4.4 CONCLUSION

The Rayleigh and Raman scattering processes were explained and the spectral
brdadening of the Raman spectral lines estimated to about 12 nano-seconds is taken
as sizing criteria for the demultiplexer'ﬁlters. The radar equations associated with the
anti-Stokes and Stokes signals have highlighted the important parameters, for -
example the cbupled optical energy into the fibre. The fibre attenuation and the
optical pulse width play é major role in the system detection range and the spatial
resolution respectively. Besides the material dispersion, the waveguide dispersion
and the modal rdelay are widening the propagating pulse in the time domain. The
cumulative effect of these dispersions limits the achievable spatial resolution.
Although the backscatter factor for a multimode step-index fibre is 50% higher than
for a graded—,index fibre, one shall select the later to be in a position to reach a 1m
spatial resolution for a 500m long sensing element. The choice of the operating
wavelength is driven by the fibre spectral attenuation, the desired range of the
system, but also by the low-cost, reliability, and the power ﬁgures of the laser diode
and the spectral responsivity of the corresponding photodetectors. A NIR wavelength
is selected. The relationships were established between the spatial, the temperature

resolutions, the detection range, the refreshment time and the system configuration.

The analysis of the Raman signal behaviour over the full survival temperature range
shows no majqr "non-conformities” to the selected applications. The application of a
pressur'evon a fibre is increasing the local optical losses and will have to be the object
of dedicated specifications for the sensing element installation. The analysis of the
most probable system architectures to mitigate, in operation, a fibre break, has lead
to the recommendation of a one-fibre, double-ended system using two emitting-
receiving modules (one at each fibre ending). Finally, resulting from an optical signal
at a distance z and considering a total budget of 12dB of total optical losses, the APD
photocurrents before multiplication are evaluated to be about 1nA for the anti-Stokes

signal and SnA for the Stokes signal.
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51 DESCRIPTION OF THE DETECTION SYSTEM MODULES

The laboratory test bench was modular so as to be able to improve progressively the
detection performances and the capabilities of the F/O distributed detection system to
withstand the specific aeronautic operating | conditions. A block diagram of the
system is shown in Figure 5.1-2. The modules, which are held at locations A, B, C
and also shown in Figure 5.1-1 and Figure 5.1-3, are described in the following

sections, namely: A, the laser diode driver; B, the optical demultiplexer; C, the

amplification chain.

Figure 5.1-1: Nominal temperature profile for performance analysis
A: DC-DC converter, and laser diode driver. B: optical demultiplexer. C: pre-amplification and
amplification stages. The computer integrating the analog-to-digital converters and the signal
processing capabilities is not shown here.

The following block diagram indicates the flow of data converging from the

amplification stage or the pulse generator (to trigger the acquisition) to the computer.
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ompliance to the aeronautic qualification and certification tests, compactness
C and low weight, high F/O detection performances, low cost and system safety
and reliability are the development axis described as priorities when analysing the
technological status of the Raman backscattering” OTDR detection systems used
today for ground applications.
The list of necessary improvements is applied on each module to satisfy at system
and in future at aircraft level the appropriate technology readiness level. The
~description of the development strategies per module and the verification of the
system performance level are presented here. Signal processing alternatives to the
traditional average of Stokes and anti-Stokes data sets are proposed with an

evaluation of the associated benefits.
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Figure 5.1-2: Optical demultiplexer interfaces

The main challenge associated with the optical demultiplexer is the coupling of
sufficial excitation power into an optical fibre and the collection of the largest
possible amount of backscattered signals onto two avalanche photo-detectors. The
alignment of the optical componénts is here managed through an intermediate

package, which will be described later.

The elements Clss and Clas are 1GHz high-speed amplifiers, which amplify the
signals from avalanche photo-diodes separately for the Stokes and the anti-Stokes
signals. Variable gain 100MHz wideband voltage amplifiers are following, C2ss and
C2as. Two PCI acquisition boards for the amplified Stokes and anti-Stokes signals
are ending the two segregated loops with a digitisation and a transfer of the data sets

to the computer memories.
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Figure 5.1-2: Optical demultiplexer interfaces

The main challenge associated with the optical demultiplexer is the coupling of
sufficial excitation power into an op?ical fibre and the collection of the largest
possible amount of backscattered signals onto two avalanche photo-detectors. The
alignment of the optical components is here managed through an intermediate

package, which will be described later.

The elements Clss and Clas are 1GHz high-speed amplifiers, which amplify the
signals from avalanche photo-diodes separately for the Stokes and the anti-Stokes
signals. Variable gain 100MHz wideband voltage amplifiers are following, C2ss and
C2as. Two PCI acquisition boards for the amplified Stokes and anti-Stokes signals
are ending the two segregated loops with a digitisation and a transfer of the data sets

to the computer memories.
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5.1.1 THE PULSED LASER DIODE

The overall system performance depends on the specification of the pulsed laser
diode. The diode should emit at wavelengths where the fibre has low losses and
where the avalanche photo-detectors are efficient. Its peak power should be such as
to obtain a strong spontaneous scattered Raman signal but not exceed the threshold
level for stimulated Brillouin and Raman scattering (explained in more details in
section 5.1.3). The spectral line width should be small enough to avoid the overlap of
the Rayleigh and the Raman scattered signal. To achieve a 1-meter spatial resolution
the pulse width should be less than 10ns. The repetition rate should be compliant
with the diode duty cycle with a safety factor for reliability reasons, but to reduce the
measurement time the pulse repetition rate should be as high as possible. The
emitting chip window of the laser diode should be small and compatible with optics

for coupling light into an optical fibre.

The price, size, ease of operation, availability and lifetime consideration favour the
use of the semiconductor lasers and in optical fibre systems the laser sources

employed almost exclusively are semi-conductor laser diodes.

It is well known that intrinsic Raman scattering is greatest at shorter wavélengths
(the spontaneous Raman scattering intensity returned from an excitation is dominated
by the A* dependence term), however, using short waveleﬁgths results in limited
“distributed anti/Stokes ratio thermometry” range due to the .large fibre losses.
Samson has investigated the optimum pump wavelength that maximizes the trade-off
between fibre losses and Raman scattering [Samson, 1990]. This analysis shows that
for a 100m fibre, the maximum Raman signal for direct detection will occur at an
excitation wavelength of 600nm, the maximum for a 1km fibre is around 1000nm
using in both cases the peak Raman shift (Av = 440cm™) for vitreous SiO, and for a
fibre with a loss of 5 dB.km™.

Therefore, semiconductor laser diodes working at near IR wavelengths are the most
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suitable excitation source for the system when targeting a distributed F/O detection

range around 1km.

The pulsed laser driver identified, taking into account the previous considerations, is
the SPL_PL90 from OSRAM [OSRAM, 2000]. This laser diode is housed in a
plastic package, has a peak emission wavelength at 905nm with a 4nm spectral width
(FWHM), a maximum peak output power of 16 W for a maXiInum operating current
of 18 A. The maximum duty cycle of 0.1% is leading for a pulse width of 5ns to a
pulse repetition rate for the laser diode driver of 200kHz or 67kHz for a pulse width
of 15ns. The injected électric current intensity, at which the laser oscillation begins,

threshold current, is 0.8A at the characteristic temperature of 25°C.

The aperture size of the laser is ‘200pm wide and 2um high. The beam divergence
(which corresponds to the full angle at the point, which is half of peak intensity) is 6°
by 34° (6} x 0 J_).bThe size of the aperture will have to be compared to the diameter
of the core of the fibre that we intend to use as sensing'element. It will be also
noticed that the operating temperature range [-40°C to +85°C], the storage
temperature range [-40°C to +100°C], the lifetime at 85°C [MTTF > 29000 hours]
and the lifetime at 25°C [MTTF > 290000 hours] seem in conformity with on-board
sysfem intégrétion needs. Todéy, thev_component is available at 44 Eﬁrbs pér part

when ordering at least 500 parts.

5.1.2 THE LASER DIODE DRIVER

A special effort was carried out on the adaptation of a laser diode driver to the
necessity of shaping a less than 10ns pulse width and to bé able to use the low cost,
high reliability OSRAM laser diode. The spatial resolution of the system is indeed
strongly dependent on the capability of the driver to generate short pulse widths. The

driver has also to be able to feed the laser diode with a high enough current pulse.
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Three layouts of mechanical positioning between the Pulsed Laser Diode (PLD) and
the driver board were tested. The first involves a diode where the pins are directly
soldered on the board as opposed to two other configurations where a 6cm flexible

track (Micro Stripline Transmission Line, MSTL) was used to evaluate the influence

Figure 5.1-3: Driver stage with direct soldering of a PLD on the board
First configuration: analysis of the laser diode response to a driver command

Figure 5.1-4: Driver stage with a PLD deported using a flexible track
Second configuration: verification of the influence of a MSTL on the optical pulse shape.

Third configuration: verification of the influence of a curved MSTL on the optical pulse shape.
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A DC-DC converter is used to supply the driver and adjust the maximum amplitude
of the current pulse. Powered-up with a nominal 12V input voltage (with a current
requirement on the order of 7mA), the output voltage range lays between 0 and 250V
[16mA output current at 250V]. A small electronic circuit as a command for the DC-

DC converter allows regulation of the output voltage using a potentiometer.

‘The primary function of a laser driver is to provide appropriate currents for bias and
modulation of the laser diode. The bias is a constant current that pushes the laser
diode operating range beyond its threshold value and into the linear region.
Modulation is an alternating current that is switched on and off in synchronisation
with the input voltage waveform. The three major pieces of the laser interface puzzle
include the output circuit of the laser driver, the electrical characteristics of the laser
diode, and the interface between them (which is usually implemented using a printed

circuit board).

The power supply of the DEI PCO 7110-40-4 [Directed Energy Incorporated, 2000]
uses a +15V voltage for a low current, on the order of 1mA. The DC high voltage
supplies the total input capacitance of the driver. The maximum average current that
the high voltage supply must provide is determined by the pulse repetition frequency
required for the user's application. An approximation (+20%) for the current
requirement from the high voltage power supply can be given using the equation 5.1-
1. This current is a function of the total input capacitance: the pulse forming network
- Cprn, the FET capacitance Cggr and the stray Cgrray, the high voltage input Vm, and
the pulse repetition frequency f.

Ips =[Cprn + Cer + CsrAY IViNE

Equation 5.1-1 Input current definition from the high voltage power supply
For the PCO-7110-40-4: Cppy = 1100pF, Crgr = 120pF, Csrray = 200pF, Vi (max.) = 200V,
f (max.) = 50kHz. The current requirement is then Ipg = 14mA, which is compatible with the
specifications of the DC-DC converter.
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The output current depends upon the available charge of Cpry. This charge is directly
proportional to the applied voltage. Therefore, varying the applied voltage will cause

a concomitant change in the output current.

A successful optical transmitter design demands careful attention to the sources and
effects of parasitic inductance. Figure 5.1-6 is a simplified block diagram of the
output stage of a laser driver connected to a laser diode. In the actual system there are
many distributed parasitic inductances due to bond wires, die pads, etc. For
simplicity, in the model of Figure 5.1-6, the distributed inductances have been
lumped into two locations: Loyt at the output of the driver (cathode of the laser

diode), and Lanopg at the anode of the laser diode.

The transient behaviour of the switching current due to the inductors affects the
optical output of the laser diode in a number of ways. The driver modulation output
~ transistor requires a minimum specified voltage in order to switch properly. Parasitic
inductance can play also a major role in decreasing voltage headroom during

switching.

The inductive load caused by the lead- and bond-wire inductance of the laser
package may need a compensating RC shunt network, consisting of a resistor Rg, and
a capacitor Cp. The purpose of the RC shunt network is to cancel out the.parasitic
inductance, thereby maintaining a constant load impedance, which results in a

reduction of overshoot and ringing,.

The series-damping resistor serves the dual purposes of damping reflections that
cause output distortion and creating a stable load. Since package inductance varies
for different lasers, the component values for the shunt network may need to be

adjusted for optimum operation [Redd ef al., 2000].
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Figure 5.1-6: Simplified model of a laser driver connected to a laser diode

The PCO-7110-40-4 is designed to eliminate storage time effects by using power
- MOSFETS [IXYS, 2003]. An analysis of the series driver pulse inductance problem
revealed that it is nearly impossible to eliminate the ensuing ringing following a 10
to 15 ampere, 4 ns wide pulse into the laser diode. The inductance of the leads

[Zuleeg, R. et al., 1985] of the laser diode is calculated using:

222} ]
. n I,

) Equatlon 5.1-2 Inductance of the laser diode bonding leads )
1= po= 4.7 x 10”7 H/m for air. X, = conductor length, m. r, = conductor radius, m

The 2.6 mm-long bonding lead results in about Ly = 2.5nH.: The 4 mm-long

connecting diode leads can have an inductance evaluated by:

LL = .HX—L.In[.IlI:‘.}
2.n I,

Equation 5.1-3 Inductance of the laser diode leads
1= po= 4.7 x 107 H/m for air. X, = leads length, in meter m. hy, = distance between the two
conductor leads, in meter m. rp, = conductor lead radius, in meter.

which gives an inductance of 3.5 nH and of 6 nH for the laser diode component.
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Figure 5.1-3 is a Micro Stripline constructed of copper and Kapton tape. This type of
mechanical construction produces a transmission line that is easily fabricated at very

low impedance levels. It is strong, light, extremely flexible and low cost.
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Figure 5.1-7: Micro Stripline Transmission Line architecture [MSTL]

A simplified circuit model for the Laser Driver Module [LDM] is shown in Figure
5.1-8 [Burman et al., 1996]. R, is the recharge resistor, C; is the energy storage
‘capacitor, L; is the lumped total of the system loop inductance, S; is the switching

device, R; is the load resistor and D; is the laser diode. This forms a simple RLC

network.
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Figure 5.1-8: Simplified circuit model for the Laser Diode Module
(a) Voltage at the energy storage capacitor terminals. (b) Simplified laser driver circuit model.
The components C; and L, are Pulse Forming Network (PFN) with impedance Zp.
At ty, C, has been charged to Vi, the high voltage and S, closes. The discharge path
is down through C; and up through D, Ry, and S, producing a current pulse Ip; and
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One could show that there is no shape difference between an optical pulse generated

from a laser driver assembled with or

transmission line connected to the PLD.

without a straight / bent micro stripline

Besides, an optical pulse keeps the same

shape when it is coupled into a 3m multi-mode fibre. The fibre portion acts as a delay

line, here is measured a delay of 15ns

velocity within the fibre of about 2.10°m.

which gives, as expected, an optical pulse
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Figure 5.1-9: Normalised shapes of optical pulses air or fibre-transmitted

The three conﬁguratiohs analysed gave a small dispersion in the optical pulse width

as a function of the high voltage supplied to the driving stage.
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Figure 5.1-10: Driver configuration wi

th straight MSTL — Electrical Pulse Signal

Electrical pulse shape as a function of the high voltage supplied to the laser driver. For each signal,
100 data sets were required and averaged. (a) Peak amplitude variation as a function of the supplied
high voltage variation. (b) Normalized signal to peak amplitude for pulse shape analysis.
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Taking into account the loop inductance and the resistive losses in the circuit we can
calculate the high voltage required to generate an 18A current pulse in 4ns, which is

the approximated rise-time of the laser diode.

di
VSup ply = R DS(on)IPEAK + RoIpgak + ViAser-DIODE + LTOT -
18A
Vsup ply = 0.2Q.(18A) + 5Q.(18A) + 5V + lOnH.E =144V

Equation 5.1-6 Voltage supply to drive the selected laser diode to 18A in 4ns

The total loop capacitor includes only the value of the energy storage capacitor C;

and can be simply calculated using the following equation:

1 .
C1 =5 Tpeak PW s
™

pwW.pussian _ 5 55 pwSanssian

Equation 5.1-7 Energy storage capacitor definition
The current pulse is being considered as Gaussian. For a pulse width defined by the width of a
Gaussian pulse at half maximum [PWgwiy = 2 o (2 In(2))*], the capacitor would be discharged at
76%. The capacitor would be discharged at 99.7% for a pulse width of 6 . We consider therefore

a pulse width PW, 35 = 2.55 PWgwmy, which is equal to 10.2ns when specifying a FWHM pulse of
4ns.

