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. 101: Transmit monochromatic pulse of light
102: Monitor intensity of reflections

103: Adjust wavelength and repeat to obtain
measured spectrum
104: Analyse measured spectrum
105: Is anomalous signal detected?
Yes No

106: Transmit pulse of 200: Monitor

light at wavelength of measurand using
anomalous signal second set

107: Monitor time of
flight for reflected pulse

108: Calculate position
of anomalous sensor
109: Generate alarm??
110: Return to step 101

FIG 2
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201: Tune laser

202: Set the detector to the time and gain for the
first sensor

203: Emit a pulse train of light

Repeat
for all
SEensors
within the
set

204: Monitor intensity of reflected light
205: Plot a spectrum for each sensor

206: Perform peak detection to detect sensor
wavelengths
207 Output measurand for locations of sensors
IN second set

FIG 3
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APPARATUS FOR MONITORING A MEASURAND
FIELD OF THE INVENTION

The present Invention relates to a method and apparatus for monitoring a
measurand along a waveguide and locating a measurand anomaly along the

waveguide.

BACKGROUND OF THE INVENTION

In many Industries it Is desirable to monitor measurands and to locate any
anomalies In these measurands, such as a temperature in excess of or beneath
a normal operating range, at different positions along an installation. One such
example Is In the aerospace Industry. Modern aeroplanes often make use of
engine "bleed air’ for functions such as running the air conditioning, preventing
iIce build-up on flight surfaces and preventing electronics from becoming too cold
when flying at altitude. This bleed air Is tapped from a jet or turboprop engine
just after the nitial compressor stages, so it is at high pressure and temperature
(up to 300 °C) and is conveyed around the aeroplane in insulated ducts. If one
of these ducts should suffer a leak, hot bleed air would escape and could rapidly
cause damage to aeroplanes systems and perhaps even to structures close to
the leak. It Is therefore important to know when and where a leak occurs so that
the flow of air through the failed duct can be shut down before any damage

OCCUTrS.

The current preferred method of leak or “Hot-Spot Detection” (HSD) involves
running one or two continuous electrical sensors alongside each duct. These
sensors comprise a metal tube forming an outer conductor and a wire
suspended centrally in a solid salt, forming an inner conductor. Under normal
operation, the two conductors are electrically isolated from each other but when
the temperature reaches a certain value, the salt melts and a short-circuit Is
made between them. This Is detected and a measure of the electrical

characteristics (for example resistance and capacitance) between the two

conductors Is used to determine the location of the so-called hot-spot. An alarm
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will then be raised alerting a user to the location of the hot-spot. While this
technology Is functional, this system has certain disadvantageous

characteristics, namely:

1) The temperature at which the alarm Is raised I1s determined by the salt
composition and cannot be adjusted, although different compositions may be
used In different parts of the sensor to allow for different alarm temperatures.

2) The salt-filled conductors can only be manufactured in short lengths and are
prone to break under a shearing force. This means that they are typically
produced In relatively short lengths and so many sections need to be connected
together to cover a complete duct. For example, 200 connectors may be
required to cover a single bleed air duct of an aeroplane. Installation of these
sensors Is time-consuming. Furthermore each connector provides an additional
potential point of failure.

3) The sensor chains are heavy due to the number of metallic parts and
connectors required.

4) The nature of the electrical measurement means that the leak cannot always

be localised accurately.

It IS Known to monitor measurands such as pressure, temperature or strain using
optical fibres. These techniques generally do not suffer from the
abovementioned problems associated with multi-segmented salt filled cables.
Current distributed temperature sensors (DTS) based on backscattered light
detection, either Brillouin or Raman scattering, are not suitable for aeroplanes
use because they require powerful lasers which may constitute an ignition
hazard due to their high energy and expensive, delicate optoelectronic
processing units.

Fibre Bragg gratings (FBG) make excellent temperature sensors, but using them
for HSD is not straightforward because they are point sensors and the
application demands continuous coverage of many tens of metres of ducting.

Time-division multiplexing (TDM) and Wavelength division multiplexing (VWDM)
are two techniqgues commonly used for monitoring measurands using FBGS.
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TDM systems cannot offer the spatial density required for detecting a leak along
a bleed air duct. In conventional TDM systems the sensors typically need to be
separated by at least 1 m along the waveguide in order for the reflected pulses
to be Individually resolvable according to the time of flight. A leak 1s usually

highly localised and may initially only extend over 5 cm, so the system has a

95% chance of missing it entirely.

WDM cannot practically offer the large number of sensors required for covering
a bleed air duct. In WDM each FBG sensor is configured to reflect light at a
different respective Bragg wavelength within a different discrete wavelength
pand. Current WDM systems are limited to approximately 130 FBG sensors per
fibre. If the FBG sensors are each spaced 5 cm apart, i.e. 20 FBGs per metre,
this limits the system to 130/20 = 6.5 m. This is too short as a bleed air duct can
extend 50 m or more In length. Many fibres would therefore be required to

operate a WWDM system, which increases the cost and complexity of the system.

Optical Frequency Domain Reflectometry is a technique for addressing many
hundreds of low-reflectivity gratings on one fibre. However, It requires expensive

and delicate instrumentation (typically in excess of 100k USD) which is not

suitable for applications such as aeroplanes.

It IS desirable to provide an improved method and apparatus for locating a
measurand anomaly along an optical waveguide that does not suffer from the
above mentioned deficiencies. In particular, it Is desirable to provide a simple,
light-weight, robust, flexible and cost-effective apparatus which can locate a
measurand anomaly along an extensive elongate region, to a high spatial

accuracy.

Additionally it Is desirable to be able to sample the measurand at a number of
discrete locations along the waveguide. In particular, certain existing systems
provide the user with the ability to locate a measurand anomaly along a
waveguide If and when one occurs. However, the arrangement of optical
sensors does not allow the measurand itself to be monitored at an identifiable

location In the absence of such an anomaly.
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The Iinvention Is set In the context of solving these problems.

SUMMARY OF THE INVENTION

A first aspect of the Iinvention provides an apparatus for monitoring a measurand
along an optical waveguide comprising:

an optical waveguide;

a light source configured to selectively emit narrowband pulsed light of a
given wavelength and duration through the optical waveguide and further
configured to modulate the wavelength of said light;

a first and a second set of sensors provided along the waveguide,
wherein each sensor of the first and second sets is configured to reflect a portion
of light propagating along the waveguide at a respective sensor wavelength
corresponding to a measurand;

wherein the first set of sensors Is configured Into one or more groups
according to their sensor wavelengths, each group comprising a plurality of

sensors, wherein the sensor wavelength for each sensor in a respective group IS
substantially equal when the measurand experienced by each of the sensors In

that group Is equal;

wherein each adjacent sensor of the second set Is separated by a
distance along the waveguide greater than half the distance travelled by the light
along the waveguide during the pulse duration, wherein a plurality of sensors of
the first set Is provided between each adjacent sensor of the second set; and

wherein the first and second sets are configured such that sensor
wavelength for each sensor In the first set Is different from the sensor
wavelength for each sensor in the second set when the measurand experienced
by each of the sensors In the first and second sets Is equal;

a detector configured to monitor the light reflected by the first and
second sets of sensors; and

a control system configured to locate a measurement anomaly by
causing the following steps to be performed:

(1) transmitting light along the optical waveguide using the light

Source;
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(I1) monitoring the light reflected by the first set of sensors so as to
obtain a measured spectrum representing a measurand
experienced by each of the sensors In the first set;

()  detecting an anomalous signal In the measured spectrum, the

anomalous signal having a characteristic wavelength and

originating from an anomalous sensor of the first set of sensors,
the anomalous sensor experiencing the measurand anomaly; and

(Iv)  locating at least the group comprising the anomalous sensor;

wherein the control system Is further configured to monitor a measurand

at a plurality of positions along the optical waveguide by causing the following
steps to be performed:

(V) emitting a pulse train of narrowband light along the optical
waveguide, the pulse train comprising a plurality of pulses at
different respective peak wavelengths;

(vi)  monitoring the light reflected by the second set of sensors along

the waveguide; and
(vil)  estimating a measurand for each sensor Iin the second set based

on the monitored light reflected by the second set.

Unlike standard WDM systems, there is no requirement for each of the sensors
to reflect light at a different sensor wavelength when the measurand is the same
at each of the sensors. This means the apparatus is not limited by the number
of sensors that can be provided along a waveguide. Furthermore, unlike TDM
systems, the anomalous signal is detected In the measured spectrum (obtained
using the aggregate response from each of the sensors of the first set) rather
than by resolving and analysing the light reflected from each sensor individually.
This means that each sensor of the first set does not need to be separated by a
minimum distance along the waveguide. Advantageously still, by using sensors
that are distributed along an optical waveguide instead of salt-filled conductors,
the apparatus can be made light-weight and flexible. This Is particularly
desirable Iin the aerospace industry where there Is a drive to reduce the weight of

the aeroplane so as to improve its fuel efficiency.



