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(57) Abréegée/Abstract:

An Interferometer apparatus for an optical fibre system and method of use Is described. The Interferometer comprises an optical
coupler and optical fibres which define first and second optical paths. Light propagating in the propagating in the first and second
optical paths Is refelected back to the optical coupler to generate an interference signal. First, second and third interference signal
components are directed towards respective first, second and third photodetectors. The third photodetector is connected to the
coupler via a non-reciprocal optical device and Is configured to measure the intensity of the third interference signal component

directed back towards the input fibre. Methods of use In applications to monitoring acoustic perturbations and a calibration method
are described.
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ABSTRACT

An interferometer apparatus for an optical fibre system and method of use is described.
The interferometer comprises an optical coupler and optical fibres which define first and
second optical paths. Light propagating in the propagating in the first and second optical
paths is refelected back to the optical coupler to ganerata an interferance signal. First,
second and third interfarence signal components are directed towards respectivs first,
second and third photodetectors. The third photodetector is connected to the coupler
via @ non-reciprocal optical device and is configured to measure the intensity of the third
interference signal component directed back towards the input fibre. Methods of use in

applications to monitoring acoustic perturbations and a calibration method are described.

FIGURE 1
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OPTICAL SENSOR AND METHOD OF USE

Field of the Invention

The present invention relates to optical sensors and, in particular, to an interferometer
and methaods of use.,

Backdground to the invention

The henefits of optical fibres have been demonstrated in a number of sensing
applications. The two major areas are: (i) distributed opticai fibre sensors, and (i)
multiplaxed point sensor arrays.

Distributed sensors utilise the intensity of backscatter light, with Raman and/or Briilouin
neaks in the light signal utilised to measure temperature, strain or pressure. Distributed
sensors offer a number of advantages including continuous sensing along the entire
length of fibre, and flexibility and simplicity of the sensor, which may be standard
telecoms optical fibre. For example, a distributed sensor may provide 10,000
measurement points along 10km of optical fibre with a 1 m spatial resolution. Distributed
gansor systems therefore offer low installation and ownearship costs.

However, dus to their slow response, distributed sansors are usually only used in
applications where measuraments taking in order of several seconds to hours are
acceptable. The most common sensors of this type are the distributed temperature

sansors (DTS), which are made by a number of companies. A typical performance of a
DTS is 1m spatial resolution and 1°C temperature resolution in 60 seconds over a 10 km

range.

Distributed sensors have also been used to measure strain by utilising Brillouin shifts in
reflected or backscattered light, as described in US 8,555,807 [1] or WO 98/27406 [2].
The frequency of the Brillouin shift is about 1 MHz/ 10p¢ and its linewidth is about
30MHz. The strain in an order of 10 pe can be determined along an optical fibre using
the narrow frequency scanning methods described. Mowever, using these approaches,
the scanning rate is much slower than the pulse repetition rate and measurement times
are typically in the order of few seconds to few minutes,
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More recently, a technique for faster measuramsnt of Briliouin frequency shift has been
proposed in US 7,355,163 [3]. This technique uses a frequency to amplitude

convertor which may be in a form of an optlcal fibre Mach-Zehnder interferometer with a
3X3 coupler at its output. However, the strain rasolution is limited by the linewidih of the
Brillouin light and therefore the optical path length difference in the interferometer should
be kept within the coherence length of the Brillouin light. Also, the polarisation fading
between the two paths of the interferometer, the offset and gain variations of the
photodetector receivers would significantly limit the strain measurement. Measurement
times of around 0.1 seconds (10 Hz) with strain resolution of 50 e have been rec‘ently
reponted using this technigue,

For many applications, such as acoustic sénsing, much higher sensitivities and faster a
rmeasurement time in the order of 1 millisecond (1 kHz), 0.1 millisecond (10kHz} or .01
millisecond (100kHz) is required,

Multiplexed point sensors offer fast measurements with high sensitivity and are used, ior
examplé, in hydrophone arrays. The main application for these in the energy market is
for towed and seafloor seismic arrays. However, unlike with distributed sansors,
multiplexed point sensors cannot be used where full coverage is required. The size and
the position of the sensing elements are fixed and the number of sensors multiplexed on
a single fibre is typically limited to 50 10 100 slements. Furthermore, the sensor design
ralies on additional optical fibre components leading to bulky and expensive array
architectures. There is also considerable effort {o incraase the number of sensors thal
can be effictantly multiplexed on a single length of fibre.

Optical-time-domain reflectometry (OTDR) is a2 well known tachnique that has been used
to tast optical fibre communications cables, In order to raduce the effect of coherent
backscatter interference, which is sometime is referred to as Coherent Rayleigh Noise, &
broadband light source is normally used. However, proposals have also been made In
US 5,194,847 [4] 1o use coherent OTDR for sensing intrusion by detecting the fast
changes in a coherent backscatter Rayleigh signal. In addition, Shatalin et al. [5)
describes using coherent Raylaigh as a distributed optical flbore alarm sensor.