The energy storage capacitor is evaluated to be 1.28nF for a discharge taking into
account the calculated supplied voltage required to generate a 4ns FWHM pulse
width with an operating current of 18A for a pulse peak optical power of 16W
[OSRAM, 2000]. |

This value approaches significantly the manufacturer’s value of Cpry + Cstray =

1.3nF provided in the PCO-7110-40-4 datasheet.
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calculated 20% of inductance excess could indeed be responsible for all or part of the
extension in time of the electrical pulse width. A second analysis consists in using
basic theory to predict overshoot and ringing that result from an over-damped or
under-damped LRC circuit. To eliminate overshot and ringing, the circuit must be
critically damped, where Reritical = 2 (L/C)’. From this equation, we can see that as
the parasitic .inductance increasés, the critical resistance will also incréase. Assuming
that the aétual' resistance stays constant, increasing the inductance will result in an
increasingly under-damped system and increase‘ the overshoot and ringing. The
parasitic inductance must be minimized. The fact that these parasitic inductances
have not been evaluated, their presence might be the second reason of the long
electrical pulse duration. The third investigation would have to check whether the

experiment is truly done in a matched impedance configuration.

So as to perform a proper spatial reading of the distributed temperatures along the

optical fibre, it is advisable to investigate the jitter level associated with the leading

edge of the pulse.
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Figure 5.1-12: Driver configuration with straight MSTL — Optical Pulse Signal
Optical pulse shape as a function of the number of averages.

The short-term instability of one reference pulse edge to another was noticed as

being less than 1ns.
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Figure 5.1-11: Driver configuration with straight MSTL — Optical Pulse Signal
Optical pulse shape as a function of the high voltage supplied to laser driver. Each signal type was 100
times acquired and the data sets were then averaged. (a) Peak amplitude variation as a function of the
supplied high voltage variation. (b) Normalized signal to peak amplitude for pulse shape analysis.
One may notice, on figures (a) [Figure 5.1-10 and Figure 5.1-11] that the electrical
and optical peak amplitudes vary linearly with the high voltage supply. On figures
(b) the pulse shape changes when the high voltage exceeds 50V. There is a slight

increase of the optical pulse width between 50V and 130V (not more than 1ns).

As a nominal setting, the experiment will be launching a 10W peak optical power

pulse, which requires a peak current pulse of 11.25A from 90V high voltage.

The main conclusion of these measurements is of course to notice the important
discrepancy between the FWHM of the electrical pulse, about 5ns for the main peak,
and the one of the optical pulse, 12ns. Analysing the rise/fall times a possible
explanation can be provided [MAXIM High-Frequency/Fiber Communications
Group, 2002]. If we neglect the effects of parasitic capacitance and assume a greatly
simplified single time constant model, then the rise and fall times can be calculated
using the L/R time constant. For a 20%-80% rise time we can use the relationship:
2.7.T = ts/0.22 (where T = L/R represents the time constant) to calculate a value for
L. If we let R = Rg = 5.6 Q, tiisc about 2ns, L ~ 8nH to be compared to the module
inductance of 10nH. While this result is far from exact (it is based on a greatly
simplified model) it gives a good idea of the approximate level of inductance that can

be tolerated without significantly affecting the rise/fall times. In our case the
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Figure 5.1-14: Improved laser driver module performing 6ns optical pulse width FWHM

The pulse width obtained is about 6ns with a peak current pulse of 21A, which is
providing a compliant optical power to the aim of the study. The reliability of the
driver stage is however unknown especially when studied with a change of the pulse

repetition frequency.

The experiments were nevertheless conducted with the PCO-7110-40-4, which had
" demonstrated flexibility to the measurement investigations, while a ruggedisation of

the improved driver was running concurrently.

As a conclusion, it is possible to say that it was noticed no influence on the global
laser driver performances from the pulse period / delay éccuracy, and from the
trigger delay controlled by the pulse generator. The pulse width was identified as
stable within 0.5ns accuracy, while the transition time defined as the interval
between the 10% and 90%-amplitude points on the leading/trailing edge was
constant. The optical pulse leading edge shown good linearity with applied current

and a maximum jitter of Ins has been observed. The long-term stability over more
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An attempt to reduce the optical pulse width through a reduction of the current pulse

width was carried out using a different laser diode driver type.
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Figure 5.1-13: Multi-electrical / optical pulses

Although the main optical pulse has an 8ns FWHM, the driver design was generating
secondary electrical pulses (cf. Figure 5.1-13). At least the first secondary current
pulse was of enough amplitude to see a secondary optical pulse generated. This
secondary current pulse is therefore above the specified threshold current of the
diode at 0.8A. These conditions are indeed not the expected conditions for the pulse
emission. The system aims to acquire a full optical fibre length profile for the Stokes
and anti-Stokes signal per optical pulse leading to a simple relationship between the

spatial resolution and the pulse shape definition.

A second attempt to both cancel the secondary electrical and optical pulses and to
reduce even further the optical pulse width has lead to the design shown in Figure

5.1-14.
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Figure 5.1-14: Improved laser driver module performing 6ns optical pulse width FWHM

The pulse width obtained is about 6ns with a peak current pulse of 21A, which is
providing a compliant optical power to the aim of the study. The reliability of the
driver stage is however unknown especially when studied with a change of the pulse

repetition frequency.

The experiments were nevertheless conducted with the PCO-7110-40-4, which had
demonstrated flexibility to the measurement investigations, while a ruggedisation of

the improved driver was running concurrently.

As a conclusion, it is possible to say that it was noticed no influence on the global
laser driver performances from the pulse period / delay accuracy, and from the
trigger delay controlled by the pulse generator. The pulse width was identified as
stable within 0.5ns accuracy, while the transition time defined as the interval
between the 10% and 90%-amplitude points on the leading/trailing edge was
constant. The optical pulse leading edge shown good linearity with applied current

and a maximum jitter of 1ns has been observed. The long-term stability over more
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than five hours has been checked, and enters the envelope defined by the jitter
analysis. The optical pulse peak amplitude levels have been investigated and are
found to change with the time within +5% from a pre-set nominal value. The time
taken for pulse levels to settle within level specifications, measured from 90% point
on leading edge was short and was not considered to affect the pulse shape. When
the systém was used under the same environmental conditions and with the same
settings, the value was lying within an accuracy window of about 2ns, providing a
good repeatability of the experiment. All, these requests were carried out using 50
times averaged data sets for analysis (giving a 25ms acquisition time for a PRF of
2kHz).

Distortions preceding/following an edge have been considered as overshoot or
ringing or as a total inductance value problem, which would deteriorate the rise/fall
time(s) of the pulse. The phenomena are currently under investigation to reduce the

12ns optical pulse width when using the PCO-7110 laser driver.

513 THE OPTICAL DEMULTIPLEXER

The optical wavelength demultiplexer is used between a pulsed laser diode, an
optical fibre, optical filters and avalanche photo-detectors. The architecture of the
demultiplexer has been shown to determine the overall performahce of the
distributed temperature detection system [Ozawa, Y. et al., 1992]. The PLD light is
collimated and focused into the optical fibre and the back-scattered light from the
optical fibre filtered through filter F1, which is transmitting the Rayleigh scattering
- and reflecting the complementary spectrum towards filter F2. Filter F2 transmits the
anti-Stokes light, which reaches the APD 1. Filter F3, identical to F1, reflects the
Stokes band, which hits APD 2 while passing through filter F4. The coupling
efficiency from the pulsed laser diode to the 62.5/125um gradient-index multimode
optical fibre is measured to be about 30% (-5.25dB). The filters are speciﬁed to
achieve a minimum 90% transmission and 95% reflection ratios (Stokes line: 3x-

0.25-0.5dB = -1.25dB; anti-Stokes line: -0.25 -0.5 = -0.75dB).
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-PLD

/
Figure 5.1-15: DTS preferred optical wavelength demultiplexer

The optical wavelength demultiplexer presented here offers flexibility for the
integration of the optical elements and for the space allocation management of the
associated surrounding electronic modules. Considering the limited space authorized
for the fully integrated control unit, one of the constraints is to optimise the filter

angles, but still keeping the overall filtering process compatibility.

A description of the backscattering process in the optical fibre and of the OTDR
requirements is pointing out the necessity of an optical fibre with large Numerical
Aperture, low losses per kilometre, low spatial dispersion at the considered
wavelengths and large core diameter. The optical fibre selected was a 62,5/125um

step-index fibre with a 0.22 numerical aperture.

The fibre link carrying a single wavelength (AA = 4nm from the PLD), the presence
of the signal will offer the chance for Raman amplification, using the signal as the
pump. The amplification will begin from a spontaneous Raman scattered light wave

that is propagating along the fibre at the proper wavelength. The stimulated process
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will begin and will rob power from the signal and divert it into other wavelengths (cf.
Figure 5.1-16). The power lost to the Stokes signals depends on the fibre loss, the
Raman gain, and the number of modes carried by the fibre, the numerical aperture of

the optical fibre.

Legend:
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Figure 5.1-16: Spontaneous to stimulated Raman scattering in optical fibres. Pump pulse threshold.

The upper limit on the power that can be injected into the fibre is determined by the
power that causes the Stokes power to equal the signal power. This power is
[Powers, 1993]:

Pth ~ 16.Aeﬁ‘
G, Legr

Equation 5.1-8 Pump pulse threshold optical power for stimulated Raman scattering

where G; is the Raman gain coefficient (1.6 x 10" m/W), A.& [Mortensen, 2002].
The numerical aperture (NA) relates to the effective area of the optical fibre, it can

be expressed as:
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-1/2
NA = [1 + n.éfﬁf-]
;\.2

Equation 5.1-9 Numerical aperture of the step-index multimode fibre [Mortensen, 2002].

where A is the wavelength of the emitted pulse (905nm) and NA the numerical
aperture (0.22). The mode field diameter is defined in the near-field band and leads
to a value of 5 pm? and Leg (597m) is the effective length given by:

Leg = é.[l —exp(-a.L)]

Equation 5.1-10 Effective interaction length. [Scheerer, 1996]

where o is the attenuation constant (6.91 x 10* m™”, -3dB/km) and L is the
considered length of the fibre, 500m [Scheerer, 1996]; The pump pulse threshold
optical power is calculated to be 8.6W. For example, the threshold becomes 1.2W as
the fibre length goes to 2000m. It is clear that the threshold will decrease with longer
fibre lengths. The first order Stokes light is amplified by increasing distance, but it is
depleted at sufficiently long distance because of the accompanying generation of the
second order Stokes light [Morita et al., 1995]. To take into account this

phenomenon, the critical power at the entry of the fibre was calculated to be:

pth _ a.lnfg, /¢ ] o K
Goyl.[l —exp(-aL)| ~ [1-exp(-aL)]
_ 1+ Cy -
c~ T‘__c;'

Equation 5.1-11 Critical input power of the input pulse in which spontaneous Raman scattering
starts to be seriously disturbed. K is a constant.

For commonly used silica fibres c; is of the order of 10* and c; is in the range of:
0.1 < ¢3 £0.6. The stimulated Raman gain coefficient due to stimulated transition to
1st order Stokes light is Go,; (experimentally estimated value: 2.5 x 10™ m/(m*/W)).

If the temperature distribution along the fibre does not have remarkably large
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fluctuation, the coefficients Go; may be considered to be constant. The constant
value K of Equation 5.1-11 was deduced as 2.6W, which is the critical power of the
input pulse for an infinitely long silica fibre. The pump pulse threshold optical power
is 8.9W and 3.5W for a 500m and 2000m fibre length, respectively.

The collimating and focusing system employed is simple, compact, with an
optimised mass and uses low-cost components. Considering first order optical theory
[Yang, 1995] one may demonstrate that it is possible to limit confusion at focus from
the beam divergence, diffraction and lens spherical aberration. The choice of a lens
with a short focal length will help to decrease the effects of the laser beam
divergence and of the diffraction, while using aspheric glass condenser lenses will

reduce the spherical aberration.
F2 F1
Optical }—9:*—\\.:;\ J PLD

Fibre L2 L1

Figure 5.1-17: Collimating and focusing optics

The pulsed laser diode has a beam divergence cone with half-angle ® of 16° at the
half-power points in the direction perpendicular to the diode junction. The irradiance

distribution of the Gaussian TEMyy beam, namely:

2
I(r) =Ip.exp| — 2_r2
w

Equation 5.1-12 Irradiance distribution of the laser diode Gaussian TEM,, beam
w(z) is the radius of the 1/e? contour at the plane where the wave front is flat
I is the maximum irradiance

means that 1/¢* power points for the Gaussian output beam will be defined by:
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0.5
0, { 25| o
< [In(2) 3

€

Equation 5.1-13 Definition of the half-angle relative to the laser diode numerical aperture

To collect all the light power emitted by the diode, the NA of the lens should be
larger that the NA of the laser diode, which is 0.46, but the lens used here whose NA
is 0.45 and focal length F; is 3.6mm w‘as chosen to collimate the light. Despite the
losses due to the smaller lens numerical aperture, the systém launches enough optical
power and keeps a size compatible to the objectives of integration. The diameter of
the collimated beam is then @ = 2 x F; x sin® = 2 x 3.6 x 0.46 = 3.3mm. The
focusing length will have therefore the following numerical aperture:
O

NAp =—L-
F7oR,

Equation 5.1-14 Definition of the numerical aperture of the focusing lens
F, is the focal length of the focusing lens.

The requirement for the numerical aperture of the optical fibre to be around 0.22,
requires a 7.1mm focal length radial gradient plano-convex lens to focus the beam

onto the face of the optical fibre. This gave a NAg of 0.23.

The elliptical cross section of the laser beam and the diode’s intrinsic astigmatism
contribut in limiting the couplihg efficiency of the system. The elliptical cross
section of the beam is a result of the rectangular shape of the beam emission facet of
the laser diode. Wave opticé theory tells us that a beam output’ from a small aperture

has in one certain direction a full divergent angle 0 gi{fen by:

4.5

O] Lor|] =___mW[:L o

Equation 5.1-15 Laser diode beam divergence definition
A is the central emitted wavelength, W 1] is the size of the aperture perpendicularly or parallely
' to the diode junction respectively.

The aperture size of the laser diode presents a difference between the fast and slow

134



Metrological Requirements and Signal Processing

axis is about 100 to one (200 x 2 pm?). The astigmatism is another result of the
rectangular facet of the laser diode. The beam emitted from a small facet is
equivalent to the beam emitted by an imaginary point source P, o |, whose position
can be located by tracing the beam backwards. It can be shown that Py is located
behind P, because 6 is smaller than 8,. This phenomenon is called astigmatism, and
the distance between Py and P, is the numerical description of the astigmatism. The
existence of astigmatism means that when using a single, standard aspheric lens the
beam can be collimated and focused only in one direction, because P and P cannot

simultaneously converge at the focal point of the focusing lens.

One way to improve the coupling efficiency of the collimating and focusing system
is therefore to circularise the beam and to use astigmatism correction methods. We

can therefore use anamorphic correcting prisms as shown in Figure 5.1-18:

* on
. Rotatable Prisms
ey

Beam In
» Fé

S, s

Beam Out

Figure 5.1-18: Beam Circularising for Semiconductor Laser Diodes

The prisms can enlarge or reduce the beam size in one direction while keeping the
beam size in another direction unchanged. The enlargement or reduction rate can be
adjusted by adjusting the angles of the two prisms, it is therefore not difficult to
circularise the elliptical beam. An alternative method, that will both circularise the
elliptical beam and correct the astigmatism, is to use a piece of single mode fibre.
The laser beam is coupled by two collimating lens into the single mode fibre and the
output beam from the fibre is collimated by the third collimating lens. This

arrangement sufficiently "mixes up” the beam as it passes through the fibre so that
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wavelength and a bandwidth of 12nm for the Stokes and anti-Stokes filters and 15nm
for the Rayleigh filter.