10

15

20

25

30

The sensors of the second set are advantageously arranged so that each pulse
that has been reflected from a sensor of the second set Is individually resolvable.
Further still, the sensors of the second set are configured to have a different
sensor wavelength from the neighbouring sensors, which are of the first set.

This prevents interference of the pulse reflected from the sensors of the second

set with reflections from sensors of the first set. This enables the measurand to
be sampled at a plurality of discrete locations along the waveguide
corresponding to the positions of the sensors of the second set. Valuable
operational data may hence be obtained regarding the system In which the
waveguide Is Installed. Furthermore the same length of waveguide may be used
to both detect a measurand anomaly from a high density of sensors In the first
set, and to detect the measurand at a plurality of discrete locations

corresponding to the sensors of the second set.

In some scenarios It may be sufficient to simply determine which group
comprises the anomalous sensor In order to approximate the location of the
measurand anomaly. If only one group Is provided, the group containing the
anomalous sensor may be Identifled as soon as an anomalous signal Is
detected. If a plurality of groups Is provided, the group comprising the
anomalous sensor may be detected by a process of analysing the measured
spectrum. Pre-stored information regarding the layout of the groups may then
pbe used to approximate the location of the measurand anomaly. If a more
precise location Is required, step (lv) may comprise locating the anomalous
sensor by transmitting a pulse of light at the characteristic wavelength of the
anomalous signal and monitoring the time of flight for the reflected signal. An
anomalous signal may hence be detected in a measured spectrum, and a pulse
of light transmitted at a characteristic wavelength for the anomalous signal.
Typically only the sensor which Is experiencing the measurand anomaly will
reflect a portion of the light emitted at this characteristic wavelength. The time of
flight for the reflected signal may hence be calculated to locate the anomalous
sensor and hence the position of the measurand anomaly. Detecting the

anomalous signal includes a process of identifying the characteristic wavelength.
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The anomalous signal Is typically a separate peak which becomes visible In the
measured spectrum only when a measurand anomaly occurs. The anomalous
signal typically exhibits an approximation of a Gaussian or similar profile (such
as a sinc profile) corresponding to the reflection from an anomalous sensor of

the plurality of sensors. The characteristic wavelength occurs within a

wavelength range occupied by the anomalous signal and may correspond to the

peak wavelength or an approximation thereof.

Each pulse within the pulse train of step (v) may have a different peak
wavelength. The pulse train may hence consist of a plurality of pulses, wherein
each successive pulse has a higher or lower wavelength than the previous pulse
(the change In wavelength typically progressing in a common direction between
successive pulses). Alternatively a plurality of pulses may be emitted at one or
more wavelengths before the wavelength of the emitted light i1s adjusted for the

next pulse Iin the pulse train.

The first and second sets are preferably arranged such that two sensors of the
first set are provided adjacent to each sensor of the second set. The first and

second sets may hence be Interspersed so that the sensors of the first set are
provided on both sides of each sensor of the second set. This enables a high

density of measurements to be obtained.

The second set of sensors Is preferably configured such that the sensor
wavelength for each sensor In the second set Is substantially equal when the
measurand experienced by each of the sensors In the second set Is equal. This
simplifies both the method of manufacture for the waveguide and the
subsequent process of monitoring the measurand using sensors from the
second set. In particular, fewer pulses are then required to address each of the
sensors In the second set than If these sensors were to have different sensor

wavelengths at common measurand values.

The groups of the first set are typically spatially separated from each other along

the waveguide. The different groups of the first set may hence be non-

overlapping In a spatial sense. Advantageously, a detected anomaly can hence
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be more easily attributed to a particular region of a conduit in which the
waveguide Is Installed simply by identification of the group comprising the

anomalous sensor (I.e. without the need to identify the location of the anomalous

sensor itself).

Most typically, each group of sensors In the first set has a higher spatial density
of sensors than the second set. Unlike the sensors of the second set, there Is
no requirement to separate the adjacent sensors of the first set by a minimum
distance along the waveguide. It Is therefore desirable to have a smaller
separation between each adjacent sensor of the first set than that of the second
set In order to Increase the chances of detecting a measurement anomaly at a
particular location along the waveguide. If by contrast large gaps were left
between each sensor of the first set, any measurand anomalies occurring Iin the
regions of the waveguide devoid of sensors might not be detected. For this
reason, each adjacent sensor of each group In the first set I1s preferably
separated by a distance along the waveguide less than half the distance

travelled by the light along the waveguide during the pulse duration.

The sensors of the first set are typically configured such that at least a portion of
the lignt reflected from the sensors of each group substantially overlaps In
wavelength so as to form a group response for each group having an
uninterrupted peak width in the measured spectrum. The anomalous signal
typically does not overlap any of the group responses In wavelength. This

facilitates simple detection of the anomalous sensor.

The sensor wavelength for each sensor In a respective group iIs substantially
equal when the measurand experienced by each of the sensors In that group Is
equal. Minor deviations between the sensor wavelengths may however occur as
a result of the manufacturing process. The word “substantially” may be therefore
by Interpreted as including sensor wavelengths within a wavelength range of 0.1
nm. Preferably these wavelengths are equal when the measurand is equal. The
sensor wavelength may correspond to a particular wavelength for which the
reflectivity of the sensor is highest. The sensor wavelength for a sensor typically

varies with changes In the measurand value. An anomalous signal may then
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only occur when the measurand at one of the sensors In a group Is significantly
different from that of the remaining sensors Iin the group. Advantageously the

position of only the anomalous sensor experiencing the measurand anomaly

may hence be isolated and detected.

Typically, the sensors of the first set are configured such that at least a portion of
the light reflected from the sensors of each group substantially overlaps In
wavelength so as to form a group response for each group having an
uninterrupted peak width In the measured spectrum, wherein the anomalous
signal does not overlap any of the group responses In wavelength. Minor
changes In a measurand may typically be experienced between different
sensors of a given group, these minor changes corresponding to variations In
the local environment which are part of the normal operating conditions. It Is
desirable however that a measurand anomaly Is only detected and located If the
measurand Is significantly higher or lower than it was during a previous
measurement, or If it differs substantially from the measurands monitored by the
remaining sensors of the group. By arranging the sensors of each group to form
respective group responses, an anomalous signal may be identified using peak

analysis In the measured spectrum.

Preferably the sensors In each set have respective sensor wavelengths that lie
within a characteristic wavelength band for that set, wherein the characteristic
wavelength bands for the first and second sets do not overlap. For example,
each of the sensors of the second set may have a respective sensor wavelength
that remains higher or lower than any of the sensor wavelengths for sensors In
the first set over normal or high temperature variations along the waveguide.
This simplifies the signal acquisition technique because after steps (1)—(lv) are
performed, the light source may be tuned to a new wavelength to cause
reflections from sensors of the second set only without the danger of causing
unwanted reflections from sensors of the first set. For example, the light
transmitted In step (1) may have one or more wavelengths within the
characteristic wavelength band for the first set. Furthermore, the light
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transmitted In step (v) may have peak wavelengths within the characteristic

wavelength band for the second set.

Step (i) may be performed either using a broadband source or a narrowband
source. Use of a broadband source In step (1) I1s potentially more efficient
pbecause there Is no need to perform a “spectral sweep” In which the light of a
narrowband source Is incrementally increased or decreased. The light may
Instead be transmitted across the wavelength spectrum anticipated to cause
reflections from each of the sensors of the first set. By contrast a narrowband
source Is required for individually addressing the sensors of the second set In
step (v) without causing reflections from sensors of the first set. Similarly, if the
anomalous sensor Is located according to the time of flight of a reflected signal,
a narrowband source will be used In step (lv). The light source may therefore be
switchable between a broadband mode for use In step (I) and a narrowband
mode for use In step (v) and potentially also step (lv). It Is preferred however
that a narrowband source Is used throughout however due to the improved
signal to noise ratio obtainable and because simpler (and cheaper) detectors

may then be used.

Narrowband light sources have a bandwidth below 0.1 nm. Preferably however
the narrowband light source Is a monochromatic light source. These have a
pandwidth between 0.01 to 0.1 pm. Preferably still the light source comprises a
laser, wherein the linewidth of the light emitted is preferably below 75 GHz, more
preferably below 50 MHz. The light source Is preferably selectively switchable
petween a continuous wave mode and a pulsed mode. The continuous wave
mode may be used In step (1) and the pulsed mode used In step (v) and
potentially also step (lv). Further still, the light source may comprise a shutter or
switch mechanism configured to control the pulse duration of the emitted light.
The light source may hence operate In the continuous wave mode and an

external shutter or modulator be used to generate the pulses.