WO 2008/056143 [6] describes a disturbance sensor similar to that of US 5,194,847 [4]
using a semiconductor distributed feadback laser source. A fibre Bragg grating filter of

WIT-OSU/PCT-GCDA
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preferably 7.5GHz 1s used to reject out-of-band chirped light and, thereby, improve the

coherance of the laser pulse sant into the fibre. However, this requires matching of the
laser wavelangth with the narrow band opticat filker, which results in the signal visibility

variation being reduced compared to a system which uses a very high coherent source
as proposed by US 5,194,847.

Similar‘techniques have also been proposed for the detection of buried optical fibre
telecommunication cables {for example in WO 2004/102840 [7]), in perimeter security
(5B 2445384 [8] and US20080/01143886 [9]) and downhole vibration monitoring

(WO 2009/056856 (10]). However, the response of these coherent Rayleigh backscatter
systems has been limited by a number of parameters such as polarisation and signal
facding phenomena; the random variation of the backscatter light; and non-linear coherent
Rayleigh response. Therefore these technigues are mainly used for event detection and
do not provida quantitative measurements, such as the measurement of acoustic
amplitude, frequency and phase over a wide range of fraequency and dynamic range.

Summary of the Inventlon

The present invention providas novel apparatus and methods for fast guantitative
measurement of perturbation of aptical fislds transmitied, reflected and or scatiered

along a length of an optical fibre.

The present invention can be used for distributed sensors, point sensors, or the
combination of both.

In particular this technique can be applied t¢ distributaed sensors while extending
dramatically the speed and sensitivity to allow the detection of acoustic perturbations
anywhere along a length of an ontical fibre while achieving fine spatial resolution. The
prasent invention offers unique advantages in a hroad range of acoustic sensing and
imaging applications. Typlcal uses are for monitoring oil and gas weills, for applications
such as for distributad flow metering and/or imaging; seismic imaging, monitoring long
cablas and pipelines, acoustic imaging inside large vessels as well as security
applications.
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It is an aspect of the present invention to provide apparatus for highly sensitive and fast
quantitative measurement of the phases, frequency and amplitude of the light transmitted,
reflected or scattered along a length of an optical fibre.

In the prior ant, optical couplers have been used in Michelson or Mach-Zehnder
interferometer configurations where the polarisation between the two arms of the
interferomeater has {c be carefully controlled. The novel interferometer in the present
invention allows an m x m coupler to be utilised using non-reciprocal devices, such as
Faraday rotator mirrors and an 'optical ¢irculator, to provide compeansated light
interference with a given phase shift that can be measurad at all ports of the optical
coupler and analysed very quickly, such as at savaral tens of kilohertz.

The embodiments of the invention can be used for multiplexed acoustic point sensors,
distributed sensors or a combination of both, In the case of distributed sensors, light
pulses are injectad into the fibre and the phase modulation of the backscattered light is
measured along the fibre at several tens of kilohertz. The fibre can be standard
telecommunication fibre and/or cable. Using the techniques described herein, ths
sansing system can thereby detect the acoustic field along the fibre to provide a
distributed acoustic sengor whereby the lengths of the sensing elements can be selected
by a combination of adjusting the modulation of the light pulse, the path length in the
interferometer as weall as the sensing fibre configuration.

The data collected along the fibre are automatically synchronised and they may be

combined to provide coherent field images.

According to a first aspect of the invention, there is provided interferometer apparatus for

an optical fibre system, the apparatus comprising:
an optical coupler having an input port and first and second ports coupled to optical fibres

which define first and second optical paths;
first and second reflectors arranged respectively in the first and second optical paths to
reflect light propagating in the first and sacond optical paths back to the optical coupler to
generate an interference signal;
wherein' the optical coupler is configured to direct first and second interference signal
components respectively to first and second detector ports, and is configured to direct a

third interfarence signal component towards the input port, and the apparatus comprises

WIT-QSU/PCT-CDA
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means for introducing a phase shift between the first, second and third intsrferance
signal componsants;

first and second photodetectors connected to first and second detector ports of the
optical coupler and configured to measura an intensity of first and second interference
sighal components at respective phase ghifts;

and wherein the apparatus comprises a third photodetector connected {o the non-
raciprocal optical device and configured to measure the intensity of the third interference
signal component directed back towards the input fibre.

The means for introducing a phése shift between the first, second and third interference
sighal components may be the optical coupler, preferably an m x m oplical coupler,
where m 2 3. The non-reciprocal optical device may ba an optical circulator.

The optical fibres and reflactors may be configured {o maintain polarisation or provide
polarisation compensation for light propagating in the first and second optical paths. The
reflectors may be Faraday Rotator Mirrors (FRMs), permitiing the use of standard (non-
polarisation maintaining) fibres.

The non-reciprocal optical device may be configured to raceive the light signal and
transmit it to the input port of the optical coupler.

This arrangement provides an economical configuration of components, which allow all
ports of the optical coupler to be used effectively. The arrangement provides a “spare”

port which may be used {0 cascade multiple interferometers together, or to couple to an
additional detector or interferometer arm.

Other preferred and optional festures of this aspect of the invention are defined by the
clalms. Furthermore, embodiments of this aspect of the invention may comprise

preferred and optional features of other aspects of the invention.