. o : ' = Anti-Stokes Interference Filter
| =—Rayleigh Interference Filter ||

100.00 +——
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Figure 5.1-19: Transmission windows of the DTS interference filters

The bandwidth (FWHM) of the filters are chosen carefully to let as much Stokes and
- anti-Stokes optical power as possible enter the detection module but to reject enough
Rayleigh signal. The spectral width of the laser diode (AAsw = +2nm) and its central
wavelength variations (AAcwr L = 12nm) have obviously influences on the overall
performances of the system because they are shifting the back-scattered response
spectrum within the filter transmission windows, which are fixed by definition. The
accuracy of the filter centre wavelength (AACQL_F = +3nm) as well as the thermal
behaviour of both the laser diode (AAcwr_ e = £0.3nm/°C; i.e. £4.5nm for £15°C of
temperature shift) and of the filters (typically AAcwr e = £0.025nm/°C; i.e. £0.4nm
for £15°C of temperature shift) are also important to optimise the optical intensity
collected through the filtering process. This has the following consequence of

necessitating a thermal regulation for an on-board optical demultiplexer.

The thickness of the filters has also to be considered, as the light is not at normal

incidence, it will be shifted from the propagation axis, the avalanche photodiodes
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selection component with high blocking is required. Units used are Optical Density,
OD or 10 to the negative power of transmittance. For example, OD 4 blocking or 10
transmittance means that there is no transmittance peak(s) in out-of-pass band

exceeding 0.01% transmittance.

The transmission curve of the basic all-dielectric Fabry-Perot filter is not of ideal
shape. A more nearly rectangular shape would be a great improvement. Further, the
maximum rejection of the Fabry-Perot is completely determined by the half-width
and the order. The broader filters, therefore, tend to have poor rejection as well as a
somewhat unsatisfactory shape. When tuned electric circuits are coupled together,
the resultant response curve is rather more rectangular and the rejection outside the
pass band rather greater than a single tuned circuit, andra similar result is found for
the Fabry-Perot filter [Macleod, 2001]. The filters maybe either metal-diclectric or

all-dielectric and the basic form is:
|reﬂector| half-wave| | reﬂector| | half-wave| reﬂector| 7

A filter with N number of half-waves is called a N-cavity filter. The shape of the pass
band is a function of number of cavities employed, centre wavelength and‘ the
bandwidth. Cavities result in more rectangular shape while less cavities cause a
triangular-like shape. The central wavelength of a band pass filter can be changed by
tilting it from normal to the direction of the incident light. The dependence of the

centre wavelength on incident angle @ is given by:

* .
n'2 —sin2 ®
n

}\.q) =7»0{ Py

Equation 5.1-17 Dependency of filter central wavelength on incident angle
Ao is the central wavelength at the ® angle of incidence, A, is the central wavelength at normal
incidence, n’ is the effective index of refraction of the total filter (=2.05).

To separate the Raman anti-Stokes back-scattering from the Rayleigh signal, a 4-

cavity filter is used with a minimum transmission requirement of 85% at central
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Figure 5.1-21: Demultiplexer based on tilted Bragg grating technology

Tilted fibre Bragg gratings have been demonstrated for applicatioris in wavelength
demultiplexing and channel monitoﬁng [Byeong, 2002]. In optical fibres, the tilted
structure enables light coupling between the core mode and the cladding. To date,
most demonstrated tilted grating devices have been fabricated in single mode fibre,
however the necessity of a good optical coupling efficiency between the sensing
element and the demultiplexer is calling for a multimode fibre body to embed the
tilted filtering Bragg gratings. The length of the gratings would have to be long
enough to guarantee a strong enough reflectivity coefficient and the tilt angle would
have to be studied to optimise the coupling to the slit brought along the central wave-
guide. A grating in a fibre [Zhou ef al., 2003] can diffract the core-mode beam into
the cladding part. It remains also to achieve a blocking level of "—40dB” between the
reflected and transmitted sigﬁals per grating, while it was idéntiﬂed today in

multimode fibres a maximum of "—25dB” as rejection factor.
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will then have to be realigned accordingly.

As an alternative to the interference filters, one may suggest using diffraction
gratings, which can have high efficiency and blocking. The major features of a
micro-spectrometer would be the excellent mechanical, optical and thermal stability
[STEAG microParts GmbH, 2003]. This attractive design would also allow
integration of the APDs very easily on an electronic board and would therefore

participate ideally to the reduction of the system volume.

Self focusing reflection grating
(d=0.2pm; g=2pm) @

— /J / -
- : -

Light input
through optical fibre

Light output

via reflecting edge Avalanche photodiode

Figure 5.1-20: NIR spectrometer component [STEAG microParts GmbH, 2003]

However, current performances achieved are not compatible with the blocking

specification (4 cavity-filter), and the cost of a development too high.

Another alternative to design a compact demultiplexer is proposed to be a module
where filtering tilted optical fibre Bragg gratings would select the appropriate Stokes
and anti-Stokes bands and redirect the signals perpendicularly towards an electronic

board where the APDs would be connected.

139



Chapter Five

Multimode Optical bl ARL ARz
Fibre

/

Figure 5.1-21: Demultiplexer based on tilted Bragg grating technology

Tilted fibre Bragg gratings have been demonstrated for applications in wavelength
demultiplexing and channel monitoring [Byeong, 2002]. In optical fibres, the tilted
structure enables light coupling between the core mode and the cladding. To date,
most demonstrated tilted grating devices have been fabricated in single mode fibre,
however the necessity of a good optical coupling efficiency between the sensing
element and the demultiplexer is calling for a multimode fibre body to embed the
tilted filtering Bragg gratings. The length of the gratings would have to be long
enough to guarantee a strong enough reflectivity coefficient and the tilt angle would
have to be studied to optimise the coupling to the slit brought along the central wave-
guide. A grating in a fibre [Zhou et al., 2003] can diffract the core-mode beam into
the cladding part. It remains also to achieve a blocking level of "—40dB” between the
reflected and transmitted signals per grating, while it was identified today in

multimode fibres a maximum of "—25dB" as rejection factor.
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5.14 THE DETECTOR AND AMPLIFICATION CHAIN

The amplification chain comprises an avalanche photodiode, a high-speed current to
voltage amplifier, and a wideband voltage amplifier. The three amplification stages

are considered as non-interacting.

Sin ‘ \
o—
x Gy y

Figure 5.1-22: Nominal temperature profile for performance analysis

The signals and noise at the output are defined by:

[Soucf =[G1.G2.G3S;,
leou ] =[6162G301F +[G2.GaerF +[Gaesf

Equation 5.1-18 Output signal and noise from the amplification chain

The Signal to Noise Ratio is therefore:

Cout

: 2
SNR — [Sout } = [GI-GZ'GB-Sin]Z
' [GI.GZ.G3.e1}2 + [626382]2 + [(}3.63}Z

Equation 5.1-19 Output signal and noise from the amplification chain

The first amplification stage is the APD itself. An APD includes an absorption region
"A", which serves to separate the photo-generated holes and electrons and sweeps
one carrier towards the multiplication region "G”, designed to exhibit a high electric
field so as to provide internal photo-current gain by impact ionisation. The net effect
of the avalanche process is a multiplication of the current at the output terminals. The

gain factor G is given by G=Ig/I where I is the output current with multiplication
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and I is the output current without multiplication.
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Figure 5.1-23: Nominal temperature profile for performance analysis

The DC current out of an avalanché photodiode is made up of three components,
namely the load current I, iBackgmund the current due to background illumination
sources (here assumed to be zero), and Ip is the dark current of the device. The dark
current is the output of the device with no input illumination and is primarily due to
thermal generation of charge carriers in the depletion region and surface leakage
currents due to surface defects near the edges of the semiconductor [Powers, 1993].
It has to be noted that the APD surface leakage current, I, is not multiplied by the
APD gain and is modelled here as a constant DC current. The bulk dark current, I,
on the other hand, is multiplied by the APD gain and is modelled as part of the
background radiation. An EG&G Silicon APD C30902E was embedded to the first

stage of amplification. The amplified noise source e; can therefore be given by the

following relation:

2.2 :2 -2
G e = ( IN >+ (‘Nshot suxfacc)

Equation 5.1-20 Amplified mean-square noise current from first amplification stage

Where <iN2> is the mean-square noise current due to shot noise:
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( i )-_— 24[1;, +13]G2BF(Gy)

Equatlon 5.1-21 Mean-square noise current due to shot noise
G, is the average current gain and F(G,) is the excess noise factor that is the measure of the extra
noise added by the avalanche process. B is the bandwidth of the electronics accepting the noise.
I, = Ro.P;, Ry is the unamplified responsivity (R=G1.Ry = 65 A/W at 150V), P; is the incident
power, calculated to be around 6nW in chapter 4, for the anti-Stokes line before interaction with
the APD. Ij is the bulk dark current given here to be equal to 15nA (at 150V).

F(G)) =kG, +[2-Gi]}.[1-k]

Equation 5.1-22 APD excess noise factor
G, is the average APD gain (150 at 150V), k is the ionisation ratio (0.02 for EG&G Silicon APDs).
F(G))=4.95

The shot noise due to the surface leakage current is:

.2 ‘
(lN shot surface) =24qlg.B

Equation 5,1-23 Shot noise due to the surface leakage current
I is the surface leakage current (2nA), B is the system bandwidth

The system bandwidth is found assuming that the system response is Gaussién.
Measuring short optical pulses is done using the technique of autocorrelation. The
~original pulse is Gaussian, the ratio of the original pulse’'s HWHM, Atywum, to the
auto;con‘elated pulse’s HWHM, ATuwnm, is 1/N2. The time-bandwidth product is
At,.Av = 0.4413 for a Gaussian system response. Taking the optical pulse velocity in
the fibre, V,, being 2.10%m.s? and a targéted’spatial resolution, Az, of 1m, the

required system bandwidth is:

0.44 0.44 044 Vp
AtHWFM ATHWFM J_ V2 Az

Equation 5.1-24 System bandwidth required from the spatial resolution required
For 1m spatial resolution, the needed bandwidth is found to be 63MHz

However, the overall system bandwidth is given by the smallest bandwidth of the
different amplification stages, which is 100MHz allowing a system spatial resolution
of 0.6m.
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The second ampliﬁcatidn stage, the high-speed current to voltage amplifier has a
gain of 60dB (50 kV/A), a bandwidth of 1GHz and an equivalent input current noise
of 6.6pA/VHz.

The third Stage, the wideband voltage amplifier has a possible variable gain 10 to
60dB, switchable in 10dB steps, a bandwidth of 100MHz and an equivalent input
voltage noise of 2.6nV/VHz.

The third stage is used with a gain of 30dB for both the Stokes and anti-Stokes
signals. The anti-Stokes signal is evaluated at 500m from the front end of the fibre at
a 470mV level with SNR at 1.34 (1.26dB) and the Stokes signal at 670mV with SNR
at 2.67 (4.27dB) [see chapter 4]. ' '

The system designed from bought-in component as an output-signal rise time, which
results from the rise time of the isolated individual cascaded stages. The input
waveform rise time is tpyse. The successive stages are namely the fibre, the APD, the

amplification stages, the jittér from the emitting system and the optical pulse width.

2 2 2 2 2 2 _2Rg
Ty = J tFiber + Pulse T thitter + VAPD * tStage 2 + tStage3 = .
g

Equation 5.1-25 System response time and spatial resolution :
1y is the system response time, V, is the group velocity in the optical fibre and R, is the system
spatial resolution. The optical fibre response time is calculated using its optical bandwidth BW,
(200 MHz/km) tgipee = 0.316 /(200 x 0.5) = 3.16 x 10™s for a Gaussian response. The optical pulse
width is 12ns. The Jitter is measured to be less than 1ns. The APD response time is 0.5ns. The
second and third amplification stage response times are 0.32ns and 3.5ns respectively.

The system respbnse time is found to be 12.95ns, which gives a system spatial

resolution of 1.3m.
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5.1.5 THE DIGITALISATION

To digitise the amplified signals, a two channels analog-to-digital converter board
was interfaced to a PC on a 32 bit PCI bus. Each channel could record an analog
input at speeds up to 500 Mega-Sample per second with 8 bit resolution, store the
data in a deep on-board memory (2Mbs) and transfer them at a 100MB/s data
transfer rate via the PCI bus to PC rﬁemory for signal processing. The bandwidth of
the ADC being 250MHz, the calculated spatial resolution remained 1.3m. Each
‘recorded sequence was triggered by the pulse generator, which was simultaneously

used also to frigger the laser diode driver.

The ADC preferred sampling rate was 200MS/s (one sample every 5ns, which
corresponds to a 0.5m sampling length on the fibre) and the voltage input range was
+1V on both 50<2 input channels. An LSB is therefore 7.81mV, the Stokes signal is
then at 500m from the front end of the fibre laying over 86 LSB and the anti-Stokes
signal over 60 LSB. It is important to note that the specific voltage range was chosen
to see the full amplitude of the noisy signals, so as to keep the noise nature preserved
for an adequate post-filtering process. For 500 data sets on each board with a PRF of
2kHz, the acquisition time is between 0.25s and 1s (Is if 1 dataset’is captured after
every 4 pﬁlses). Switch times and data transfer lead to an overall time cycle before

processing the data, between 0.5 and 1.2s.
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Figure 5.1-24: Time to display a temperature profile as a function of averages on data sets
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5.2 ARCHITECTURE OF THE TESTED SYSTEM

‘The overall system architecture based on a modular design allows to technically
progressing on individual parts. The objective of the design tested is to approach, as
much as possible, the size, the weight, the reliability and the low cost (here addressed
are the recurrent costs) of a qualified onboard detection system. The reduction in size
and weight help the electrical power consumption to be lower for a given operating
temperature range, while separating the laser diode pins from the PCB may help to

reduce the vibration level between the demultiplexer body and the driver board.

5.2.1 THE STAKES OF THE NEW DESIGN

The requirements to be addressed by Airbus to the suppliers of equipment from the
ABDO0100 [Airbus S.A.S., 1998] will be joined together in the "Purchaser Technical
Specification” with the requirements from various directives like the DO-160, DO-
178. Both to bring solutions to the operational difficulties linked with the
temperature variations of the electronic bays and to increase further the system
lifetime figures, the following section focuses on the thermal regulation of the optical

demultiplexer and on the qualification tests applicable as vibration-proof checking.

522 SYSTEM TEMPERATURE CONTROL

» Thermal managementvis a key. factor in optimising t_hé. optoelectrbnic DTS part
performaihce. The system will be tested under the tests allocated to category Al,
which is an equipment category for installation iﬁ a controlled temperature and
pressurized location, on an aircraft within which pressures are normally no lower
than the altitude equivalent of 15000ft Mean Sea Level (Section 4 and 5
[EUROCAE, 1997]). We will test therefore the system in an operating low
temperaﬁn‘e of —15°C. This is the lowest temperature at which equipment will
normally be exposed and be required to operate. The operating high temperature

range is +55°C. The maximum temperature conditions (Short-Time Operating High
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Temperature) to which the equipment can be exposed are given as +70°C. It is
expected that these temperature conditions will occur infrequently and be of short
duration. The Ground Survival Temperatures are the lowest and the highest ground
* temperatures that the equipment is normally expected to be exposed to during aircraft
storage or exposures to climatic extremes are -55°C to +85°C. The equipment is not
expected to operate within specification limits at these temperatures but is expected
to survive without damage. It will be also important to define tests répresenting the
failure of the internal system that normally provides dedicated cooling for the WDM.
The laser diode and the avalanche photodiodes must survive for a limited time in the
absence of cooling. Test requirements for this type of equipment shall be specified in
the equipment performance specification. Decompression and overpressure tests will -
also have to be conducted. The Temperature Variation Test will see a temperature
variation of 2°C minimum per minute between the low/high and the high/low

operational temperatures.

A Peltier element offers effective practical options for heat management in compact
optoelectronic devices. A thermoelectric (TE) cooler is a semiconductor-based

electronic component that functions as a small heat pump.

Iﬁ R . oS T .

2 Device

Fy L* |

{ r s TC‘

FoTTa T z
JouleHeating™, _| | 111 11111

! ; Tn

2R Heat Sink

2 e Ty

E

Figure 5.2-1: Peltier component and device under temperature regulation

When low-voltage dc power is applied to a TE module, heat moves through the

module from one side to the other in proportion to the applied voltage. One module
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face, therefore, will be cooled while the other is simultancously heated. The
phenomenon is fully reversible: with a switch in the polarity of the applied voltage,
heat moves in the opposite direction. Thus the same module can function as both

heater and cooler with very precise temperature stabilization [Otey et al., 2001].