Each sensor of the first and second sets Is typically configured such that the

sensor wavelength 1s perturbed In response to a change In a measurand at the

sensor. For example, each sensor of the first and second sets preferably
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comprises fibre Bragg gratings, In which case the sensor wavelength of each

sensor Is Its Bragg wavelength.

The apparatus may further comprise a receiver configured to monitor the
Intensity of the light reflected along the waveguide by the second sets of
sensors. |f a narrowband or preferably monochromatic light source Is used, the
wavelength of the emitted light may be known and so there is no need to monitor
the wavelength of the reflected light. |f a particular wavelength of transmitted
light causes a peak reflection from a sensor, this wavelength can be understood
to be the sensor wavelength for that sensor. The measurand at that sensor may
hence be inferred accordingly, without the need for measuring the wavelength of
the reflected light. The recelver may therefore be configured to monitor the
measurand based on the intensity of the reflected light.

The measurand under analysis is typically temperature but may also be stress or
strain. Furthermore, the spacing between each adjacent sensor of the second

set Is typically between 0.5 and 2.0 metres.

A second aspect of the Invention provides a method for monitoring a measurand
along a waveguide using an apparatus according to the first aspect, the method
comprising:

performing steps ()—(il1) and proceeding to step (Iv) If the anomalous
signal Is detected during step (lil); and

performing steps (v)—(vil) If the anomalous signal I1s not detected during

step (l).

For example, when performing an initialisation procedure, the primary concern
may be to locate any measurand anomalies along the optical waveguide. If such
a measurand anomaly Is detected it will be desirable to locate it so that
appropriate action may be taken. Steps (i)—(iv) may be repeated each time an
anomalous signal Is detected, for example so that the measurand anomaly Is

tracked. In the event that no such measurand anomaly Is found then valuable

measurand data may nonetheless then be obtained from each of the sensors of
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the second set by performing steps (v)—(vii). Optionally, steps (i)—(iii) may be

repeated regularly, such as every 1, 10, 100 or 1000 milliseconds.

Step (i) preferably comprises determining whether the anomalous signal
corresponds to a measurand within a predetermined measurand range and
proceeding to step (lv) only If the measurand Is within the predetermined
measurand range. The predetermined measurand range typically corresponds
to predetermined values for a measurand that are outside a normal operating
range. The predetermined measurand range may hence include all values for a
measurand above and/or below a predetermined measurand value, and so may
pbe a semi-infinite range. Alternatively the predetermined measurand range may
pbe finite. For example, step (i) may comprise determining whether the
anomalous signal occurs within a predetermined wavelength range (for example
above or below a wavelength threshold) and proceeding to step (iv) only If the
anomalous signal occurs within said predetermined wavelength range.
Optionally, step (iii) may comprise determining whether the intensity of an
anomalous signal exceeds an intensity threshold and proceeding to step (iv) only
If the Intensity exceeds the intensity threshold. This may help to ensure the
anomalous signal detected is not the result of noise. Taking account of the noise

IN the data Is beneficial with each of the anomaly detection techniques

discussed.

Step (iil) may comprise detecting the anomalous signal using a spectral analysis
technique. Preferably the spectral analysis technique of step (i) comprises
comparing the measured spectrum with a target spectrum so as to detect an
anomalous signal In the measured spectrum corresponding to a difference
pbetween the measured spectrum and a target spectrum. The target spectrum
may correspond to an earlier measured spectrum obtained, for example, during

a calibration process.

Alternatively, step (ill) may be performed without reference to a target spectrum,
for example by detecting a discernible peak of a certain width in the measured
spectrum, said peak corresponding to the anomalous signal, and/or by detecting

a reflected signal within the measured spectrum occurring within a certain
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wavelength range. More generally, the spectral analysis technique may
comprise analysing the shape of the measured spectrum without reference to a
predetermined threshold of either the optical signal intensity or the measurand
value. This may Include the identification of peaks. The spectral analysis

techniqgue may comprise evaluating an excursion parameter representing a

difference between the measured spectrum and an expected spectrum and then
comparing the excursion parameter with a threshold. Such an excursion
parameter may be based upon the identification of new peaks or the movement
of an average or central position of the peaks for example. Furthermore the
spectral analysis technique may further comprise monitoring for changes In the
measured spectra obtained at different times. Thus a time series of spectra may

be measured and analysed to detect developing anomalies.

Preferably step (1) comprises transmitting light across a wavelength range
containing each of the sensor wavelengths for sensors of the first set. This may
pbe achieved either using broadband light or narrowband light (provided the
wavelength of the narrowband light is adjusted so as to cover the spectral range
encompassing each of the sensor wavelengths). For example, step (i)
comprises transmitting narrowband light in a sequence at each of the sensor
wavelengths for sensors of the first set. This sequence may comprise a series
of pulses at different wavelengths. Alternatively, the wavelength of the
narrowband light may be adjusted In a continuous manner across a range of

wavelengths including each of the sensor wavelengths.

Preferably, step (lv) comprises transmitting a pulse of narrowband light at the
characteristic wavelength. A reflected pulse may then be recelved from the
anomalous sensor only.

It 1S beneficial to operate the light source In the form of a laser in a continuous
wave mode so as to obtain the measured spectrum and also operate the same
laser In a pulsed mode for step (v) and (iv) (If appropriate). This also Is a key
enabler for applications In which repeated anomaly detection and measurand
sampling are needed In which was the method advantageously further

comprises repeatedly switching rapidly back and forth between steps (1)—(lil)
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(optionally also step (iv)) and steps (v)—(vil). This would typically be enabled by

operation of an external shutter or modulator.

Step (vi) preferably comprises monitoring the intensity of the light reflected along
the waveguide. The measurand may then be estimated Iin step (v) based on the

monitored intensity, as earlier discussed.

A third aspect of the Invention provides a sensor system comprising a target
apparatus and an apparatus according to the first aspect, wherein the
waveguide Is arranged to monitor a measurand at different positions along the
target apparatus. For example, the target apparatus may be a conduit
configured to convey a fluid. A variety of different conduits could In principle be
used, Including pipelines. Typically the waveguide Is configured to locate a leak
of said fluid from the conduit, said leak corresponding to the measurand
anomaly. For example, the conduit may be configured to carry a fluid (such as a
iquid or gas) at a temperature substantially different from the ambient

temperature of the waveguide and/or the temperature of the local environment.
In a particularly advantageous arrangement, the conduit i1s a bleed air duct of an

aeroplane. Alternatively the target apparatus may be an electrical apparatus,
such as an electrical cable. In this case the waveguide may be configured to
locate a measurand anomaly In the form of a hot-spot at a position along the
electrical apparatus. This hot-spot may be the result of insulation breakdown In

a cable or another type of failure.

A fourth aspect of the invention provides a kit comprising an optical waveguide
for monitoring a measurand at a plurality of locations and a light source
configured to transmit a pulse of light along the waveguide at a pulse duration of
at least 1 nanoseconds, the optical waveguide comprising:

a first and a second set of sensors provided along the waveguide,
wherein each sensor of the first and second sets is configured to reflect a portion
of light propagating along the waveguide at a respective sensor wavelength
corresponding to a measurand;

wherein the first set of sensors Is configured Into one or more groups

according to their sensor wavelengths, each group comprising a plurality of
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sensors, wherein the sensor wavelength for each sensor in a respective group IS
substantially equal when the measurand experienced by each of the sensors In
that group Is equal;

wherein each adjacent sensor within the second set Is separated by a

distance along the waveguide of at least 0.1 metres and greater than half the

distance travelled by the light along the waveguide during the pulse duration,
wherein adjacent sensors of each group are separated by a distance less than
half the distance travelled by the light along the waveguide during the pulse
duration, and wherein a plurality of sensors of the first set Is provided between
each adjacent sensor of the second set; and

wherein the first and second sets are configured such that the sensor
wavelength for each sensor In the first set iIs different from the sensor
wavelength for each sensor in the second set when the measurand experienced

by each of the sensors In the first and second sets Is equal.

Each of the features discussed In connection with one of the aspects may also
be used In connection with any other aspect.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described with reference to the
accompanying drawings, in which:

Figure 1 Is a schematic illustration of an apparatus according to an embodiment
of the Invention;

Figure 2 Is a flow diagram illustrating a first stage of a method In accordance
with an embodiment of the invention;

Figure 3 Is a flow diagram lillustrating a second stage of a method in accordance
with an embodiment of the invention;

Figure 4 Is an example of the spectral response from sensors In a common
group according to an embodiment of the invention;

Figure 5 Is a first example of a group response obtained according to an

embodiment of the invention:
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Figure 6 I1Is a second example of a full measured spectrum according to an
embodiment of the invention; and

Figure 7 Is a first example of a full measured spectrum Iindicating a measurand

anomaly according to an embodiment of the invention.