A thermal load (Qr) combines the heat generated from the deviée (Q¢) and that which
sneaks ﬁom ambient (Q,) [Huang ef al., 1991]. Under steady state conditions, the
heat entering is equal to that leaving at the first and second interfaces [cold (of
Temperature T.) and hof side (of Temperature Ty) of the Peltier componént]. Writing
the thermal equilibrium equation from the first and second interface, a simultaneous
system equation is formed and can be solved to find Ty, and T:

Ay —(Ay +bK)T,

T, = :
b 1-A,

Ay =T,.(1+bK) + b2 Ry + 2.NC.-2-) +bQ;

Ay =2NcbSI
7,-32
B, .
B, =K + 2N s1+1. 10K
1-A,
B, =Q; + KT, + 2Nc| P12 + 7G| AL
: 2G 1-A,

Equation 5.2-1 Peltier component heat transfers

K is the conduction coefficient from the ambient to the cold side, b is the thermal impedance from
the hot side of the Peltier component to the heat sink. T, is the TEC cold-side temperature, T}, is the
hot-side temperature, T, is the ambient temperature (heat sink temperature and air temperature),
R, is the electrical excess resistance. S is the Seebeck coefficient, I is the current flowing through
the Peltier component, p is the electrical resistivity of an element, G is the ratio of a Peltier
element cross-section area A to its length L, N¢ is the number of pairs, or "couples” in the TEC. T’
is the thermal conductivity of an element within the Peltier component. Qg is the heat generated
from the device, evaluated here to be about 12mW when considering an emitted optical pulse of
10W, of duration 12ns, with a PRF of 2kHz and when supported by an electrical pulse of 11.25A
with a 90 V support voltage, the electrical pulse width being 6ns.
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Using the software "Mathematica” to symbolically solve Equation 5.2-1, one may
obtain a cubic equation for the Peltier component current. Finding the three solutions
of this equation as a function of the ambient temperature, for a constant cold-side
temperature of 25°C in the operationalbtemperature range [ -15°C to 70°C ] we can

derive the current needed over the operational temperature range for the system.

p
R=2Nq.2
¢G
V=(R +Rg)I+2NcS(T, - T,)
P=VI

Equation 5.2-2 Peltier component electrical resistance, voltage and electrical power
R is the electrical resistance of the component, R, is the electrical excess resistance. V is the TEC
voltage and P is its electrical power consumption.

The current needed range is —1 to 2A and the voltage drop + 6V.

Current (A) and Voltage (V)
A
4
2
T Ambient Temperature (°C)
‘ 20 S~ w0— 60 >
s - TEC Current
-4
Voltage Drop

Figure 5.2-2: TEC voltage and current under the operational ambient temperature range for a set
constant cold-side temperature (25°C)

Electrical Power (W)

2
\ Ambient Temperature (°C)
—p

20 40 60

Figure 5.2-3: TEC electrical power range needed to cover the temperature range for qualification
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5.3.1 NOISE CHARACTERISTICS

The optical Stokes and anti-Stokes back-scattered optical signal are amplified via the
APDs and the amplification stages. They are then digitised and processed, combined
to get the temperature profile at each location of the sensing optical fibre. This
process sees a large amount of noise entering the acquisition chain. One solution to
optimise the detection performances of the system is therefore to post-process the

“detected signals and to reject the noise influence.

100 e " —— s
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Spectrum Spectrum
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(@ ‘ ' (b)

Figure 5.3-2: Frequency spectrum of the detected anti-Stokes and Stokes signals

However, one of the difficulties is to determine the most suitable filter to put in
place. Figure 5.3-2 shows that classical filters like band-pass, loW/high-pass digital
filters will bring only little benefit in the extraction of the noise. After ampliﬁcatidn
and digitisation, the noise spectrum spread over 200MHz, shown here as a near

constant level on both graphs [(a): FFT anti-St_okes signal; (b): FFT Stokes signal].

For the system standard signal processing, the Stokes and anti-Stokes data sets are
recorded and N times averaged point by point. The standard deviation of the
temperature profile of an optical fibre tested at ambient temperature is inversely
proportional to the square root of the number of averages, which indicates that the

measurement is corrupted by a random noise with zero mean.

K

ON =——=
N‘/ﬁ

Equation 5.3-1 Standard deviation as a function of the number of averages on data sets
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5.3 DETECTION PERFORMANCES ANALYSIS

The temperature detection is achieved over more than 500m of a multimode optical
fibre (fibre cross-section dimensions: 62.5/125um; numerical aperture: 0.22). The
system aims to target the following performances: a spatial resolution of about 1.3m,
a sampling resolution of 0.5m, a temperature accuracy of +/-3°C with a temperature
profile refreshment time of 3s. Further descriptions of the expected performances can

be found in chapter 3.

A reference experimental set-up is chosen to analyse the performance progresses
throughout the development. It involves the test bench as presented in paragraph 5.1,
and look at the temperature variations of a portion of an optical fibre located at

ambient temperature and of a second further portion located into an oven.

80
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Point number along the optical fibre

Figure 5.3-1: Nominal temperature profile for performance analysis

A 500m optical fibre is placed in two different temperature environmental conditions. The first
portion is located at an ambient temperature of 30°C and at 467m from the control unit, the fibre goes
into an oven with an internal air temperature of 64°C. The Stokes and anti-Stokes data sets are each
averaged 2500 times before calculating the temperature profile.

The reference signal processing is a standard averaging process on the Stokes and
anti-Stokes data sets and can be found for more details in paragraph 5.4.1. With this
specific set-up, 2500 averages leads to a mean ambient temperature reading of

30.7°C, and a standard deviation of 1.7°C (cf. Figure 5.3-1).
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shot noise. Hence, it is possible to draw the evolution of the SNR for the Stokes and
anti-Stokes signals as a function of the distance to the control unit. It can be noticed

that both signals are losing about 5dB over 500m.
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Figure 5.3-4 Signal-to-Noise ratio along the optical fibre

The anti-Stokes signal is the most temperature-dependant signal: SNR for the anti-Stokes signal. The
Stokes signal is the least temperature-dependant signal: SNR for the Stokes signal.

Where:

SNR = 10.1og,0[12]
(e}
Equation 5.3-2 Signal-to-Noise ratio
“is the SNR and is calculated using m, which is the signal mean value of the received

signal; o” is the noise standard deviation described here as:

. N A
o =1/§a§(xi - Ry

Equation 5.3-3 Standard deviation
where N is the number of data sets used to calculate point by point both the mean

value X and the standard deviation from a set of value x..

The noise at the amplifier chain output will be assumed to be Gaussian, with variance

o’ and zero-mean.
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Figure 5.3-3: Standard deviation of a temperature profile as a function of the number of averages
N: number of averages, oy: temperature profile standard deviation at ambient temperature, K: constant.
The high level of noise on an individual data set leads to the consideration of
methods to sufficiently reduce the noise level to isolate the temperature-related

information from the Stokes / anti-Stokes signals.

In incoherent optical imaging systems, the image of an ideal point source is captured
as a spatially extended pattern known as the point-spread function. When two
closely-located point sources are measured through this kind of optical imaging
system, the measured signal is the incoherent sum of the respective shifted point
spread functions. A similar phenomenon occurs in signal processing when adding
only a few data sets point by point. Up to a certain number of averaged data sets, the
resulting distribution of signal levels provides little information on the noise nature
and the associated standard deviation is highly fluctuating. This would indicate then

that the noise is incoherent.

As described by the Equation 5.3-2, the signal is stochastic and the signal and noise

are inter-dependent. Increasing the load current would increase for example the APD
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shot noise. Hence, it is possible to draw the evolution of the SNR for the Stokes and
anti-Stokes signals as a function of the distance to the control unit. It can be noticed

that both signals are losing about 5dB over 500m.
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Figure 5.3-4 Signal-to-Noise ratio along the optical fibre

The anti-Stokes signal is the most temperature-dependant signal: SNR for the anti-Stokes signal. The
Stokes signal is the least temperature-dependant signal: SNR for the Stokes signal.

Where:

SNR = 10. logw{—%—:i
[¢]

Equation 5.3-2 Signal-to-Noise ratio

is the SNR and is calculated using m, which is the signal mean value of the received

signal. o” is the noise standard deviation described here as:

Equation 5.3-3 Standard deviation
where N is the number of data sets used to calculate point by point both the mean

value X and the standard deviation from a set of value x.

The noise at the amplifier chain output will be assumed to be Gaussian, with variance

o’ and zero-mean.

154



Metrological Requirements and Signal Processing

5.3.2 TEMPERATURE RESOLUTION

The temperature-dependent ratio R(T) of anti-Stokes/Stokes scattered intensities is:

R(T)= [}&]4.6)(1)[_ h.c.Av}

B kT

Equation 5.3-4 Temperature-dependent ratio
where h is Planck’s constant, c is the velocity of light, k is Boltzmann’s constant and
T is the absolute temperature. Equation 5.3-4 holds for any transparent and non-
dispersive material, conditions well satisfied by an optical fibre [Dakin et al., 1985].

The temperature sensitivity can be found by differentiating the previous equation:

2
dT:[ =]
hcAv || R

Equation 5.3-5 Temperature Sensitivity

The peak intensity of the Stokes Raman spectrum of silicate glasses is at about Av =
4.10* m™. At room temperature the anti-Stokes / Stokes intensity ratio at this wave-
number shift is about 0.15. The ratio must be measured to about 3% accuracy for a

temperature uncertainty of 3K, when using 100 data set averages.
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Figure 5.3-5 Averaging for signal denoising
Raw signal (anti-Stokes) and averaged anti-Stokes (Stokes) signal at room temperature for a 500m
fibre long fibre. At 467m from the control unit, the fibre in the oven sees an air temperature at 64°C.

The 8 bits digitisation allows a measurement with an accuracy of about +3%. This is

leading to a standard deviation limit for temperature resolution of about +0.5°C.
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The thermal response time of a sensor loop depends strongly on the fibre cladding
and cabling structure and on the quality of the thermal contact between the sensor
loop and the object whose temperature is to be measured. In general, the heat
capacity of fibre with its secondary coating is very low and the response time is
below 0.5s. Even with conventional cabling structures the response time is typically

df the order of a few seconds.

A section of the tested bare fibre was immersed in hot water (68°C). The length of
the section was about 25m. The measurement time was set to 3s (around 500

averages) and the obtained OTDR profile is shown in Figure 5.3-8.
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Figure 5.3-8 Measurement time

TP<'5>, TP<'®*, TP<'"> and TP<'® are successive profiles separated in time by 3s from each other. The
naked fibre (commercial multimode graded-index optical fibre: - cross-section dimensions
62.5/125/250um core, cladding and coating) is plunged into the hot water between the temperature
profiles TP<'®> and TP'”, ‘

From Figure 5.3-8, it can be seen that a quick increase of temperature (increase
duration is less than 3s) is detected correctly by the system. It would remain to show
which lower duration limit for a temperature increase would affect the system

detection accuracy.
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53.4 MEASUREMENT TIME

The measurement time is quoted as the time interval to acquire and present a
complete temperature profile of one fibre sensor loop to a certain temperature
resolution. This time includes acquisition of the backscatter signal, averaging

processing and display [York Sensors Ltd., 1991].

The measurement time has also to be correlated to the temperature resolution, which
relates to the consistency of measured values and is expressed at one standard
deviation (1 sigma) of the measurement. The number of data analysed contributes to
increasing the temperature resolution but also impacts on the DTS measurement

time.
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Figure 5.3-7 Temperature standard deviation and measurement time performances

The standard deviation associated with a profile is correlated to its necessary
measurement time. This shows that the signal processing based on an averaging
principle can reach the objective of less than 3°C temperature resolution but is
making impossible (with the current test bench design) the objective of displaying an

up-dated temperature profile within 3s.
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Figure 5.3-10 Hot spot energy detection

The integration of the temperature curve over the length of the impacted zone is a parameter, which
can be considered as energy-related, an optical energy spread along the impacted zone.

5.3.6 OPTICAL FIBRE LENGTH

The maximum length of the fibre sensor for which the stated performance
specification is maintained is defined as the spatial range. This is determined by the
total two-way loss in the fibre and must include the fibre, splices and connectors. The
two-way loss for each must be used since the signal of interest travels the length of
the fibre out and back. The ultimate limitation is the dynamic range of the DTS itself,
which is reached when the return signal is so weak as to be indistinguishable from
system noise or is limited by the bandwidth of the fibre.

Figure 5.3-11 shows the response of two fibres with different attenuations. The first
optical fibre gives Stokes and anti-Stokes signals attenuated each of about 1dB.km™,

which allows providing a temperature profile over few kilometres.

The second fibre presents a high attenuation, around 9.5dB, and is limiting therefore
the spatial range of the system. One may notice especially that at position 700, the

reflection from the reference fibre ending (at connector position) is particularly
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5.3.5 HOT SPOT DETECTION

The measurement of the DTS response to a local temperature increase (heated zone
limited to 0.15m) shows a significant difference between the oven temperature and
the value of the detected maximum temperature. When the temperature "hot-spot”
occupies a zone that is less than the spatial resolution of the DTS then the measured
temperature is lower by approximately the ratio R = [hot-spot width]/[spatial
resolution]. In applications where the width is known a correction factor can be

estimated.

983 984 985 986 987 988 989 990 991 992 993
Point number along the optical fibre

Figure 5.3-9 Hot spot detection

The oven is set successively to the temperatures 60°C, 80°C, 100°C, 140°C and 160°C (respectively
TP060"”, TP080<>, TP100~", TP140°"”, TP160°". It can be seen that the DTS system records lower
maximum temperatures and that the zone impacted by a local heating is more than twice the spatial
resolution.

Figure 5.3-10 shows that the energy detected from the impacted section is
progressing linearly with an increase of the "hot-spot” temperature. A progress of

one degree on detection side is noticed for every 8 degrees from the "hot spot”.
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Figure 5.3-12 Levels of detected Stokes signals as a function of the APD input voltage
The Stokes signal $100, S125, S140, S155, S162, S167 corresponds to the APD input voltage=100,
125, 140, 155, 162, 167 V respectively.

‘to a reverse voltage variation for a constant optical signal as input. One may notice
that the APD saturates above the saturation voltage (here about 163V). However,
below the saturation voltage, the Stokes profile sees its level rising continuously with

the reverse voltage as the APD gain rises.
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Figure 5.3-13 Temperature profile shape as a function of the APD input voltage

Near the saturation voltage of the Stokes and anti-Stokes APDs, the temperature

profile integrity is affected by the differential progression of the APD gains. One
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important, which explains also in part the performance of this sensing element. It was

found after analysis that the fibre was indeed too firmly winded up on its roll.
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Figure 5.3-11 Influence of the optical fibre attenuation on spatial range

5.3.7 HARDWARE CONTROL AND MONITORING

One of the key parameters with the detector's spectral noise to consider when

selecting an APD is the gain-voltage curve. Figure 5.3-12 shows the APD response
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Figure 5.3-12 Levels of detected Stokes signals as a function of the APD input voltage
The Stokes signal S100, S125, S140, S155, S162, S167 corresponds to the APD input voltage=100,

125, 140, 155, 162, 167 V respectively.
to a reverse voltage variation for a constant optical signal as input. One may notice

that the APD saturates above the saturation voltage (here about 163V). However,

below the saturation voltage, the Stokes profile sees its level rising continuously with

the reverse voltage as the APD gain rises.
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Figure 5.3-13 Temperature profile shape as a function of the APD input voltage

Near the saturation voltage of the Stokes and anti-Stokes APDs, the temperature
profile integrity is affected by the differential progression of the APD gains. One
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may notice that a direct consequence is to detect a significantly lower temperature
range between the ambient temperature and the oven, as well as a distorted profile

towards the smallest signals.

So as to determine the optimum APD voltage to apply, the standard deviation of the
temperature profile was examined as a function of the reverse voltage. Figure 5.3-14
highlights an APD voltage for which the photodiode is not saturated and the standard
deviation is minimum. Nevertheless, to avoid any detection misinterpretation caused
by small voltage drift from the APD power supply stage, a lower voltage is chosen
within a voltage range where the gain variation is quasi-linear. The test bench was

using an APD input voltage of 145V.
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Figure 5.3-14 Levels of detected optical signals levels as a function of the APDs input voltage

More generally, the development of an on-board DTS system will have to focus on
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three essential controls, which are namely:

- the thermal control of the wavelength demultiplexer, so as to compensate the
thermal external influences and to ensure the respect of the emission and

reception specifications which are temperature dependent.
- the control of the input APD voltages to regulate their associated gains.