DETAILED DESCRIPTION

Figures 1 Illustrates an apparatus 1 in accordance with an embodiment of the
iInvention. The apparatus 1 comprises a light source 10 and a detector 20 which
are housed within an interrogator 30. The interrogator 30 comprises a control
system In the form of a computing system comprising memory (both volatile and
non-volatile) and a processor. The interrogator 30 Is configured to control the
light source 10 and the detector 20 to perform a method which will later be

discussed.

An optical waveguide 2 In the form of a fibre optic cable Is provided. The
waveguide 2 comprises a plurality of sensors 3 distributed along its length (only
the first sensor i1Is numbered In Figure 1 for sake of clarity). The light source 10
comprises a tuneable laser which is optically connected to the waveguide 2 for
emitting pulses of light into and along the waveguide 2 In a first direction 11. The
ight source 10 and the detector 20 are coupled to the proximal end of the
waveguide 2 such that the detector 20 I1s configured to receive light reflected by
the sensors 3 In a second direction 12 opposite the first direction 11. A means
for suppressing reflections (not shown) Is provided at the distal end of the
waveguide 2 from the light source 10 to prevent end reflections from propagating

down the waveguide 2 and being detected.

Each sensor 3 Is configured to reflect a portion of light travelling along the
waveguide 2 within a wavelength range for that sensor (broadly corresponding to
the FWHM), wherein peak reflections occur at a respective sensor wavelength
according to a measurand experienced by the sensor 3 (In this case

temperature). A small portion of the incident light is typically reflected by each

sensor 3, for example 1% at most. Each FBG sensor 3 is therefore of
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sufficiently low reflectivity so that sensors that are closest to the light source 10
do not strongly shadow those that are further away. Shadowing has two effects;
a reduction In the amount of light reaching a distant sensor, leading to a
reduction in the signal to noise ratio, and a distortion of the spectrum seen by the

distant sensor, leading to an apparent wavelength shift. This decreases the

accuracy of any inferred measurand reading. For example, If the sensors reflect
light with a FWHM of 0.18 nm, 26 sensors may be provided of 1% reflectivity
before the maximum error exceeds 1 °C. Alternatively 50 sensors may be
provided at a reflectivity of 0.5% or 12 sensors at a reflectivity of 2% before this
error Is reached. Maximum error occurs at the nth sensor when the closer (n—-1)

sensors have exactly the same sensor wavelength.

Each sensor 3 comprises a fibre Bragg grating (FBG) 3. An FBG comprises a
grating which Is written into the core of the waveguide 2 using spatially-varying
patterns of intense UV laser light to create periodic modulations in the refractive
Index. These periodic modulations reflect lignt propagating along the waveguide
2 at a predetermined Bragg wavelength based on a given measurand. This
Bragg wavelength may hence form the sensor wavelength earlier discussed.
FBGs can be formed to have different sensor wavelengths under similar

environmental conditions by manufacturing the gratings to have different

periodicity.

The light source 10 Is configured to emit monochromatic light having a
pandwidth of 0.04 pm. The light source 10 Is provided with a shutter (or some
other switch mechanism) which Is used to control the duration of each emitted
pulse. This shutter is typically a solid state device operating at 100 MHz to
provide 10 ns pulses, equivalently of approximately 1 metre in length. An
example of a suitable shutter is a built-in SOA (Semiconductor Optical Amplifier).
Alternatively an external modulator could be used, such as an EAM (Electro-
Absorption Modulator), or an LINbOs; Mach-Zehnder modulator. These can be
used to produce short pulses without excessive chirp and with a usefully long
period of uniform Intensity. The modulator may alternatively comprise an
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interferometric modulator, a mechanical shutter, an Electro-Optic Modulator, or

an Acousto-Optic Modulator.

Tuneable lasers have a stable output and can be configured to selectively emit
monochromatic pulsed light of a given wavelength and pulse duration through
the optical waveguide 2. These lasers may be further configured to modulate
the wavelength of said emitted light such that different pulses can be emitted at
different wavelengths. The emitted pulses will have well-defined rising and/or
falling edges to facilitate accurate signal detection. Examples of suitable lasers
10 Include external cavity lasers, ring resonators, tuneable distributed Bragg

reflector lasers and fibre lasers tuned with a Fabry-Perot cavity.

The detector 20 Is configured to monitor the intensity of the reflected light and
the wavelength of the received light I1s predicted by the interrogator 30 as being
the wavelength which the light source 10 was tuned to for each respective
emitted pulse. Alternatively however, the wavelength may be monitored directly

by the detector 20. Examples of suitable detectors therefore Include
spectrometers, Interferometers and intensity detectors. Fast and sensitive

detection Is used as the sampling rate should be high enough to ensure that
sufficient data points are sampled during the pulse. A flexible timing control for
the light source 10 Is used to modulate the wavelength (and potentially the pulse
duration) between different emitted pulses and to coordinate the detection of

returning pulses with the emission of transmitted pulses.

The sensors 3 are divided Into a first set 4 and a second set 5. The first set 4
comprises three groups of sensors: a first group 6, a second group /7 and a third
group 8 (although any number of groups may be provided). The sensors of each
group are manufactured identically so that the sensor wavelength for each
sSensor In a respective group I1s approximately equal (1.e. equal to within 0.1 nm)
when the temperature at each of the sensors in that group 1s equal. The sensor
wavelengths for sensors In each group differ substantially from that of the

sensors In other groups (typically by at least 5 nm). Under equal environmental

conditions, each of the sensors 3 In the first group 6 has a first sensor
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wavelength A, each of the sensors 3 In the second group /7 has a second
sensor wavelength A, and each of the sensors 3 in the third group 8 has a third
sensor wavelength A3. The sensor wavelength for sensors 3 In the first set 4 Is

hence labelled as A;, wherein / Is the number of the respective group to which

the sensor 3 belongs.

Only three sensors 3 are shown within each group for the sake of clarity. In
general there may be m groups provided, each group comprising n Sensors.
The precise values of n and m will depend on the specifics of the application,
such as the wavelength range of the light source, the measurand range for
which an anomaly Is detecteq, the FVWHM of the sensor reflection spectra, and
the number of measurements required. For example n may be at least 5, at
least 10, at least 50, at least 100, at least 1000, at least 2000, and m may be any

natural number but Is typically at least 2 and at most 10.

The apparatus 1 forms part of a sensor system which further comprises a target
apparatus. The waveguide 2 Is arranged to extend along the target apparatus

such that the sensors 3 of the first set 4 may detect the presence of a
measurand anomaly at a position on the target apparatus. The particular
measurand which Is monitored will depend on the application. The apparatus 1
could be used In a variety of different applications, for example for detecting the
presence of a leaking fluid from a conduit (wherein the leaking fluid I1s hotter or
cooler than the ambient environment). For example, the conduit could be a
pipeline carrying a hot liquid or gas. The apparatus 1 may hence have particular
applicability within the oll and gas Industry, as well as the chemical process
Industry. Alternatively the target apparatus may comprise electrical cabling,
wherein the waveguide Is arranged to locate hot-spots at a plurality of different
positions along this cabling. In another embodiment, the waveguide Is arranged
to detect hot-spots caused Dby Insulation breakdown Inside high-voltage
transformers. Further embodiments include the detection of hot-spots or stress

points In tunnels, bridges, ships and pipelines. The apparatus I1s generally light-
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welght and flexible, meaning it may be conveniently retrofitted to a wide variety

of existing Installations through a simple installation process.

In the present embodiment the target apparatus i1s a conduit in the form of a
bleed air duct of an aeroplane. These carry hot air from an engine around the
aeroplane and can be up to 50 m long. Should a leak occur along the conduit, a
stream of hot air will be emitted, which may be as small as 25 mm wide. The
apparatus Is therefore configured to monitor the presence of an anomaly In the
form of a hot-spot. It Is desirable to provide a high concentration of sensors 3
along a length of the air bleed duct in order to ensure any leaks are detected.
The sensors 3 of the first set 4 are therefore separated at 25 mm intervals along
the waveguide 2. This Is not achievable using conventional WDM/TDM methods
as earlier discussed. All of the sensors from each group are spatially grouped
together such that each group extends across a different region of the conduilt.
For example, only sensors from the first group may be provided along a region
of the conduit which extends across a particular wing of the aeroplane. This
enables an anomaly identifiable as resulting from the first group to be attributed
as arising from a hot-spot in the respective wing of the aeroplane. The sensors
3 of the first set 4 are hence arranged according to the demands of the target

apparatus (wherever measurand anomaly detection is most required).