- the control of the emission power of the laser diode as criteria to evaluate its

remaining lifetime.

Some additional controls like the noise level monitoring per channel, the detection of
* one or several breaks along the fibre and the verification of a correct temperature for
the reference coil appear as a minimum required, in order to guarantee the safety and

reliability levels of the system.
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5.4 DIGITAL SIGNAL PROCESSING OPPORTUNITIES

To reject the noise generated and amplified by the APD and by the cascaded
amplification modules, the numerical signals are averaged per point up to a stage
where the standard deviation on the point temperature reaches the target of less than
+/- 3°C. One solution using the Wiener filter and another using a wavelet denoising
filter are evaluated in terms of the temperature standard deviation they can offer as a

function of the number of pre-processed averages.

One direct effect of this strategy is also to ease the need of performances of the mass

memories and of the high-speed electronic components.

54.1 AVERAGING OF THE ACQUIRED SIGNAL DATA SETS

Two acquisition channels are running and storing simultaneously the raw data, which
will contribute to determine the temperature profile. The Stokes and anti-Stokes
signals are recorded following each laser diode pulse. The data sets are summed
point-by-point to a pre-set number (called "number of averages”, N,,) and a
denoising filter based on a simple averaging process allows an increase in the

temperature resolution.

OTDR
Signals

(au)

200 400 600 800 1000
Point number along the optical fibre
Figure 5.4-1 Stokes and anti-Stokes signals, each averaged 500 times

The Stokes signal is attenuated (over 800 points = 400m) of 10.log;o(31/56)=-2.57dB i.e. 6.42dB.km
and the anti-Stokes signal (over 600 points = 300m) of 10.log;o(21/32)=-1.83dB i.e. 6.09dB.km™.
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One may therefore use a band-pass filter to reject the most contributing frequencies
to the noise amplitude. The bandwidth of this desired band-pass filter is relatively
-wide, we can simply cascade a low-pass filter and a high-pass filter to obtain a band-
pass response. Third order Butterworth low/high-pass filters are implemented. The

corresponding transfer functions are following.

0 if (k, < k)
HP(k;) = 1 dise
$3+252 +25+1

0 if (k, > kF)

LP(k,) = 1
T else
s +2s°+2s+1

Equation 5.4-4 Low/High-pass filter Butterworth 3™ order transfer functions

The value of s and k, are given by:

Equation 5.4-5 Low and high-pass filter variables
where N is the number of points of each data set and * indicates the consideration of

the low or high-pass cut-off frequency, k_;LP and k¥ respectively.
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Figure 5.4-3 Band-pass filter resulting of the combination of a low and a high-pass filter
The choice of high or low frequency in the figure are just for illustration.
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Stokes and Stokes signals respectively. DL is calculated to be 0.33dB as described in
Figure 5.4-1. N is the fibre core index and gives a value for 8, of 1.026. R(T)) is the
average of the temperature-dependent ratio over the full length of the reference fibre
(100m). SR is the sampling resolution using the approximation for a 10ns ADC clock

and a 1m sampling resolution (here 0.5m for a 200MHz sampling frequency).

Beyond the physical significance of the value DL and SLE, these values can be
adjusted experimentally. The parameter DL contributes to the adjustment of the
profile flatness at ambient temperature, while SLE sets the system sensitivity to
temperature change. SLE can therefore be fixed using for example the measurement
of three fibre zones placed at different temperatures (ambient temperature +X°C;
ambient temperature; ambient temperature -X°C where 2.X°C would be the

temperature detection range).

54.2 FOURIER TRANSFORM AND BAND-PASS FILTER

A noise spectrum analysis is carried out on the acquired data sets to identify the

potential filters to put in place so as to obtain a significant noise reduction.

100 ——= e e — e | Co— = o =

I 1 = ;
=== anti-Stokes
~ Frequency spectrum Stokes e e

[

10.10g;0(Ss) Df‘
s

10.10g;0(Sas)

0 20 40 60 80 100 120 140 160 180 200

Acquisition frequency spectrum (MHz)
Figure 5.4-2 Noise spectrum of 500 averaged anti-Stokes and Stokes data sets

The analysis reveals that noise levels are close together over the full acquisition

frequency range except at low frequencies where the noise amplitudes are increasing.
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One may therefore use a band-pass filter to reject the most contributing frequencies
to the noise amplitude. The bandwidth of this desired band-pass filter is relatively
wide, we can simply cascade a low-pass filter and a high-pass filter to obtain a band-
pass response. Third order Butterworth low/high-pass filters are implemented. The

corresponding transfer functions are following.

0 if (k, < kIP)
HP(k,) = 1
S s e— else
$S+2s2+2s+1
0 if (k, > ki)
LP(k,)= 1
else

$+2s2 +2s5+1

Equation 5.4-4 Low/High-pass filter Butterworth 3 order transfer functions

The value of s and k, are given by:

Equation 5.4-5 Low and high-pass filter variables

where N is the number of points of each data set and * indicates the consideration of

the low or high-pass cut-off frequency, k."* and k™" respectively.
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Figure 5.4-3 Band-pass filter resulting of the combination of a low and a high-pass filter
The choice of high or low frequency in the figure are just for illustration.
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A band-pass filter is used here for the Stokes and anti-Stokes signals. The band-pass
filters are simply obtained by the multiplication of the low/high-pass absolute values
of their transfer-functions. The Fourier transforms of the signal data sets are then
- multiplied with their respective band-pass filter functions. An inverse Fourier

transform produces the desired filtered data sets.

Applying the band-pass filter to the experimental data, and adjusting the cut-off
frequency values to minimize the temperature standard deviation reveals that a low-
pass filter applied to the anti-Stokes data is able to improve the temperature
resolution. It is a possibility to reduce the noise without altering the spatial resolution
and temperature sensitivity and without bringing additional noise into the final
temperature profile. However, this will degrade the spatial resolution and will have

therefore to be checked to remain within the performance objectives.

For the anti-Stokes signal, the cut-off freqﬁency used was —2MHz. Using the filtering
method on 500 times averaged data sets, at ambient temperature, the temperature

standard deviation is reduced from 3.26°C to 3.24°C.

Therefore, a standard low-pass filtering of the data sets is demonstrated as bringing
little benefit to temperature signal denoising. In order to improve the SNR for each
acquisition channel, another approach can be to assume that the noise is uncorrelated
with the signal and is resulting from a convolution between the propagating optical

pulse and the impulse response of the fibre.
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54.3 'WIENER FILTER

The initial signals (Stokes and anti-Stokes) have been degraded by the addition of
random noise n(z) with known statistical properties (similar to normally distributed),

therefore the original signals in question are given by [Jianchao, 1999]:

85(2) = p(2) * hg(z) + ng(2)
Sas(2) = p(2) * has(2) + 145(2)

Equation 5.4-6 Decomposed signals including fibre impulse response and added noise components.

Taking the Fourier transform gives:

TFSg(w) = P(w).Hg (o) + Ng ()
TFSps(w) = P(w)Hpg(0) + Nag(w)

TFSg(w) ~ Ng(@)

Hg(@)= P()
=>
Hag(@) = TFSAS((;z;)NAS(m)

Equation 5.4-7 Impulse response Fourier transforms for the Stokes and anti-Stokes signals.

However, this simple method presents some limitations from the fact that N«(w) are
rarely known exacﬂy and that P(w) often vanishes or becomes very small for some

values of ® (* indicates either the Stokes or anti-Stokes signal).

The objective is therefore to find a filter, which will give the best approximation to

'H+(w). The Wiener filter gives a least square approximation to H«(w).

Hg(0) = W5 (0).TFS5(w)
H ps(w) = Wpg(0).TFS g (w)

Ws(0) = P ()
[Ps(@)]” +Sp.5(®)/Sp s (®)
Was(@) = Pas(®)

2
[Pas(@)]” +Sy,a5 (@)/ Sy a5 (@)

Equation 5.4-8 Wiener filters based on the optical pulse shape for the Stokes and anti-Stokes signals
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Ps(w) and Pag(w) are the complex conjugates of Ps(w) and Pas(m) respectively.
|Ps ()| and |P5s(w)| are their amplitudes, S, «(®) and Sy +(w) are the noise and original
signal spectral densities [Haider ef al., 1998]. The spectral densities are roughly
speaking spectra averaged over all the data sets under consideration. S,+(®) and
Sh»(w) are here unknown, we define therefore a common procedure to assume a

constant ratio A to be then adjusted.

The pulse shape in time is recorded and a normalized polynomial function is
associated. This procedure has the advantage of defining a filter, which is

independent from the laser peak optical power. The pulse time function is as follows:
PO =p1o-(t~1)'" +..4py.(t=0)? +p1.(t-1)+py

pPjo =—5.2327.10712; py =5.1861.107'%; pg =—1.9290.1073
=| p7 =2.9710.1077; ps =-2.7499.10; p5 =-4.5110.107; p, =3.9911.107*
7 6 5 4
p3 =1.2226.107%; py =-3.0322.107%; p; =5.5267.107%; py = 9.9025.10”!

Equation 5.4-9 Optical pulse time function.
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Figure 5.4-4: Optical pulse time function and its associated Fourier transform
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signals and the temperature profile is finally determined. To validate the
deconvolution method, the temperature information provided by averaged but un-
filtered data sets are compared to filtered data sets for the same number of averages.

The comparison is built on the temperature results.

© 100

80

TP_AVG 60

TP_WNR

40

(§Y)

20

0 200 400 600 800 1000
Point number along the optical fibre

Figure 5.4-6 Anti-Stokes and Stokes data sets 100 times averaged and Wiener filtered
TP_AVG is the temperature profile resulting from averaged data sets, TP_WNR is resulting from
Stokes and anti-Stokes data sets averaged then filtered using a Wiener filter adjusted by the calculated
and corresponding Asoy to the number of used averages. The number of averages used here is 100.

It can be noticed that the filter reduces significantly the temperature standard

deviation and seems to follow faithfully the temperature changes.
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Figure 5.4-7 Temperature Anti-Stokes and Stokes data sets 100 times averaged and Wiener filtered

It is therefore possible, using the Wiener filter, to trigger a certain temperature
resolution with a conform selection of the required number of initial averages on the

signal data sets.
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law of A+qpi. The results for both the Stokes and anti-Stokes signals are shown in the

graph below.
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-9

1.E-07 ———r—— —_—

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320
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Figure 5.4-5 Spectral density ratio as a function of the number of averaged data sets

The modelled optimum spectral density ratios for the Stokes and anti-Stokes ratio are

given by:

N a=4702.10" d=-58.59
+
Aas = |IND, + c]explid.%:—)} = | b=7.2539 e=-1.02
av +) c=-2.8199 f =44.585

N e g=-1.2618.10°
+
Ag = exp[g (Noy .)J = | h=380.55
(Nay +1) ) 7
1=9.005.10

Equation 5.4-12 Filter optimisation using the spectral density ratio A+ as variable
The values of the correlation coefficient are close to unity, which results in a good
estimation of the impulse response of the optical fibre. After substituting the values

of A« in Equation 5.4-10, the inverse Fourier transforms are calculated for both
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signals and the temperature profile is finally determined. To validate the
deconvolution method, the temperature information provided by averaged but un-
filtered data sets are compared to filtered data sets for the same number of averages.

The comparison is built on the temperature results.
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Figure 5.4-6 Anti-Stokes and Stokes data sets 100 times averaged and Wiener filtered
TP _AVG is the temperature profile resulting from averaged data sets, TP_WNR is resulting from
Stokes and anti-Stokes data sets averaged then filtered using a Wiener filter adjusted by the calculated
and corresponding Asy to the number of used averages. The number of averages used here is 100.

It can be noticed that the filter reduces significantly the temperature standard

deviation and seems to follow faithfully the temperature changes.
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Figure 5.4-7 Temperature Anti-Stokes and Stokes data sets 100 times averaged and Wiener filtered

It is therefore possible, using the Wiener filter, to trigger a certain temperature
resolution with a conform selection of the required number of initial averages on the

signal data sets.
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54.4 SOFT THRESHOLDING USING WAVELET DECOMPOSITION

The Fourier transformation is just one of a large class of linear orthogonal
transformations which can be used in signal processing. Like the sinusoids in Fourier
analysis [Kaiser, 1998], wavelets form bases that can decompose (analyse) and
reconstruct (synthesize) signals and images. As a by-product, we obtain the
accompanying processing (filtering, compression, denoising, etc.). The simplest
wavelet algorithm possible is called the Fast Haar Transform (FHT). Like the Fast
Fourier Transform (FFT), the FHT assumes that the given data consists of N = 2"
numbers, but involves only addition, subtraction and division by 2. The FHT is local.
A local change in the data signal (e.g. a spike) results in a local change in the FHT
coefficients. The resulting change in the FFT coefficients is global since it takes a
wide range of frequencies to form a spike. The FHT is real, so that real data gives
real FHT coefficients. The FFT of a real signal, on the other hand is complex, this
may lead to complex operations on its transform. This short analysis demonstrates
some of the wavelet theory advantages for signal denoising. It can be generalized to

other fast wavelet algorithms.

A mother wavelet is a function y(x) such that {y(2'x-k), i, k e Z} is an orthonormal
basis of L*(R). The ‘basis functions are usually referred to as wavelets. The term
mother implies that the functions with different regions of support that are used in
the transformation process are derived by dilation and translation of the mother
wavelet [Li et al., 2003]. How to find the wavelet ? The key idea is self-similarity.

Start with a function ¢(x) that is made ﬁ.p of smaller version itself:
o(x)= z a92x-k)
k=—c0
Equation 5.4-13 Father wavelet equation
The function ¢(x) is called the scaling function (or father wavelet), axs are called

filter coefficients or masks. Under certain conditions Equation 5.4-13 gives a

wavelet.
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y(x) = i(«l)k.bk.(b(zx—k) = fj(;l)k.zl-k H2x-K)

k=— k=—c0
Equation 5.4-14 Wavelet equation under certain conditions

The conjugate of a is a . These certain conditions are:

N-1
dag=2 © stability
k=0

N-1 L
> (-D*kMax =0 convergence
k=0

N-1
Y agayiam =0 orthogonality of wavelets
k=0 )

N-1
> ai =2 orthogonality of scaling functions
k=0

Equation 5.4-15 Wavelet dilation equation

The Daubechies wavelets can be generated out of Equation 5.4-15.

Wik j» k € Z span and is an orthonormal basis of L%(R). An arbitrary function f &

L2(R) then can be expressed as follows:

fx)= ) djx ¥k (X
jkeZ

Equation 5.4-16 Arbitrary wavelet function

where: djx = <fWj> are called wavelet coefficients. Note that j controls the

observation resolution and k controls the observation location.

‘Subband coding into octave band channels can be seen as a Discrete Wavelet
Transform (DWT). DWT can be implemented using the pyramid interconnect, where
the lower levels of the pyramid contain high resolution data and the upper levels of

the pyramid contain low resolution data [Markas, 1993].
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Figure 5.4-8 Image discrete wavelet transform: (a) filtering and decimaﬁon, (b) pyramid interconnect

Figure 5.4-8 shows a two-level DWT, as well as the resulting pyramid structure (for

the signal processing of an image).

In subband coding, the original temperature profile is split into K frequency bands
using an analysis filter [Markas, 1993]. Each subband is then decimated, keeping
every k™ value. The result of this process is k profiles whose total size is equal to the
size of the initial profile. Separable one-dimensional analysis filters are used to
achieve a straightforward filter design, to create each subband. The subbands HHy,
HLy, LHy, k=1, 2, ..., Nireve are called the details, where k is the scale, with Nieye
being the largest scale in the decomposition. The subband LLyi.. is the low
resolution residual. The wavélet—thresholding denoising method filters each
coefficient Y; from the detail subbands with a threshold function to obtain Xe;

(estimated coefficients). The denoised estimate is then:

f=wlX
Equation 5.4-17 Denoised estimate

where W is the inverse wavelet transform operator [Chang et al., 2000a].