The second set 5 comprises a plurality of sensors 3 manufactured identically so

as to have the same sensor wavelength 24 under equal environmental

conditions. This sensor wavelength A4 1s different from any of the sensor

wavelengths of the first set 4, and Is typically higher or lower than any of the
sensor wavelengths from the first set 4. The second set 5 Is provided for
sampling the measurand at a plurality of discrete locations along the waveguide
2, rather than for locating a measurand anomaly (which Is the function of the first
set 4). The sensors 3 of the second set 5 are typically arranged outside of "high-
risk areas” that require anomaly detection using the first set 4. The sensors 3 of
the second set 5 are more sparsely arranged along the waveguide 2 than the

first set 4. Furthermore the sensors 3 of the first set 4 are interleaved between

sensors 3 of the second set 5. In particular, a plurality of sensors 3 of the first
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set 4 Is provided between each adjacent sensor of the second set 5. Thus
measurand anomalies may be detected along the same length of waveguide 2
that Is used to sample the measurand using the second set 5. In the present
embodiment each group of sensors 3 from the first set i1s provided between two

adjacent sensors 3 of the second set 2.

Each adjacent sensor 3 of the second set 5 Is separated by a distance along the
waveguide 2 greater than half the distance travelled by the light along the
waveguide during the pulse duration. This Is the minimum separation that can
be achieved whilst requiring that the pulse reflected from each consecutive
sensor 3 Is Individually resolvable by the detector. This ensures that each
sensor 3 of the second set 5 Is addressable using TDM techniques. The factor
of a half accounts for the change In direction of the light between emitted and

reflected pulses. For a 10 ns pulse the minimum separation Is about 1.0 metres.

In some embodiments It may be desirable to have irregular spacings between

adjacent sensors of the first and second sets 4, 5. For example, each group of
the first set 4 may be arranged at a position corresponding to a section of the

target apparatus liable to overheat. Sensors 3 from the same group may be
clustered at these sections. Furthermore some of these sections may be longer
than others and so the corresponding groups overlying these sections may
comprise more sensors 3 accordingly. Similarly there may be sections of the
waveguide 2 for which it i1Is not desirable to obtain measurand readings, for
example where the waveguide Is not In close contact with the target apparatus.

Sensors 3 of the second set 5 might not be provided along these sections.

Each sensor 3 from the first and second sets 4, 5 has the same length (typically
between 1 and 10 mm). Other types of sensors could also be used for which
changes In a local measurand are transduced Iinto changes In reflection. For
example Iintensity-modulating sensors, interferometric sensors (such as Fabry-

Perot cavities) or thin-film filters may be used.

The sensors of the first set 4 may be configured to have a high peak reflectivity

In order to increase the likelihood of detecting a measurand anomaly. Within the
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second set 5, each sensor 3 may have a different peak reflectivity. For example
the peak reflectivity may increase according to the distance from the light source
10. This ensures that sensors 3 that are nearer to the light source 10 do not
Interfere with attempts to measure the sensor wavelength from sensors 3 that

are further away through shadowing (as earlier described).

Each sensor 3 of the second set 5 Is provided at a known distance from the light
source and returns an individually resolvable reflected signal. One or more
sensors 3 from the second set 5 may therefore be used to calibrate the
Interrogator 30. In particular, the time elapsed between an electrical signal being
generated to cause the emission of a pulse of light and the subsequent
measurement of the reflected pulse can be measured to calculate the speed of
the light In the waveguide 2 and any mechanical or electrical delays present.

An embodiment of a method for implementing the invention using the apparatus
10 will now be discussed. The first stage of the method involves a process for

locating a measurand anomaly. This will now be discussed with reference to the
flow diagram of Figure 2. Initially, with the shutter closed, the light source 10 Is

tuned to a first wavelength corresponding to the lowest sensor wavelength within
the first group 6 that I1s anticipated over a predetermined measurand range
(generally the full working range for the sensors 3). Typically the sensor
wavelength is perturbed by up to 1 nm per 100 °C change in temperature. A full

working range for a sensor 3 Is hence typically between 1 and 2 nm.

At step 101 monochromatic light Is transmitted from the light source 10 along the
waveguide 2 by operation of the shutter. If the wavelength of the emitted light Is
within a respective wavelength range for a sensor 3 (approximating to the
FWHM of the sensor, centred on the sensor wavelength), that sensor 3 will
reflect a proportion of the emitted light back towards the Interrogator 30.
Maximum reflections (I.e. where the intensity of the reflected light is greatest) will
occur when the wavelength of the emitted light Is equal to the sensor
wavelength. In this embodiment the FVWHM of each sensor 3 Is approximately
0.3 nm however more generally the FWHM may vary between 0.1 to 2 nm,

depending on the size of the FBGs chosen. |In some embodiments it may be
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desirable to use sensors 3 which reflect light at a FWHM between 0.1 to 0.2 nm.
Minor perturbations of the sensor wavelength that occur due to a change In

measurand are detectable as a modulated peak frequency.

The Iintensity of any reflected light iIs monitored by the detector 20 at step 102.
The wavelength for the reflected light Is determined by the interrogator 30 from
the wavelength which the light source 10 was tuned to prior to the reflected light

being detected.

At step 103, with the shutter closed, the wavelength of the light produced by the
light source 10 Is Increased, for example by 100 pm, and the shutter is then
operated to transmit light along the waveguide 2 at a new wavelength.
Alternatively the shutter may remain open whilst the wavelength Is increased
and the reflected light Ignored untll the desired wavelength Is reached.
Optionally the shutter may then be operated to transmit a pulse of light at the
new wavelength. By using a light source with a banawidth that Is substantially

less than the FVWHM of the sensor 3, and by incrementing the wavelength of the
emitted light In Intervals that are substantially smaller than the FWHM (for

example Intervals one fifth of the FWHM), enough samples are made of the
reflection spectrum of each sensor 3 In the first group 6 so that a good measure
of the sensor wavelengths in that group can be made. Steps 101 to 103 are
repeated until the highest wavelength within the predetermined range associated
with the first group 6 Is reached. These steps are then repeated for each of the
remaining groups /7, 8. The wavelength of the emitted light remains within a
characteristic wavelength band corresponding to the first set 4 only during this
process. This wavelength band is typically within the range of 1528 to 1568 nm
(corresponding to the “C band” referred to in the telecommunications industry).
The intensity of the light reflected at each of the wavelengths is then aggregated
to obtain a measured spectrum corresponding to sensors 3 In the first set 4 only.

Optionally a curve may be fitted to the measured spectrum as part of step 103.

Steps 101-103 could be performed using either pulsed or continuous emission

of light, with the wavelength Iinformation obtained from the Interrogator 30.

Alternatively, a broadband light source could be used to emit continuous or
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pulsed light across the entire wavelength range, whilst the Intensity and

wavelength of the reflected light Is monitored using a spectrometer.

The signal transmission and acquisition steps (101-103) may be completed
across the characteristic wavelength band for the first set 4 rapidly and in as little
time as 1 millisecond or less. [t Is advantageous for these steps to therefore be
repeated several times to build an averaged measured spectrum having an
Improved signal to noise ratio than could be achieved using a single scan.

A first example of a spectrum comprising signals In the form of reflections from
sensors 3 In the first group 6 Is shown by Figure 4. Each signal Is overlapping In
wavelength. Although each of the sensors 3 Is manufactured so that the
gratings have the same periodicity, changes In temperature or strain (for
example), as well as minor manufacturing deviations, between the different
sensors 3 will cause the respective sensor wavelengths to differ slightly, as
shown by Figure 4. When aggregated however, the sensor wavelengths form a

group response shown by Figure 5 having an uninterrupted peak In the

measured spectrum, centred at a wavelength of approximately A,.

In Figure 4 the Intensity of the reflected pulse from each sensor 3 IS
approximately 25% of the saturation value of the detector 20. When these
signals are aggregated into the spectrum of Figure 5, the detector 20 saturates,
giving the flat-topped response shown. It Is not possible to determine the
wavelength of any given sensor 3 within this broad reflection feature, although
the range of maximum and minimum temperatures along the waveguide 2 can
be estimated by looking at the low and high wavelength edges of the feature. In
some embodiments the saturation point for the detector occurs at just above
100% of the output power for the light source, as this can allow for improved
intensity measurements. Sensors 3 of any reflectivity may be used provided a
clean signal i1s obtainable.

Figure 6 further shows a measured spectrum indicating the group response from
each of the groups 6, 7, 8 of the first set 4. At step 104 this measured spectrum

IS analysed. In the present embodiment the measured spectrum i1s compared to
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a target spectrum and any differences are identified by the interrogator 30. The
target spectrum may be a spectral response stored in memory that the sensors 3
are expected to provide under "normal operating conditions” In which no
measurand anomaly occurs. The target spectrum could correspond to an earlier

measured spectrum, for example, for which no measurand anomaly occurred,

and may be generated by a calibration process. The measured spectrum may
then be subtracted from the target spectrum (resulting In a “difference

spectrum”) so as to identify the anomaly.

Alternatively, a method of peak analysis may be performed on the measured
spectrum In which the group responses are identified together with any other
distinct peaks which do not overlap the group response. The group responses
may hence form the target spectrum with which the measured spectrum (which
further includes any other peaks) Is compared. |In some cases the anomaly may
therefore be identified by spectral analysis with no predetermined threshold of
optical signal Iintensity or measurand value. In this approach an excursion
parameter may be defined to represent the excursion of the anomaly outside the
‘normal range” of the measurand represented In the spectrum, with this

excursion parameter then being compared with a threshold.

The spectral analysis, whether defining an excursion parameter or otherwise,
could involve the detection of a separately-resolvable peak, such as by looking
for a point of upward Iinflection on the downward-sloping part of the reflection
spectrum. Hence, no prior knowledge of the value of the anomaly Is needed and
Nno comparison Is made with any stored signal from an anomaly-free array. This
IS particularly advantageous In practice since it simplifies any initial or regular
calibration requirements and tolerates any long term drift in the system data
caused by changes Iin the physical system rather than the measurand itself.

A further approach, which may be used in combination with either of the above
described techniques, Is to identify the anomaly by looking for changes In the
spectrum over time. This may be achieved by performing a scan of the relevant
wavelengths as described (steps 101-103), comparing the spectral data

obtained with that of a previous scan (such as by subtracting the previous scan
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data) and then looking for evolving features Iin the spectral data. Anomalies can
be classified on the basis of the shape of the “difference spectrum” (resulting
from the comparison), features in the difference spectrum exceeding a threshold
value of Intensity or wavelength or the rate of change of features In the

difference spectrum as a function of the number of scans. The difference

spectrum could be calculated from the running average of any number of

previous spectra or an appropriate time-weighted average.

Figure 7 provides an example of a measured spectrum exhibiting a peak having
a characteristic wavelength Ay which does not overlap any of the group
responses. In this example each of the sensors 3 within the second group 7 IS
at a similar temperature except one, which Is experiencing a temperature
anomaly In the form of a "hot-spot”. The sensor wavelength of this anomalous

sensor Is therefore perturbed to A, (towards a longer wavelength). The

anomalous signal has a FWHM of 0.3 nm. The group responses are

exaggerated In the drawings, but produce a broader feature in the measured
spectrum, extending over a greater wavelength range than the anomalous

signal. In Figure /7, each group response has a width of approximately 1 nm.
The group response for the second group /7 and the anomalous signal are

separated by 0.5 nm, corresponding to a temperature difference of 50 °C.

Any differences between the target and measured spectra are then investigated
using any of the techniques described above. At step 1095, If the intensity of a
resultant signal corresponding to the difference between the target and
measured spectra exceeds an intensity threshold corresponding to "noise level”
(for example 5% detector saturation), this signal is attributed to an anomalous
signal originating from an anomalous sensor experiencing a measurand
anomaly. In some embodiments anomalous signals are only identified for peaks
within a predetermined wavelength range, for example above or below a
wavelength threshold, the wavelength threshold corresponding to a minimum
temperature deviation that a temperature anomaly must have. For example, a
requirement may be set that temperature anomalies are only detected If the

wavelength change is at least 0.4 nm; corresponding to a 40 °C temperature



10

15

20

29

30

27

change relative to the group response or a pre-stored spectrum. In other cases
the anomaly Is Identifiled based upon a deviation or change In the response,
rather than relying upon the absolute magnitude of the wavelengths or intensities

IN question.

In yet a further example, step 105 may be performed without reference to a
target spectrum at all. For example, the anomalous signal could be detected by
looking for a peak In the measured spectrum occurring at a predetermined
wavelength or wavelength range that corresponds to a measurand anomaly (on
the basis that a reflection will only occur at this wavelength if a measurand
anomaly is present). Optionally the interrogator 30 may only detect signals
having a threshold width and/or height In the measured spectrum. NoO
comparison Is needed, other than with stored values for threshold intensity, width

of feature and potentially the maximum intensity of the feature.

Alternatively still, the interrogator 30 may be configured to detect a minimum In

the measured spectrum (the minimum occurring between the group response
and the anomalous signal) in order to detect the presence of the anomalous

signal. Alternatively, an Intensity threshold may be used to detect the presence
of the anomalous signal. For example, rather than looking for a minimum and
then a maximum, the Interrogator 30 may look for a signal crossing a threshold
Intensity In a positive direction and then in a negative direction. The mid-point of
those two crossings can then be calculated to determine the peak wavelength of

the anomalous signal.

Referring again to Figure 7, a peak centred at A, which does not overlap any of

the group responses Is identifiable. It can be assumed that this signal originates
from a sensor within the second set, because It Is closest to the group response

for the second set /7. Each group may be assigned its own intensity and
wavelength thresholds which is programmed into the firmware of the interrogator

30. The thresholds may controllable using software on the interrogator 30. In

the present case, the peak centred at A, exceeds the Intensity threshold for the

second group /7 and so Is identifled as an anomalous signal. The anomalous
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signal corresponds to a reflected pulse originating from an anomalous sensor of
the second group /7 which Is located proximal to a leak In the conduit and
consequently experiencing a hot-spot. The location of the measurand anomaly
may hence be approximated to somewhere within the portion of the waveguide

comprising the sensors of the second group 7. Pre-stored information regarding

the layout of the sets may then be used to relate this location to a portion of the
conduit containing the leak. In some applications this may provide sufficient
iInformation for the method to proceed straight to step 109 where a decision Is
made regarding whether to raise an alarm and Initiate any other precautionary
measures. For example, In the bleed air application earlier discussed, each duct
may comprise several “isolation zones” each separated by one or more valves.
Each group of sensors from the first set 4 may be located within a respective
Isolation zone. Alternatively there may be more than one group per isolation
zone, but not more than one Isolation zone per group. Detection of the group In
which the anomaly occurred Is therefore sufficient to enable a decision to be

made to close the valve(s) corresponding to that isolation zone. The method
may then proceed to steps 106—-108 so that a more precise location of the

measurand anomaly may be found. This Information may be used to help the
maintenance crew find the leak more quickly and without needing to remove
access panels unnecessarily. In the present embodiment the method Instead
proceeds from step 105 directly to steps 106-108 so that a more precise

location of the measurand anomaly may be found.

The sensor wavelength of the anomalous sensor Is then identified as the peak
wavelength for the anomalous signal. The corresponding measurand value Is
calculated to an accuracy of = 5°C (or less) and this data is subsequently stored
INn memory. In some embodiments the method then proceeds to step 106 only If
the measurand value for the anomalous sensor exceeds a pre-determined
measurand threshold. If no anomalous signal Is detected, or the measurand
value does not exceed the pre-determined measurand threshold, the method
proceeds to the second stage 200 (Figure 3), at which point the measurand Is
measured at positions along the waveguide using the second set 5. This will be

discussed later. Alternatively, steps 101-105 could be repeated at this point.
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At step 106 the wavelength of the light produced by the light source 10 Is tuned
to a characteristic wavelength for the anomalous signal and a pulse of light Is
subsequently transmitted along the waveguide 2. In some instances it may not
be possible to tune the wavelength of the light produced by the light source 10

exactly to the sensor wavelength, for example because the tuning occurs In

discrete steps and the peak value falls between two tuning points. The
characteristic wavelength may therefore be the wavelength, closest to the
sensor wavelength of the anomalous sensor, at which the light source 10 Is able
to transmit light. Preferably the characteristic wavelength occurs within the
FWHM of the anomalous signal in order for a reflected pulse to be returned with
at least 50% of the maximum possible intensity. Outside this range the reflection

would be weaker but may still be measurable.

It Is of significant advantage In practice that the anomaly detection Is performed
by analysis of a spectrum acquired by a CW (continuous wave) laser capable of
also operating in a pulsed mode. Such a laser provides advantages, when in
CW mode, in terms of signal strength, duration and relaxation of requirements
on detector speed, and on the sample rate and timing of the digital sampling of
the output of the detector. In such a case the anomaly location Is performed by
tuning the laser to the anomaly and switching the same laser to pulsed mode,
where only timing considerations are important and measurement of the precise
amplitude of the returned signal I1s not critical. This pulsed mode may also be In
the second stage 200 of monitoring the measurand using the second set /.
Thus only a single light source 10 is used, which can operate in CW mode (or
Indeed pulsed mode) for the spectral measurements and the same source IS
operated In pulsed mode for the location measurement. The use of these
alternative modes allows optimisation for each function. Switching rapidly back
and forth between a scanning mode and a locating mode (with any type of
suitable laser) allows the evolution of any anomaly to be tracked and reduces
the risk of the timing mode losing track of the anomaly In the wavelength
domain. This switching can be repeated effectively indefinitely. The switching Is

preferably performed rapidly enough such that the anomaly does not move by
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more than a predetermined fraction of the peak with e.g., 0.5 x (FBG FWHM)

between scan/pulse cycles.