Noise is a random error or variance of a measured variable. Removing noise from
data can be considered as a process of identifying outliers or constructing optimal
estimates of unknown data from available noisy data. Wavelet techniques provide an

effective way to de-noise and have been successfully applied in various areas
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The Stokes and anti-Stokes vectors are lengthened from 1003 elements to 2'° = 1024 elements (N,y)
and the fast wavelet Daubechies 4 (wave(S")) from Mathcad 2000 Professional (MathSoft, Inc.) is
used to calculate the wavelet transform of both signals W*. The number of levels is 9. The 9 levels,
the subband coding are given by the vectors Wy, where k is indicating the level concerned. The
vectors k are built taking respectively the elements of W* from index “2"” to “2**! - 1”. One may then
stretch the different vectors for a representation of the subbands (SBi *) on a unique graph (1 is the
element index of a value from 0 to Ng;,).

.
) I ||u|

2.5
SB#S
SBZS 0
SBS;
-25 ' }
5o 200 400 600 800 1000

Point number along the fibre

Figure 5.4-9 Wavelet subbands 7, 8 and 9 from the anti-Stokes data set averaged 100 times
Using a wavelet Daubechies 4 decomposition, the 1024 elements of each data set lead to a group of 9
subbands. The highest frequencies are represented here through level 9.

Anti-Stokes wavelet coefficients for sub-bands 7, 8 and 9 (respectively SB7, SB;, SBy) are shown here
w1th arbitrary units.

When there are multiple copies available, it is possible to combine averaging and
thresholding. The first 'operation is linear, the second is not. The calculation ordering
could make a difference, but it is shown that the advantage of one method over the
other is small and because averaging before thresholding requires less calculation,
this is the preferred method. The method uses variable threshold values, adaptive to

different subband characteristics.

[ 1 ]P‘(Nw) o2
TynN,, = {—
Nay Oy

Equation 5.4-20 Adaptive subband threshold

where o2 is the noise variance, which is estimated from the subband HH:
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Since wavelet thresholding has worked well for one copy of corrupted image (here
the back-scattered data sets), we consider its extension to multiple copies. The
wavelet coefficients are often grouped into subbands of different scales. The small
coefficients are more likely due to noise and the large coefficients due to important
signal features. These small coefficients can be thresholded without affecting the

significant features of the image. The wavelet coefficients are given by:

_InNg)
Level n(2)
WmwaveS) = | Wi = submatri{ W pen )]

SBy;=W" .
’ k,floor] ———]
[Nelt/ 2k

Equation 5.4-19 Wavelet coefficients and expand function.
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Figure 5.4-10 Subband threshold power values

The polynomials have the following expression:

4 3 2' '
Pas(Nay)=p4-Nay +p3.Nay” +p2.Ngy™ +p1-Ngy +po
4 3 2
Ps(Nay)=q4.Nyy~ +q3.Nay™ +92.Ngy™ +q1.Nyy +qo

| ps =7.185.1071%; p; =-5.469.1077; p, =1.460.107%; p; =-1.484.107%; p, = 6.850.10"
Q4 =9.555.1071%; q3 =—6.447.1077; q, =1.519.107%; q; =-1.735.107%; q =1.695

Equation 5.4-22 Power value polynomials for subband thresholding according to the number of pre-
- processed averages.

A qualitative observation 6f the resulting signals has shown that to preserve the
overall objectives of the study (namely to keep or improve the detection
performances while decreasing the needs in terms of hardware memory), it is
necessary to not stick on the correlation coefficient results but to increase the value
of the powers. Increasing these values of a unit allows not degrading the shape of the
temperature profile, whiéh stays similar to the outcome of the traditional purely

averaging signal processing.
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2
median(|Y;
22 —-——-—-—-——-—(] iD , Y; esubband HH,
0.6745

Equation 5.4-21 Noise variance of subband HH;

and oy is the standard deviation of the subband under consideration [Kaur ef al.,

1999].

The definition of the function P+(N,y) is conducted using the same methodology as in
the Wiener filter construction, except that its value is increased by a safety factor to

keep the spatial resolution in line with the application performance requirements.

The optimal value is indeed not so straightforward and is in fact a function of the
number of the available copies and of the relative energy between noise and signal.
Its value is approximated by a linear function by portions and fluctuates from about

1.6 to 1, as the number of used copies increases.

The optimum correlation coefficient values as a function of the number of initial
averages are used to calculate the powers P+(N,y). The power values obtained build a
polynomial to predict the threshold values per subband, as a function of the number
~ of averages and for each OTDR signal. These results are following the indications
made by Chang, S.G., Yu, B. and Vetterli, M. [Chang ef al., 2000b], which give a
power value of 1 when the signals are transformed then avefaged and a value of 0.75

when averaged then transformed.
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Figure 5.4-11 Anti-Stokes and Stokes data sets 100 times averaged and Wavelet denoised
TP_AVG is the temperature profile resulting from averaged data sets, TP_WVT is resulting from
Stokes -and anti-Stokes data sets averaged then filtered using the soft-thresholding Wavelet
decomposition. The filter is adjusted by the calculated and corresponding A+ to- the number of used
averages. The number of averages used here is-100.
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Figure 5.4-12 Wavelet denoised temperature profile
Temperature profile using 100 times averaged data sets, TP_AVG, and with the application of a
Wavelet Denoising Filter, TP_WVT.

54.5 CONCLUSION ON POST-SIGNAL PROCESSING

The signal processing using a standard averaging principle, the combination of pre-
processed averages and Wiener filtering, pre-processed averages and the wavelet
thresholding technique were proposed as alternatives to the lack of performances of a

traditional digital low/high-pass Butterworth filter. The investigation showed that the
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- . . *
WNLevel = submatrix| W(ZNchel, ZNWM_D]

. *
. medqan(WNlﬂc‘~1)

0.6745
2k+l__1
*
2 Wi
=2

My =
. »

1 2k+l_1 05

* * *

ok =|7 ¥ (Wij—M)?
k j=2*

1
Nay

*

E D | pg+?
] . Ok

THy =[
Equation 5.4-23 Subband thresholds for wavelet denoising

The function "P+(N,)" initially introduced in Equation 5.4-20 is therefore here
converted into "Ps(Na)+1” and the threshold principle is operated on each
coefficient.

then W; =0

if'|W,:|<[TH;! = k=7
else Wy =W

Equation 5.4-24 Filtering process for wavelet denoising

Hence, it is possible to compare graphically the temperature profiles resulting from a -
simple averaging with a soft-thresholding using wavelet decomposition, It is
noticeable that for the same number of pre-processed averages, the temperature
resolution is significantly improved. The first observations show no degradation of
the spatial resolution and is confirmed on Figure 5.4-13, where the temperature edge

is spatially correctly restituted.
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Figure 5.4-11 Anti-Stokes and Stokes data sets 100 times averaged and Wavelet denoised
TP_AVG is the temperature profile resulting from averaged data sets, TP_WVT is resulting from
Stokes and anti-Stokes data sets averaged then filtered using the soft-thresholding Wavelet
decomposition. The filter is adjusted by the calculated and corresponding Asqy to the number of used
averages. The number of averages used here is 100.
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Figure 5.4-12 Wavelet denoised temperature profile
Temperature profile using 100 times averaged data sets, TP_AVG, and with the application of a
Wavelet Denoising Filter, TP WVT.

54.5 CONCLUSION ON POST-SIGNAL PROCESSING

The signal processing using a standard averaging principle, the combination of pre-
processed averages and Wiener filtering, pre-processed averages and the wavelet
thresholding technique were proposed as alternatives to the lack of performances of a

traditional digital low/high-pass Butterworth filter. The investigation showed that the
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optimal results are in fact a function of the number of available data sets. A near-
optimal threshold, based on the optimum value of the correlation coefficient, was
therefore proposed for both the Wiener and Wavelet filtering techniques. Besides, the
wavelet decomposition thresholding method show substantial improvement on the
temperature resolution (measured by the temperature standard deviation) over the

typical averaging method and moderate improvement over the Wiener filtering.
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Figure 5.4-13 Standard deviation on temperature profile for three different denoising techniques
Averaging, Wiener filtering and Wavelet denoising. On x axis: number of averaged data sets used
before calculation of the distributed temperature profile; on y axis: the corresponding standard
deviation.

The wavelet denoising filter is bringing a real benefit in increasing with a few data
sets, the targeted temperature accuracy as opposed to the Wiener filter, which

requires to identify the optical pulse shape first.

The wavelet denoising algorithm provides smoothness and better edge preservation
at the same time and does not require any knowledge of the detection system

hardware performances. The needed temperature accuracy of +3°C is reached with
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the Wiener filter with 300 copies of both the Stokes and anti-Stokes when 100 are

only necessary with the wavelet denoising method.
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Figure 5.4-14 Filtering method impact on spatial resolution
Spatial resolution after averaging, Wiener filtering, Wavelet denoising. Temperature profile using

the application of a Wavelet denoising filter, TP WVT.

The spatial resolution of the system is about 1.3m. The temperature rise from the
ambient temperature to the oven hot air is detected over a distance strongly related to
the system spatial resolution. Post-processing the data using the Wiener filter results
in approximately doubling the DTS spatial resolution, while the wavelet filter post-

processing brings the same level of performance as a standard averaging process.
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55 COMPATIBILITY TO ON-BOARD SYSTEM REQUIREMENTS

The environmental tests, described in the EUROCAE DO-160D standards, highlight
the importance of a performing design principle for the optical module and its
surrounding electronic boards [EUROCAE, 1997]. It is indeed believed that the
electronic amplification and the control unit can meet without major non-
conformities, the specifications of an on-board aeronautic system. Most of the
integration work would have therefore to be conducted to guarantee a reliable

withstanding to the environmental constraints, especially to vibration and shocks.

Nature of the test Standard Category - CU Category - SE
Temperature and Altitude DO160-D / Section 4 Al

Temperature Variation DO160-D / Section 5 C

Humidity DO160-D / Section 6 A TBD
Shocks DO160-D / Section 7 B TBD
Vibration DO160-D / Section 8 R TBD
Magnetic Effect DO160-D / Section 15 A

Induced Signal Susceptibility DO160-D / Section 19 Z

Frequency Radio Susceptibility | DO160-D / Section 20 \4

Radio Frequency Emissions DO160-D / Section 21 L

Effects induced by Lightening DO0160-D / Section 22

Explosion Proofness DO160-D / Section 9

Water Proofness DO160-D / Section 10
Proofness to various Liquids DO160-D / Section 11
Sand and Dust DO160-D / Section 12
Fungus Proofness DO160-D / Section 13
Salt Mist DO160-D / Section 14

Table 5.5-1 Compliance table for DTS main aeronautic qualification tests

CU: Control Unit. SE: Sensing Element. TBD: To Be Defined.

Table 5.5-1 lists the different tests to be performed on the control unit or on the
optical cable for an application of fire protection in the cargo compartment. One may
therefore clearly identify the benefit of having to design a cable to be able to resist
water, sand and dust... as opposed to the current systems, which present electronics
to these environmental constraints. However, it remains to define further what have
to be the tests for this new monitoring application (see Chapter 3), and possibly also
to isolate the control unit to prevent the laser diode transmission line from radiating

interfering magnetic fields with the surrounding avionics.
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5.6 CONCLUSION

In this chapter the methodology and the construction details to build and optimize a
modular OTDR DTS have been explained. The description of the system modules
has highlighted the improvement potentials while demonstrating the system

capability to reach the detection performances requested from Chapter 3.

Axes of development were preferred so as to guarantee the conformity to on-board
environmental constraints. The demultiplexer design is proven to be temper'ature»
controllable using a Peltier element of maximum electric power 9W for an operating
avionic bay temperature range of [-15°C;+70°C]. The laser diode was decoupled in

vibration from the driver board via a flexible transmission line.

The detection performances were analyzed also through the measurement results,
which have made clear the importance of an APD voltage regulation and the
insufficiencies of the standard signal processing for a reduced number of averages as
far as the temperature resolution is concerned. The standard averaging method is
achieving +8°C for 100 averages of the Stokes and anti-Stokes data sets. From these
results, an enhancement of the measurement and data processing capabilities is
proposed using two different signal-processing schemes. Considéring the noise level -
and image spectral densities, the first possibility was studied using the optical pulse
shape and a Wiener filter [£5°C for 100 averages]. The second technique uses a
wavelet denoising algorithm [+3°C for 100 averages]. The soft-thresholding
technique using wavelet decomposition improves significantly the temperature

resolution without degrading the spatial resolution.

The conformity analysis to aeronautic qualification tests did not reveal any
showstopper. A rapid improvement of the spatial resolution was identified as
possible with the development of the laser diode driver, which would need to

generate an 8ns optiéal pulse width to achieve a sub-meter system spatial resolution.
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urrent detection technology used in aircraft cargo compartment relies mostly
on particulate sensing by light beam scattering or ionisation type detectors.
The detection system must provide a visual indication to the flight crew within one
minute after the start of a fire and the effectiveness of the detection system must be
shown for all approved configurations and conditions. Complementary to smoke
detectors the DTS has the potential to detect and monitor a fire and to trigger the

activation of a suppression system.

The DTS was developed to fulfil the requirements associated to the most stringent
fire phases and in compliance with the detection and installation specificities of the
cargo hold environment. The definition of the appropriate detection logic and the
related alarm thresholds are the main research directions. Continuity between the
dedicated algorithms for an early detection, the identification of high heat release
rates and the monitoring of a fire controlled bj/ the Water Mist extinguishing agent is

investigated through the analysis of particular detection criteria.



Chapter Six

6.1 EARLY AND MULTICRITERIA DETECTION

The harsh environment of an aircraft cargo compartment makes accurate fire |
~ detection and short time response a difficult task [Alankar Gupta, 2000]. Class A and
B cargo areas are accessible in flight, so that a fire can be suppressed by the actions
of a crewmember with a hand-held extinguisher. A class C cargo area is inaccessible
in ﬂight. Remote fire detection and suppression capabilities afe required for class C
spaces, as well as fire resistant wall panels. On freighter, cargo spaces specified as
class E are required to be equipped with fire detectors and independent ventilation

control, but not fixed fire suppression systems.

The study is focusing primarily on class C compartments. In this environment, when
the smoke and / or temperature exceed a threshold level, an alarm is triggered in the
cockpit and the crew responds according to established procedures written in the
Aircraft Flight Manual. In the event of a detector alarm, the usual crew procedure is
to discharge fire suppression agent. As seen in chapter 2, the nuisance alarm rate in

cargo compartment is significant and calls for more reliability of the alarm process.

The improvement of the detection accuracy and reliability is provided by a multi-
criteria detection logic [Foo, 1996]. This logic increases the system immunity to false
alarm using cross-analyses of the different detector information (i.e. for instance,
combination of smoke, temperature and spatial temperature gradient s1gnals) In most
of the case, the sensitivity of each individual detector is also increased by a decrease

~ of the individual warning thresholds per type of sensor.

By installation, the possibility for the DTS to access to the danger location makes it
very attractive as a detection system to complement smoke detectors for an early and

multi-criteria detection.
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6.2 DESCRIPTION OF THE WATER MIST DETECTION — ACTIVATION CONCEPT

A cargo compartment fire suppression system must prevent, either by fire control or
inerting, the propagation ~ development of a fire [Yao et al, 1999]. The
agent/system for cargo compartments must also meet the requirements of FAR
25.851, Part B and FAR 25.1309. The agent/system must be suitable for fires likely
to occur. Tﬁe agent/systém must be able to provide fire suppression over a period of
up to the maximum diversion time, which could be in excess of 200 minutes,
depending on the aircraft type and route structure. Last conversations with aircraft

manufacturer specialists indicate a needed duration of 540 minutes.

6.2.1 TOTAL FLOOD OR ZONING PROTECTION

As opposed to a “total flood” protection of the cafgo, like systems using Halon gas, a
zoning protection system, based on Water Mist extinguishing agent needs to
selectively activate the appropriate nozzle(s) [Ndubizu et al., 1998]. As soon as a fire
detection has been confirmed, an alternative solution to the exélusive use of Water
Mist (WM), is to inert the cargo compartment with an inerting gas like Nitrogen. In
that case, the Water Mist is then used as a cooling, suppressing agent. The European
FIREDETEX project [FIREDETEX, 2001] evaluates the couple WM-Nitrogen and
uses the DTS to monitor and activate locally the suppression system [Back III et al.,

2000]. Dedicated detection and control algbrithms are linked also to that application.