At step 107 the time of flight for the reflected pulse I1s monitored by the
Interrogator 30. The location of the anomalous sensor (from which the

anomalous signal originates) I1s calculated at step 108 from the time of flight

using d = < where d is the distance from the Interrogator 30, c Is the speed of

2N

light In @ vacuum, f is the time elapsed between when the pulse was emitted by
the light source 10 and when the reflected pulse was detected by the detector 20
(1.e. the "time of flight”), and n Is the effective refractive index of the waveguide 2.
The distance calculated according to this equation Is then compared to pre-
stored data concerning the layout of the waveguide 2 so as to determine the
location of the anomalous sensor and therefore also the location of the
measurand anomaly. For example, If the waveguide 2 Is installed In a vehicle,
the calculated distance may correspond to a particular position in the vehicle

where a measurand anomaly has been detected (typically to an accuracy of +
0.5 m). Optionally, pre-stored information regarding the distribution of the

sensors 3 may also be used to more accurately determine the location of the

anomalous sSensor.

The method then proceeds to step 109 where the interrogator 30 determines
whether or not to iIssue an output signal, for example which triggers an alarm.
For example, the measurand value may be compared to a threshold value,
which may be specific to that location along the waveguide 2. For a bleed air
application, the normal operating temperature range may be —55 to 125 °C and
the temperature which may be experienced during a measurand anomaly may
be as high as 300 °C. In practice, the threshold value may be 20 °C higher than
the expected maximum operating temperature. If the interrogator 30 determines
that an alarm should be raised, the output signal iIs generated causing an alarm
to be triggered on a user interface (not shown) that I1s electrically connected to
the Interrogator 30. The alarm informs the user of the location of the measurand
anomaly and optionally the measurand value itself (e.g. the temperature of the

hot-spot) so that the user can act accordingly. This data will be stored In the
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memory of the interrogator 30. Optionally, an output signal triggering an alarm
may be generated immediately after the detection of an anomalous signal in step
106. In other embodiments a control system (which may form part of the
Interrogator or correspond to a separate computing system) may automatically

take action In response to the output signal, for example to operate a fire

extinguisher onto a section of the target apparatus corresponding to the location
of the anomalous sensor. Alternatively, the control system could change the

operation of the target apparatus in response to the output signal.

The method then proceeds to step 110 whereupon it returns to step 101 and the
process of detecting a measurand anomaly repeats. The presence of any
measurand anomalies may therefore be tracked until no such anomalies are
detected. At this point the method then proceeds from step 105 to the second
stage 200 (Figure 3). Alternatively, the method may proceed directly from step
109 to the second stage 200.

The Interrogator 30 may be configured to determine the presence of a fault, for
example resulting from a broken fibre or failled connector. This may be achieved

by monitoring the measured spectrum, for example at step 104, to detect the
presence of an elevated broadband back-reflection level, or a significant loss of
reflected signal compared to an earlier stored spectrum. The earlier stored
spectrum could be a recently obtained measured spectrum, for example from the
preceding operational scan. Alternatively, rather than a stored spectrum, pre-
stored information about expected reflection levels may be used to detect the
fault. If a fault Is detected, the light source 10 may be tuned to a wavelength
outside of the sensor wavelengths and one or more pulses of light may be
emitted. By calculating the time of flight of the reflected signal as before, the
position of the fault can be identified. This position will be reported and stored In
memory to later be fixed during maintenance. Fast signal processing at the
iInterrogator 30 enables the apparatus to report the results of scans and the

status of the system at rates of 10 to 100 Hz.

The second stage 200 will now be described with reference to the flow diagram

Figure 3. The method begins at step 201 wherein the wavelength of the
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monochromatic light produced within a tuneable laser 10 Is set to a wavelength
within a characteristic wavelength band associated with the second set 5 of
sensors. This characteristic wavelength band corresponds to the range of
wavelengths in which reflections are anticipated from sensors of the second set

5 over the normal operational range for the apparatus 10. No reflections from

any of the sensors 3 In the first set are expected at these wavelengths. The
characteristic wavelength band for the second set 5 does not overlap that of the
first set 4. The characteristic wavelength band for the second set 5 may

however also lie Inside the C band earlier discussed.

At step 202 the detector 20 Is set by the Interrogator 30 to only monitor light for a
fixed time window after a pulse has been emitted by the light source 10 that
corresponds to light that has been reflected from the nearest (i.e. first) sensor
from within the second set 5. The gain level (i.e. signal amplification) of the
detector 20 is also Initially set to a level that I1s associated with this sensor, as Is
standard for TDM. At step 203 a first pulse train i1s emitted into the waveguide 2.
The pulse train comprises a plurality of individual pulses at different wavelengths
that lie within the characteristic wavelength band of the second set 5. The first
pulse typically has a wavelength equal to the minimum wavelength of the
characteristic wavelength band attributed to the second set 5. The wavelength
of each subsequent pulse of monochromatic light within the first pulse train is
Increased by 100 pm so as to span the characteristic wavelength band, reaching
the maximum wavelength in the characteristic band in 50 pulses. In alternative
embodiments the characteristic wavelength band for the second set 5 may be
spanned In only 20 pulses (with larger wavelength intervals between each

pulse).

The wavelength spacing between each pulse Is determined by the spectral
resolution needed to calculate the sensor wavelength and so varies according to
the processing technique and the FWHM of the sensors 3. The minimum
spacing In time between each emitted pulse Is determined by the distance

pbetween the interrogator 30 and the last sensor 3 of the second set 5 (measured

along the waveguide 2). In particular, It i1s desirable that the reflection from the
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most distant sensor 3 of the second set 5 returns to the interrogator 30 before
the first reflection from the next pulse. For example, for a standard optical fibre
having a most distant sensor that iIs 100 metres from the interrogator 30, the
maximum round trip travel time for a reflected pulse Is approximately 1

microsecond. A delay of at least 1 microsecond should therefore be used

between each successive pulse emission.

The intensity of the light reflected from the first sensor is monitored at step 204
(according to the detector settings of step 202) either during or after pulse
emission. Steps 202 to 204 are then repeated for each of the remaining sensors
within the second set 5 so that signal readings are taken for each sensor
separately. In an alternative embodiment, step 202 may be avoided and step
204 may then be Implemented by sampling the reflected light In quick
succession and by identifying the sensor from which each reflection is returned

according to the order or intensity of the reflected pulses.

The method then proceeds to step 205, at which point a spectrum is plotted for
data acquired by the detector 20 for each ‘time slot’ associated with a given

sensor 3. A method of peak detection Is then performed at step 206 on the
resulting spectrum to infer the sensor wavelength of each sensor 3 from the
Intensity of the reflected light. The measurand (typically the temperature) at
each sensor 3 of the second set 5 Is then calculated by the interrogator 30 at
step 20/ based on the respective sensor wavelength. This output will then be

communicated to a user via an external device (not shown).

The use of first and second sets of sensors for both detecting measurand
anomalies using a high concentration of sensors and monitoring the measurand
itself at other discrete locations therefore provides significant advantages over
the prior art. The apparatus can hence be used as a means for extracting
valuable operational data from a target apparatus. The apparatus may be
flexible, lightweight and inexpensive to install. Furthermore, the use of optical

sensors makes the apparatus well-suited for a variety of different applications,

as earlier discussed.
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CLAIMS

1. An apparatus for monitoring a measurand along an optical waveguide
comprising:

an optical waveguide;

a light source configured to selectively emit narrowband pulsed light of a
given wavelength and duration through the optical waveguide and further
configured to modulate the wavelength of said light;

a first and a second set of sensors provided along the waveguide,
wherein each sensor of the first and second sets Is configured to reflect a portion
of light propagating along the waveguide at a respective sensor wavelength
corresponding to a measurand;

wherein the first set of sensors Is configured Into one or more groups
according to their sensor wavelengths, each group comprising a plurality of
sensors, wherein the sensor wavelength for each sensor in a respective group IS
substantially equal when the measurand experienced by each of the sensors In
that group Is equal;

wherein each adjacent sensor of the second set Is separated by a
distance along the waveguide greater than half the distance travelled by the light
along the waveguide during the pulse duration, wherein a plurality of sensors of
the first set is provided between each adjacent sensor of the second set; and

wherein the first and second sets are configured such that sensor
wavelength for each sensor In the first set Is different from the sensor
wavelength for each sensor in the second set when the measurand experienced
by each of the sensors In the first and second sets Is equal;

a detector configured to monitor the light reflected by the first and
second sets of sensors; and

a control system configured to locate a measurement anomaly by
causing the following steps to be performea:

(1) transmitting light along the optical waveguide using the light

SOUrce;
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(I1) monitoring the light reflected by the first set of sensors so as to
obtain a measured spectrum representing a measurand
experienced by each of the sensors In the first set;

()  detecting an anomalous signal In the measured spectrum, the

anomalous signal having a characteristic wavelength and

originating from an anomalous sensor of the first set of sensors,
the anomalous sensor experiencing the measurand anomaly; and

(Iv)  locating at least the group comprising the anomalous sensor;

wherein the control system Is further configured to monitor a measurand

at a plurality of positions along the optical waveguide by causing the following
steps to be performed:

(V) emitting a pulse train of narrowband light along the optical
waveguide, the pulse train comprising a plurality of pulses at
different respective peak wavelengths;

(vi)  monitoring the light reflected by the second set of sensors along

the waveguide; and
(vil)  estimating a measurand for each sensor Iin the second set based

on the monitored light reflected by the second set.