6.2.2 THE OBJECTIVES OF THE MPS TEST PROCEDURES

The proposed testing procedures aim to contribute to the establishment of a
"minimum performance standard” for testing the replacement of agents for
equivalent performance to Halon 1301 in aircraft cargo compartment fire suppression
systems [Prasad et al., 1999]. The Federal Aviation Administration in conjunction
with the International Halon Replacement Working Group sponsored this
developmental work [Reinhérdt et al., 2000]. |
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into, using water. The stainless steel tube is due to be installed for the full aircraft
lifetime, the fibre would be connected to the control unit only on two points, doing
fusion splicing or simple connector connection and could monitor the danger

situation over two or more cargo compartments within an aircraft.
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Figure 6.3-2: Cargo Hold ceiling representation with DTS sensing element

The length of the Cargo Hold is reaching 20m, its width is 4m and its height 1.8m.
The full compartment was used for calibration tests and the 56m® compartment
delimited here by the dotted line between the frames 31 and 32 was used to evaluate
the performance of the combined detection-activation system for the "Minimum

Standard Specification” test campaign.

The deployment of the fibre for the test campaign was realized at a 36.6m.min"
deployment rate, for a total length deployed of 140m using a pump pressure of 76\t0
97bars. The flow dut was comprised between 700 and 800 cl/min. The weight of the
tubing installed was 44g.m'1. o |
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6.3 INSTALLATION OF AN OPTICAL FIBRE-BASED SENSING ELEMENT IN AIRCRAFT

The Sensing Element (the optical fibre) has to be installed for a long-term usage in
the cargo compartment. The system lifetime, which is in part defined by the Sensing
Element installation, has to be regarded as a key parameter to the acceptance of an

optical fibre system in an aircraft environment.

6.3.1 A SPECIFIC CABLE DESIGN

The design of a specific cable seems to be necessary. This cable should have
integrated mechanical protections and a limited bending radius so as for the person in

charge of system installation, never to be in a position to damage the fibre.

Flame-retardant polymer coating

Metallic tube

Material for protection against
specific environmental
conditions

Optical fibre |

=3mm
Figure 6.3-1: Cable definition for on-board F/O detection applications

Unfortunately first consultations with cable manufacturers return signals of non-

manufacturability.

6.3.2 THE FIBRE BLOWING TECHNIQUE

The selected installation principle was to integrate a stainless steel tube sensor along
the structure to be controlled (this hollow tube has a 3mm outer diameter), the tube

wall thickness is about 0.5mm, its length can be 600m. It is then easy to blow a fibre
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6.5 DETECTION-ACTIVATION ALGORITHMS

Detection algorithms shall allow to detect rapidly and reliably a F/O situation. It is
expected also that the DTS shall monitor the evolution of the danger and shall
appropriately command/activate an ektinguishing system to suppress the fire or to
realize a temperature decrease. Focusing on a "fire situation”, it is therefore
important to understand the characteristics of a fire dévelopment at an early‘stage, of

a fire when in conflict with a suppression mieans and of a fire about to die.

The complexity of the cargo hold environment is stressing the importance of the
multi-criteria detection. However, the benefits of a multi-criteria detection for a fire
suppression are either unknown or neglected. This pafagraph s therefore addressing
the performance of a few of selected detection criteria and proposing ways forward

to enhance the DTS efficiency to trigger a water-mist based suppression system.

Figure 6.5-1: 3D temperature representation of the raw DTS data

The repetitively acquired 3D temperature proﬁles (matrix TP) give the detection
system the opportunity to better analyze the situation using temporal and spatial

informations.
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6.4 TEST PROGRAMS

The test conducted used the different types of fire sources and of fire configurations
described in the ‘“Minimum Performance Standard” [November 2002,
DOT/FAA/AR-TN02/XX]. Before this test campaign, the system was evaluated also
according to the EN54 building standard for fire detection system evaluation or
certification. These test result databases allow to refine the alarm thresholds for first

detection, fire monitoring, fire suppression, or to identify the fire signatures.

Figure 6.4-1: Test chamber furnished with original cargo lining material
Cargo compartment based on an AIRBUS A340-200 forward compartment.
The EN54 in this special context has dealt as a guideline for setting up the fires
[Gottuk et al., 2002]. The fibre optical cable was installed for the test campaign of
nuisance alarm [Grosshandler, 1998], although the unfavourable test conditions for
the smoke detectors were not representative for the DTS. The DTS was used at this

occasion as an environmental temperature controller.
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criteria.
The covariance matrix is calculated from the temperature signal as follows:

1
TPani’j = TPi,j _WZ TPi’j

COV(TP,TP) = LZ.TPang TPavg
N

Equation 6.5-2 Covariance Matrix of the temperature signal TP
The temperature signal is modified using the temperature average detected at each time t. The
indexes i and j are the indexes along the directions x and y respectively.

As primary detection criteria, both the maximum value of the covariance matrix and

the sum of all elements of this matrix are selected.

Temperature Point X Coordinates Temperature Point X Coordinates

(@) (b)
Figure 6.5-2: Covariance of the cargo hold ceiling temperature
(a) is the early temperature covariance of a smouldering fire. (b) is the covariance 5 minutes later.
A Temperature Time Derivative operator is also built to detect with more efficiency
a temperature increase, while reducing the noise level. The operator is using the
temperature information of the last 10 samples. The sampling interval being 4.5s, the
oldest event was recorded 40s ahead of the current acquisition. The operator can be

described by the following equations:
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6.5.1 ALGORITHMS FOR INITIAL FIRE DETECTION

The detection system has to early detect the fire even in situations when fire-like
events occur simultaneously. This capability of the ststem is important, so as to
fulfill the system validation tests, which specify a detection within a minute when
fire. The detection of a temperature increase is a spatial analysis that can be dealt
with specific algorithms like the temperature time derivative, the power spectrum
density, the maximum of the temperature covariance, the covariance integration and

the analysis of the spatial frequency of the fire modes.

The maximum temperature detection provides an instantaneous way to appreciate the
situation criticality. Material performance to long-term exposure to fire (for a
material like cargo lining for example) can also be appreciated knowing the

maximum temperature applied.

The temperature matrix TP is Fourier transformed and the associated Power
Spectrum Density (PSD) is calculated. The PSD represents the magnitude of the
various frequency components of the temperature signal. Evaluating the power
spectrum is a way to isolate periodic features or noise. By looking at the power
spectrum, it is possible to see how much energy (power) is contained in the different
frequency components of the signal. The power in each frequency component can be

obtained by squaring the magnitude of that frequency component.

TFtp(u, v) = TF{TP(x, y)}

PSD(u, v) = —leTFtp(u, V) TFip(, v)

Equation 6.5-1 Power Spectrum Density
TP is the matrix of temperature points located in {x; y}. TF{} indicates a Fourier Transform. PSD
is the Power Spectrum Density matrix; u and v are the spatial frequencies corresponding to
directions x and y respectively. N is the number of recorded temperature points along the main axis
of the cargo hold.

The sum of all the PSD matrix elements, at each time t, is retained as F/O detection
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3) Rebuild the pre-transformed matrix using the Wavelet transformed columns.
4) Transpose the pre-transformed matrix.

5) Wavelet transform on the columns of the transposed matrix.

6) Noise filtering using a global threshold.

7) Inverse Wavelet transform of the filtered matrix (from point 4 to 2).
Where point 6 is detailed with the following equation:

Th = 82 .0.4/2.1og(N)

Equation 6.5-4 Wavelet denoising technique: threshold definition.
& is a constant. ¢ is the standard deviation of the Wavelet transformed picture. N is the number of
elements of the picture (327).

The filtering process is putting to 0 the Wavelet coefficients having a value lower
than the defined threshold [Han ef al., 2002].

P —
Wavelet Coefficient Amplitude
Wavelet Coefficient Amplitude

—
—~1

Wavelet Transform Coordinates Wavelet Transform Coordinates

@ (b)

Figure 6.5-3: Wavelet Transform of the cargo hold ceiling temperature
(a) Non-filtered Wavelet Transform. (b) Filtered Wavelet Transform.
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Equation 6.5-3 Temperature Time Derivative
The coefficients C(j) allow providing more importance to the latest temperature records. x is an
integer (x = 10), RK is the number of samples integrated into the calculations (RK = 10). DTP is
the temperature time derivative, where At is the time interval between 2 samples (4.5s).

The equivalent detection surface per temperature point is about 0.34m” (0.508m x
0.667m). The surface associated to the number of points exceeding 1.75°C.s” can be
calculated. The maximum temperature time derivative multiplied by this surface
gives a value, which is directly proportional to the heat flux per second (assuming a

constant thermal conductivity of the air in the initial environmental and operating

conditions [-40°C; +70°C]).

Wavelet denoising techniques can be used to remove noise by thresholding the
wavelet coefficients. The methodology used to filter out the noisy picture is

summarized.

1) The initial temperature picture is increased in size so as to present a 2"
number of points to a Daubechies 4 wavelet transform (4 matrices of 7x29
points are stacked to build a 28x29 matrix. This matrix is then completed on

the edges with value 0 so as to build up the final matrix of 32x32 points).

2) Wavelet transform on the columns of the constructed matrix.
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3) Rebuild the pre-transformed matrix using the Wavelet transformed columns.
4) Transpose the pre-transformed matrix.

5) Wavelet transform on the columns of the transposed matrix.

6) Noise filtering using a global threshold.

7) Inverse Wavelet transform of the filtered matrix (from point 4 to 2).

Where point 6 is detailed with the following equation:

Th = 52 6.4/2.1og(N)

Equation 6.5-4 Wavelet denoising technique: threshold definition.
8 is a constant. ¢ is the standard deviation of the Wavelet transformed picture. N is the number of
elements of the picture (32%).

The filtering process is putting to 0 the Wavelet coefficients having a value lower
than the defined threshold [Han et al., 2002].

F E o
Wavelet Coefficient Amplitude ”

" Wavelet Coefficient Ar;ri;litude

Wavelet Transform Coordinates Wavelet Transform Coordinates

(a) (b)

Figure 6.5-3: Wavelet Transform of the cargo hold ceiling temperature
(a) Non-filtered Wavelet Transform. (b) Filtered Wavelet Transform.
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Figure 6.5-4: Temperature at cargo hold ceiling with and without Wavelet denoising

(a) Non-filtered temperature. (b) Denoised temperature profile. The maximum temperature reached on
(a) is 24.6°C for a standard deviation of £3°C. On (b), the maximum temperature reached is also
24.6°C but for a standard deviation of +2.5°C.

Though a degradation of the maximum temperature value is noticeable after filtering,
the fire event is in that case better extracted from temperature background. It is
possible to adjust the "strength” of the filter by modifying the value of 8. The effect

can be controlled by the value of the correlation coefficient between the two pictures.

All criteria described in this paragraph can be safely implemented in a detection
algorithm so as to contribute to an early detection, within a multi-criteria detection
algorithm. It remains that like every detection criteria they will have to be submitted
to test, to evaluate what might be the influences of operational environmental
conditions. These standard fluctuations may impact on their respective future

utilizations.
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6.5.2 ALGORITHMS FOR FIRE MONITORING

Cargo hold fires may generate smoke and heat in considerable amount and are

therefore particularly life-threatening as described in chapter 2. One may choose to

isolate three distinctive periods within a fire (see Figure 6.5-5):

- Initially the smoke is the first activation criteria; temperatures and

temperature time derivatives are indeed small or not significant with regard to

their standard operational fluctuations.

- The second one is the most dangerous phase when temperatures and

temperature time derivatives may respectively reach from DTS readings

[T/5t; T] = [17°C/s; 490°C].

- The third one is when the fire is under control and the activation requirements

become infrequent.

T
I
)
i
|
1
i

Temperature
(a.u.)

Fire Monitoring Example

Figure 6.5-5: Fire control and monitoring
A detection-activation algorithm is defined to activate appropriately the system using Water Mist as
fire suppression agent. The diagram shows DTS temperatures as a function of the acquisition time.

These three periods are clearly visible for fires like cardboard box fires, but can be

identified easily for all fires developing enough to be threatening for the integrity of
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the cargo. The first period can be managed using for éxample a low temperature time
derivative or a low "maximum-temperature” threshold. However these thresholds
must be above a false alarm threshold that has to be determined through
complementary tests. The fine adjustment of these low thresholds is also securing the
fact that the maximum temperature will not reach a value exceeding the cargo lining

specifications.

Period 3 is offering a significant potential for water consumption savings. The fire
being controlled, it means the temperature dropped down to around 100°C, a sub-
sequent activation has to occur only when fire growth is again identified as a threat.
This means that for water saving reasons, and taking advantage of the saturated water
vapour in the cargo compartment (fire suppression principle), the subsequent
activation could occur only when the temperature reaches about 130°C. Further

investigation shall be conducted and should be part of a "water saving program”.

6.5.3 ALGORITHMS FOR FIRE SUPPRESSION

During the project FIREDASS [Brite Euram Project, 1995], the detection/activation
systems were aéting as a closed loop, e.g. the number of activated nozzles followed
directly the variations in temperature of the detection criteria (raw femperature,
temperature time derivative, spatial temperature gradient). It was identified that the

system response time was depending on the sum of several delay effects as follows:

- confirmation duration (9s for a smoke detector; between 3.7s and 7.4s for the

DTS). The confirmation time was required to reduce false alarm rate.

- communication of activation queries to the activation system (a non-

optimised system is showing: 1 to 2s delay).
- nozzle activation (air and water flow in piping: 1 to 3s).

- time needed by sprayed water to reach the fire zone (= 1s to 2s).
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This gives a minimum delay of 6s (3.7+1+1+1 — 6s) and a maximum delay of
15s (74+2+3+2 = 15s). This effectively meant that the logic module possibly
sometimes generated too many activations because not enough'time was allocated to

look at the efficiency of the mist on the fire.

Three detection parameters were also identified as being able to improve the
performance of the water mist system, namely: a reduction of the confirmation time,
an increase of the sampling frequency and a selection of additional criteria taking

into account the threat area and activating more selectively the appropriate nozzles.

As opposed to FIREDASS, the study was aiming to reduce the complexity of the

overall system.

.

DANGER LEVEL IMAGING SYSTEM E’

(b)
Figure 6.5-6: Test chamber furnished with original cargo lining material

(a): is the test rig divided into 3 distinct WM activation zones. (b): test rig divided into 2 separate WM
activation zones. The fire can evolve within the test compartment and the objective to save water
along the suppression process can be analyzed for a 2 or 3 activation zone system configuration.

The detection system was therefore only triggering the activation of the
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extinguishing system but not its de-activation. The activation duration of the nozzle
of a certain zone was indeed pre-set from 15s to 60s. Besides, the activation logic
was addressing a cargo hold zone and not any more separate nozzle(s). As
represented in Figure 6.5-6, the algorithm is able to generate a cargo hold area with -
two or three zones to be able to be triggered by the detection system, for activation.
No evidence of water saving was found; neither were found lower "maximum
temperatures” at the cargo ceiling when comparing the results of similar tests

conducted under the Minimum Performance Standard procedures.

6.5.4 FIRE SIGNATURE IDENTIFICATION

The 2-dimensional Fourier transform is widely used, for instance to specify the
resolving power of an image device, to design and to analyze (2-dimensional) image
filters, to model the noise characteristics, and to model the image of textured surfaces
[Van der Heijden, 1994]. We can introduce 2-dimensional, complex, harmonic
functions. |

g(x, y) = GexpR.rj{xu+yv))

G=A.exp(j¢) and j=+-1

Equation 6.5-5 2D, complex, harmonic functions
A, u, v and ¢ are real scalars. A is called the amplitude, ¢ is the phase, u and v are the spatial
frequencies in the x and y direction, respectively. These quantities can also be transferred to polar
coordinates. : '

u=p.cosf ) X =A.cos@
g(x,y) =G.exp(2.wjp.(x.cos0+ysinB)) with | v=p.sind < A=— y=A.sin6
p
: 22 =x2 4y2
p? =u?+v? Ty

Equation 6.5-6 2D, complex, harmonic functions with polar coordinates

p is the spatial frequency of the harmonic function. The orientation of the function

equals 1/p. The orientation of the function is given by A.
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Calculating the Power Spectral Density (PSD), it is possible to calculate the spatial
frequency resulting from the two spatial frequency contributions along x and y. This
frequency is supposed to be able to track better the propagation of a thermal wave,

which theoretically in case of a fire propagates concentrically. So, one may obtain:

up =2i.m
S e Sk =‘fu,2,, +v2
Vn =2i.n
Ay

Equation 6.5-7 Spatial frequency for concentric thermal wave analysis
k, m, n are zero or positive integers. The integer s value ranges between 0 and 350.