2. An apparatus according to claim 1, wherein step (iv) comprises locating
the anomalous sensor by transmitting a pulse of light at the characteristic

wavelength of the anomalous signal and monitoring the time of flight for the

reflected signal.

3. An apparatus according to claims 1 or 2, wherein the first and second
sets are arranged such that two sensors of the first set are provided adjacent to

each sensor of the second set.

4. An apparatus according to any of claims 1 to 3, wherein the groups are

spatially separated from each other along the waveguide.

5. An apparatus according to any of the preceding claims, wherein the
second set of sensors Is configured such that the sensor wavelength for each
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sensor In the second set Is substantially equal when the measurand experienced

by each of the sensors In the second set Is equal.

o. An apparatus according to any of the preceding claims, wherein each
group of sensors In the first set has a higher spatial density of sensors than the

second set.

/. An apparatus according to any of the preceding claims, wherein each
adjacent sensor of each group In the first set Is separated by a distance along
the waveguide less than half the distance travelled by the light along the

waveguide during the pulse duration.

8. An apparatus according to any of the preceding claims, wherein the
sensors of the first set are configured such that at least a portion of the light
reflected from the sensors of each group substantially overlaps in wavelength so
as to form a group response for each group having an uninterrupted peak width
IN the measured spectrum, and wherein the anomalous signal does not overlap

any of the group responses in wavelength.

9. An apparatus according to any of the preceding claims, wherein the
sensors In each set have respective sensor wavelengths that lie within a
characteristic wavelength band for that set, wherein the characteristic

wavelength bands for the first and second sets do not overlap.

10. An apparatus according to claim 9, wherein the light transmitted in step
(1) has one or more wavelengths within the characteristic wavelength band for

the first set.

11. An apparatus according to claims 9 or 10, wherein the light transmitted
INn step (v) has peak wavelengths within the characteristic wavelength band for

the second set.

12. An apparatus according to any of the preceding claims, wherein the light
source Is switchable between a broadband mode for use In step (I) and a

narrowband mode for use In step (v).
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13. An apparatus according to any of the preceding claims, wherein said

light source comprises a laser.

14. An apparatus according to any of the preceding claims, wherein the light
source Is configured to emit narrowband pulsed light in step (v) having a

bandwidth below 0.1 nm.

15. An apparatus according to any of the preceding claims, wherein the light
source Is configured to emit monochromatic pulsed light in step (v) having a

pandwidth below 0.1 pm.

16. An apparatus according to any of the preceding claims, wherein the light
source Is selectively switchable between a continuous wave mode and a pulsed

mode.

17. An apparatus according any of the preceding claims, wherein said light

source further comprises a shutter or switch mechanism configured to control

the pulse duration of the emitted light.

18. An apparatus according to any of the preceding claims, wherein each
sensor of the first and second sets Is configured such that the sensor
wavelength Is perturbed In response to a change In a measurand at the sensor.

19. An apparatus according to any of the preceding claims, each sensor of
the first and second sets comprises fibre Bragg gratings and wherein the sensor

wavelength of each fibre Bragg grating I1s a Bragg wavelength.

20. An apparatus according to any of the preceding claims, further
comprising a receiver configured to monitor the intensity of the light reflected

along the waveguide by the second sets of sensors.

21, An apparatus according to claim 20, wherein the receiver Is configured

to monitor one or more measurands based on the intensity of the reflected light.

22, An apparatus according to any of the preceding claims, wherein the

measurand Is temperature, stress or strain.
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23. An apparatus according to any of the preceding claims, wherein the
separation between each adjacent sensor of the second set Is between 0.5 and
2.0 metres.

24 A method for monitoring a measurand along a waveguide using an
apparatus according to any of the preceding claims, the method comprising:
performing steps ()—(ll1) and proceeding to step (Ilv) If the anomalous
signal I1s detected during step (lil); and
performing steps (v)—(vii) If the anomalous signal I1s not detected during
step (lli).

25. A method according to clam 24, wherein step (i) comprises
determining whether the anomalous signal corresponds to a measurand within a
predetermined measurand range and proceeding to step (iv) only If the

measurand Is within the predetermined measurand range.

20. A method according to claims 24 or 25, wherein step (illl) comprises
determining whether the anomalous signal occurs within a predetermined

wavelength range and proceeding to step (lv) only If the anomalous signal

occurs within said predetermined wavelength range.

217 A method according to any of clams 24 to 26, wherein step (i)
comprises determining whether the intensity of an anomalous signal exceeds an
Intensity threshold and proceeding to step (iv) only If the intensity exceeds the

Intensity threshold.

28. A method according to any of clams 24 to 27, wherein step (i)

comprises detecting the anomalous signal using a spectral analysis technigque.

29. A method according to claim 28, wherein the spectral analysis technique
comprises comparing the measured spectrum with a target spectrum so as to
detect the anomalous signal in the measured spectrum corresponding to a

difference between the measured spectrum and a target spectrum.

30. A method according to claims 28 or 29, wherein the spectral analysis

technique comprises analysing the shape of the measured spectrum without
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reference to a predetermined threshold of either the optical signal intensity or the

measurand value.

31. A method according to any of claims 28 to 30, wherein the spectral
analysis technique further comprises evaluating an excursion parameter

representing a difference between the measured spectrum and an expected
spectrum and then comparing the excursion parameter with a threshold.

32. A method according to any of claims 24 to 31, wherein the spectral
analysis technique further comprise monitoring for changes in the measured

spectra obtained at different times.

33. A method according to any of clams 24 to 32, wherein step (i)
comprises transmitting light across a wavelength range containing each of the

sensor wavelengths for sensors of the first set.

34. A method according to any of clams 24 to 33, wherein step (i)
comprises transmitting narrowband light in a sequence at each of the sensor

wavelengths for sensors of the first set.

35. A method according to any of claims 24 to 34, wherein step (iv)
comprises transmitting a pulse of narrowband light at the characteristic

wavelength

306. A method according to any of claims 24 to 35, wherein step (i)
comprises operating a laser in a continuous wave mode and wherein step (iv)

comprises operating the same laser in a pulsed mode.

37. A method according to any of claims 24 to 36, wherein step (vi)
comprises monitoring the intensity of the light reflected along the waveguide,
wherein the measurand Is estimated In step (vi) based on the monitored

Intensity.

38. A sensor system comprising a target apparatus and an apparatus

according to any of claims 1 to 23, wherein the waveguide Is arranged to monitor

a measurand at different positions along the target apparatus.
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39. A sensor system according to claim 38, wherein the target apparatus Is

a condulit configured to convey a fluid.

40. A sensor system according to claim 39, wherein the waveguide IS
configured to locate a leak of said fluid from the conduit, said leak corresponding

to the measurand anomaly.

41. A sensor system according to claims 39 or 40, wherein the condult Is a

bleed air duct of an aeroplane.

42 A sensor system according to claim 38, wherein the target apparatus Is
an electrical apparatus.

43. A Kit comprising an optical waveguide for monitoring a measurand at a
plurality of locations and a light source configured to transmit a pulse of light
along the waveguide at a pulse duration of at least 1 nanoseconds, the optical
waveguide comprising:

a first and a second set of sensors provided along the waveguide,
wherein each sensor of the first and second sets is configured to reflect a portion
of light propagating along the waveguide at a respective sensor wavelength
corresponding to a measurand;

wherein the first set of sensors Is configured Into one or more groups
according to their sensor wavelengths, each group comprising a plurality of
sensors, wherein the sensor wavelength for each sensor in a respective group IS
substantially equal when the measurand experienced by each of the sensors In
that group Is equal;

wherein each adjacent sensor within the second set Is separated by a
distance along the waveguide of at least 0.1 metres and greater than half the
distance travelled by the light along the waveguide during the pulse duration,
wherein adjacent sensors of each group are separated by a distance less than
half the distance travelled by the light along the waveguide during the pulse
duration, and wherein a plurality of sensors of the first set Is provided between
each adjacent sensor of the second set; and
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wherein the first and second sets are configured such that the sensor
wavelength for each sensor In the first set Is different from the sensor

wavelength for each sensor in the second set when the measurand experienced

by each of the sensors In the first and second sets Is equal.
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