The éouple {u; v} is found for each value of the radius s and the spectrogram in

Figure 6.5-7 is built from the 2D Power Spectrum Density matrix.

3 = 5
25 ;
) .
S(n) s
- 15F : . 4 t
S(n;n-Al) ] 1 1 !
05k iy , e . £3 T.“’
Y 3 " i i T < - =
%0 " 40 80 "120 160 200  240° 280 320 - 360 400
Spatial frequency s

Figure 6.5-7: Spatial frequency analysis for fire mode tracking

S() is the histogram obtained at the current time. S, »-1) is the histogram difference
between the current time and the previous sampling. S, n-1) allows to see, in which

mode the energy is appearing or in which mode the energy is transferred.

It is therefore possible to énalyze the spectrogram as a function of time for different

fires and to note the changes when a fire is present and is evolving.
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Filtering the mode with a magnitude higher than 2 and selecting the common modes
from the different fires, one may obtain the mode illumination as a function of time

of Figure 6.5-8.

262 264 308 310

Figure 6.5-8: Fire mode analysis for fire signature identification
The detected fire temperatures are considered as "significant” at sample 1. The fire is progressing and
is considered as having reached a "reasonable” maturity 30 samples later.
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I Energetic Fire — Position at the middle of the Cargo — Maximum Temperature seen > 70°C
Small Fire — Position at the middle of the Cargo — Maximum Temperature seen < 40°C
l Energetic Fire — Position at a corner of the Cargo — Maximum Temperature seen > 70°C

Small Fire — Position at a corner of the Cargo - Maximum Temperature seen < 40°C

The samples are separated in time of 4.5s. It can be seen that energetic fires have
preferably a mode contribution at low (mode 8 to 12) and high spatial frequencies
(modes 264 to 284, 334 and 346 as well) and that small fires tend to begin with
middle spatial frequencies and to distribute largely among the modes when fire is
growing. It remains also, as described in 6.5.1, to evaluate the influence of A/C
operational conditions on these performances and to consolidate these results in front

of a larger fire database.
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6.6 CONCLUSION

The pérformance objective of fire detection in cargo compartments is to sense a
starting fire at a small size. Therefore designed mitigation strategies including
discharging suppréssant, shutting off compartment ventilatioﬁ, diversion to the
* nearest acceptable airport, and evacuation can effectively limit the fire damage and
the life safety hazard. With the adoption of FAR 25.858 in 1980, the detection time
acceptable was reduced to one minute. It is therefore absolutely necessary to identify
detection criteria with an important sensitivity to fire and immunity to nuisance
environmental conditions. In this chapter were proposed several candidates as criteria
for an early detection and fire control/monitoring using the Water Mist as an

extinguishing agent.

The Water Mist has been selected, as suppression agent, along the European project
FIREDASS and associated to Nitrogen inerting along FIREDETEX. The analysis of
the associated detection—activation concept shows that a zoning protection and also
activation on-demand per nozzle is preferable to minimize the water consumption.
The implication on the cost, weight and reliability for the full system shall be
inveStigated further in cooperation with the aircraft manufacturers so as to find the
optimum compfomises on the system architecture. The DTS has shown along these

projects its full capabilities and further development are focusing on the sensing

element infegration SO as to guarantee a short response time and appropriate -

mechanical protection.

Test campaigns have also allowed tuning the alarm thresholds for the different fire
phases. The suppression performance can be further optimized with an accurate

definition of the activation timings.

The DTS installation configuration at the ceiling of the cargo compartment allows
also exploring the suitability of new detection criteria like the spreading of the spatial

frequencies, which may lead to a precise identification of the fire signature.
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Conclusions and Future Work

nderstanding the detection requirements linked to the operational constraints
U and to cascade these constraints so as to derive the metrological requirements

were two priorities in this work. The hardware simplification of different
system modules is offering the perspective of successful system integration into a
volume of a Smoke Detection Control Unit (SDCU). Independently from the system
architecture, a specific digital signal processing can reduce the temperature profile
standard deviation of about a factor 3. The DTS system confronted to real fire
situations during extensive ground test campaigns and conducted in a A340 cargo
compartment has shown its full capability to early detect fires as well as to control
the activity of an extinguishing system while continuously monitoring the evolution

of the temperature.

7.1 OVERALL CONCLUSIONS

The analysis of the aircraft accident scenarios and the status on the unwanted alarms
generated by on-board detection systems call for an improvement of the definition of

the detection objectives and of the associated chain of alert.

A status of the probability of accidents/incidents as a function of the detection area is
taken to guide the technology selection assuming that the stringency of the

environment defines in part the technology to consider.

A rate of about 200 false alarms for every alarm due to verified smoke source show
how it is important to find solutions either to improve the reliability of current
detectors in A/C cargo compartment or to think about introducing more of multi-

criteria detection in the decision logic of the warning system. To introduce a new
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technology as part of the fire detection decision process is beginning therefore

- through an investigation of the degree of maturity of the potential candidate.

Technology Selection. The technological selection process is rather simple in terms
of measurément performances, since the technologieé available have specificities,
which are or are not compliant with aeronautic application constraints. Raman
Optical Reflectometry systems came out dedicated to a 'gfoup' of four possible
aeronautic applications: The Thermal Cargo Monitoring, Wire F/O Detection System
(electrical cables protection), Cabin Temperature Control (cabin temperature
regulation for passenger comfort and possibly cabin fire detection sysfem) and
Hidden Area Fire Detection (protection of areas not easy to access and theﬁ where
maintenance operation are not frequent). The Raman Reﬂectométry system can be
playing the role of a complementary fire detection system to the smoke detectors

and/or the role of a detection system for "zoning extinguishing".

The signal processing type to be used to collect Raman back-scattered signals has
been the object of several investigations: the time domain, the frequency domain
analysis, the photon counting and the correlation OTDR options. The analog Raman
OTDR has been selected. |

Ramah OTDR Analysis. The Rayleigh aﬁd Raman scatteﬁng processes were
explained and the spectral broadening of the Raman spectral lines estimated to about
12nm is taken as sizing criteria for the demultiplexer filters. The radar equations
associated to the anti-Stokes and Stokes signalé are highlighting the influencing
parameters, like for example the coupled optical energy into the fibre. The fibre
attenuation and the optical pulse width are said to play a major role in the system
detection range and the spatial resolution respectively. Besides, the material
dispersion, the wave-guide dispersion and the modal delay are widening the
propagating pulse in time domain. The cumulative effect of these dispersions is
~ limiting the achievable spatial resolution. Although the backscatter factor for a

multimode step-index fibre is 50% higher than the one of a graded-index, one shall
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select the later to be in a position to reach a 1m spatial resolution for a 500m long
sensing element. The choice of the operating wavelength is driven by the fibre
spectral attenuation, the desired range of the system, but also by the low-cost,
reliability, and the power figures of the laser diode and the spectral responsivity of
the corresponding photodetectors. A NIR wavelength is selected. The relationships
were established between the spatial, the temperature resolutions, the detection

range, the refreshment time and the system configuration.

| Finally, resulting from an optical signal at a distance z and considering a total budget
of 12dB of total optical losses, the APD photocurrents before multiplication are
evaluated to be about 1nA for the anti-Stokes signal and 5nA for the Stokes signal.

DTS Optimisation. In this chapter the methodology and the construction details to
build and optimise a modular OTDR DTS have been explained. The description of
the system modules has highlighted the improvement potentials while demonstrating

the system capability to reach the detection performances requeéted from Chaptef 3.

The demultiplexer design is proven to be temperature controllable using a Peltier
element of maximum electric power 9W for an operating avionic bay temperature
range of [-15°C;+70°C]. The laser diode was decoupled in vibration from the driver

board via a flexible transmission line.

The 'detection performances were analysed also through the measurement results,
' which have made clear the importance of an APD voltage regulation and the
insufficiencies of the standard signal processing for a reduced number of averages as
far as the temperature resolution is concerned. The standard averaging method is
achieving £8°C for 100 averages of the Stokes and anti-Stokes data sets. From these
results, an enhancement of the measurement and data processing capabilities is
proposed using two different signal-processing schemes. Considering the noise level
and image spectral densities, the first possibility was studied using the optical pulse

shape and a Wiener filter [+5°C for 100 averages]. The second technique uses a

-
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wavelet denoising algorithm [+3°C for 100 averages]. The soft-thresholding
technique using wavelet decomposition improves significantly the temperature

resolution without degrading the spatial resolution.

 The conformity analysis to acronautic qualification tests did not reveal any
showstopper. A rapid improvement of the spatial resolution was identified as
possible with the developmcnt' of the laser diode driver, which would need to

generate an 8ns optical pulse width to achieve a sub-meter system spatial resolution.

DTS Cargo Compartment Deteéﬁon. With the adoption of FAR 25.858 in 1980,
the acceptable detection time of a fire was reduced to one minute. It is therefore
absolutely necessary to identify detection criteria with an important sensitivity to fire
and immunity to nuisance environmental conditions. In this chapter were proposed
several candidates as criteria for an early detection and fire control/monitoring using

the Water Mist as an extinguishing agent.

The Water Mist has been sélected, as sﬁppression agent, along the Eufopean project
FIREDASS and associated to Nitrogen inerting along FIREDETEX. The analysis of
the assdciated detection-activation concept shows that a zoning protection and also
activation on-demand per nozzle is preferable to minimize the water COnsﬁmption.
Test éampaigns have also allowed tuning the alarm thresholds for the different fire

phases. The suppression performance can be further optimized with an accurate

definition of the activation tlmlngs

The DTS installation conﬁguratlon at the ceiling of the cargo compartment allows
also cxplormg the suitability of new detection criteria like the spreading of the spatial

frequencies, which may lead to a precise identification of the fire signature.

The DTS was used in the frame of a MPS fire test campaign to explore some
potential ways to better exploit the outputted detectors signals, to better follow the

danger evolution and to provide earlier an alarm with more confidence.
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7.2 RECOMMENDATIONS AND FUTURE RESEARCH

The investigation of the repercusSion of a reduction of the pulse width of the laser
diode has not been carried out but needs to be evaluated so as to identify the
maximum DTS range achievable when decreasing the energy launched into the fibre
and increasing the spatial resolution. |

The voltage regulation of the APDs has a direct influence on the level and noise of
the amplified electrical signals from the respective optical Stokes and anti-Stokes
inputs. Adjustable and automatic voltage regulation could bring substantial benefit
for the systems so as to be re-configured for optimal detection performances.

The thermal regulation of the optical module is one of the key features to guarantee
that the system will sustain its performance objectives within the aeronautic.
operational temperature range. The laser diode, the APDs and the wavelength filters
are included in this design directive.

The redundancy requirements for the sensing element and for the optical module will
have to be clarified by the aircraft manufacturer safety and reliability specialists as
well as with the designated certification specialists. This could lead to put into the
system two optical modules as described in this research with their associated
electronic interfaces. This might be optimised by having a single DTS controlling
two cargo compartments. Independently from redundancy questions, it will have to
be demonstrated that it is possible to monitor the rear and forward cargo hold with

one sensing element and one control unit only.

The Water Mist protection system will have to be optimized to be cost, weight and
reliability competitive vis-a-vis other system needing purely the use of inerting

agents for example.
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The DTS has shown along these projects its full capabilities and further development
are focusing on the sensing element integration so as to guarantee a short response

time and appropriate mechanical protection.

For the specific applicétion, cargo fire detection and water mist activafion, suitable
algorithms have been developed to target low water consumption and an efficient
structure integrity control. Some further efforts, especially in the activation logic and
the adjustment of the associated activation thresholds could bring additional weight

savings for the A/C, when limiting the water consumption.

The analysis of the spatial frequency distributions, generated by the temperature grid
at the cargo ceiling level, should be continued so as to identify the particular modes
impacted by a fire. The on-going work shall aim to design the system such that it -
knows enough about fire itself to make a decision on signal patterns that it has not‘

encountered before.
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Glossary

ASE
AVLAN
BLD
BTL
CCDh

cm
CcMC
CMOS
C-OFDR
CPC
CTC
cU

W
DAC
DART
DC-DC
DS
DSC
DTS
DWT
EFD
EMI
ES

Glossary

micro-meter )
In place of either the anti-Stokes or Stokes signal
Ampere

Aircraft

Analog to Digital Converter

Avionics Integrity

Amplitude Modulation

Ampére

Avalanche Photodiode

Acceleration Power Spectral Density
Auxiliary Power Unit

Anti-Stokes

Amplified Spontaneous Emission

Avionics Local Area Network

Bleed Leak Detection

Bell Telephone Laboratories

Charge Coupled Device

Computational Fluid Dynamic

centimetre

Central Maintenance Computer
Complementary Metal Oxide Semi-conductor
Coherent Optical Frequency Domain Reflectometry
Conductive Polymeric Composition

Cabin Temperature Control

Control Unit

Continuous Wave

Digital to Analog Converter

Distributed Anti-Stokes Raman Thermometry
Direct Current — Direct Current, voltage amplifier
Detection System

De-icing System Control

Distributed Temperature Sensor

Discrete Wavelet Transform

Engine Fire Detection

Electromagnetic Interference

Extinguishing System
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ETDR Electrical Time Domain Reflectometry
EV Enhanced Value
F/O Fire / Overheat
FAA Federal Aviation Administration
FBG Fibre Bragg Grating
FET * Field Effect Transistor
FFT ] Fast Fourier Transform
FHT Fast Haar Transform
FIREDASS Fire Detection And Suppression Simulation
FM Frequency Modulation )
FMCW Frequency Modulated Continuous Wave
FWC Flight Warning Computer '
FWHM ‘ Full Width Half Maximum
GHz Giga Hertz .
GRESS General Requirements for Equipment and System Suppliers
HAD Hidden Area Fire Detection ’
HSCT High Speed Civil Transport
HWHM Half Width Half Maximum
IHRWG International Halon Replacement Working Group
km kilometre
LDM Laser Driver Module
LGD Landing Gear overheat Detection
LRU : Line Replaceable Unit
LSB : Least Significant Bit
Mb Mega bits = 10%bits
MCU : Modular Concept Unit
‘MHz : Mega-Herz
MOSFET Metal Oxide Semiconductor Field Effect Transistor
MP ) : Measurement Parameter
MSC Measurement Selection Criteria
MSTL : ~ Micro Stripline Transmission Line
MTTF Meantime To Failure
MW " Mega Watt = 10¢ Watts
N ‘Number of pre-processed averages
NA Numerical Aperture
nA nano-Amper
nm nanometer
NRC Non Recurrent Costs
OBIGGS : On-Board Inert Gas Generating System
OBOGS On-Board Oxygen Generating System
oD Optical Density
OFDR - Optical Frequency Domain Reflectometry
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OLAN
OTDR
PCB
PCI
PEN
PLD
PM

POTDR

PSD
PTS

R-OFDR
ROM

SAS

YAG

On-board Local Area Network

Optical Time Domain Reflectometry

Printed Circuit Board

Peripheral Component Interconnect, a 32-bit local computerk bus
Pulse Forming Network

Pulsed Laser Diode

Phase Modulation

Polarisation Optical Time Domain Reflectometry
Power Spectrum Density

Purchaser Technical Specification

Quality Factor

Research and Development

Recurrent Cost

Ranking Factor

Request For Information

Request for Proposal

Request For Technical Information

Root Mean Squared

Raman Optical Frequency Domain Reflectometry
Rough Order of Magnitude

Stokes

anti-Stokes signal

Sensing Element

Signal-to-Noise Ratio

Stokes signal

Thermal Cargo Monitoring

Time Correlated Single Photon Counting

Time Domain Reflectometry

Thermoelectric

Thermoelectric Cooler

Fourier Transforme

Vertical Cavity Surface Emitting Laser
Very Large Commercial Transport
Wavelength De-Multiplexer

Wire Fire/Overheat Detection System
Water Mist

Yttrium Aluminium Garnet
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