According to a second aspect of the invention there is provided an Interferometer system
comprising & first interferometer apparatus as claimed in any preceding ciaim, and a
second interferometer apparatus as claimed in any praceding claim, wherein a third
output port of the optical coupler of the first interferometer apparatus is coupled to an

input of the second interferometer apparatus,

WIT-OSU/PCT-CDA
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The interferometar system may comprise multiple interferomster apparatuses, wherein
raspective output ports of a subset of the interferometer apparatuses are utilised as
inputs for saquential interferometer apparatuses.

Tha different interferometer apparatuses may have different optical path length
differences, This facilitates selection of different spatial resolutions in appllcations of the
interferometer system.

Othar preferred and optional features of this aspect of the invention are defined by the
claims. Furthermore, embodiments of this aspeact of the invention may comprise
preferred and optional features of other aspects of the invention.

According to a third aspect of the invention there is provided an optical fibre system for
monitoring an oplical signal, the system comprising:
a light source;
an optical fibre deployed in an environment to be monitored and coupled o the light
source;
an interferometer apparatus as claimed in any of claims 1 to 14 and configured to
recaive backscatiered or reflected light from the optical flbre;
data capturing means for gatharing data output from the photodeteciors of the
interferometer apparatus.

Other preferred and optional features of this aspect of the invention are defined by the
claims. Furthermore, embodiments of this aspect of the invention may comprise
prefarrad and aptional features of other aspects of the invention.

According to a fourth aspect of the invention there ts provided a method of monitoring
acoustic parturbations, the method comprising:

providing a light source, an optical fibre deployed in the environment {0 he monitored and
coupled to the light source, and an interferometer configured to receive a pulsed optical
signal from the optical fibre, the interferometer comprising at least two optical paths and
at least two photadetectors;

receiving backscattered or reflected light from the optical fibra in the interferometer, and
generating an interference signal;

WIT-QSU/PCT-CDA
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introducing a phase shift between first and second interfarence signal components of the
interferance signal, and directing the first and second interference signal components to
first and second photodetactors respectively;

measuring the intensity of the first and sscond interference signal components at
respective phase shifts to provide first intensity data and second intensity data;
processing the first and second intensity data {o determine the optical phase angle of the
optical signal and provide optical phase angle data;

processing the optical phase data to determine optical phase angle modulation data,
and:

identifying acoustic perturbations to which the optical fibre has heen exposed from the
optical phase angle modulation data.

The step of identifying acoustic perturbations to which the optical fibre has been exposed

preferably comprises characterising the acoustic perturbations.

The method may comprise generating an acoustic output signal fram the characierised

acoustic pearturbations.

Other preferred and optional features of this aspect of the invention are defined by the
claims. Furthermore, embaodiments of this aspeact of the invention may comprise

preferred and optional features of othar aspects of the invention.

According to a fifth aspect of the invention there is provided method of operating an
interferometer in an optical system, the method comprising:

providing an interfarometer comprising an input configured to receive transmitted,
reflected, or backscattered light from a first light source, at least first and second optical

paths, and a plurality of photodetaectors;

providing an incoherent Iight source configured to input incoherent light to the
interferometer;

determining a normalisation factor for a photodetector offset, a relative photodetector
gain, and/or a coupling ratio of the interferometer optical paths, by inputting light from an
incoherent light source to the interferometer and measuring the outputs of the
photodetectors.

According to a sixth aspect of the invention there is provided an interferometer apparatus

for an optical fibre system, the apparatus comprising:

WIT-0SU/IPCT-CDA
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an optical coupler having an in.put port and first and sacond poris coupled to optical fibres
which define first and second optical paths;

first and second reflectors arranged respectively in the first and second optical paths {o
reflect light prapagating in the first and second optical paths back to the optical coupler to
generate an interferance signal;

wherein the optical coupler is ¢configured to direct first and second interference signal
components respectively to first and second detector ports, and is configured to direct a
third Interference signal component towards the input port, and the apparatus comprises
means for introducing a phase shift batween the first, second and third interferance

signal components;

first and second photodetactors ¢onnecled to first and second detector ports of the
optical coupler and configured to measure an intensity of first and second interference

sighal components at respective phase shifts;

and wherein the apparatus comprises & third photodetecior connacted {o a non-
raciprocal optical device and configured to measure the intensity of the third interference
sighal component directed back towards the Input port;

the apparatus further comprising:
an Incoherent light source arranged to input light to the interferomster apparatus, and

means for determining one or more of i) a narmalisation factor for a photodetector offset,
) & relative photodstactor gain, and/or iii) a coupling ratio of the interferometer optical

paths, by inputting light from the incoherent light source to the interferometer and
measuring the outputs of the photadetectors.

According to a seventh aspect of the invention thers is provided a meathod of monitoring
acoustic perturbations, the method comprising:

providing a light source, an optical fibre daployad In the environmeant {0 be monitored and
coupled to the light source, and an interferometer configured to receive a pulsed optical
signal from the optical fibre, the interferometer comprising at least two optical paths and
at least three photodetectors; |

receiving backscattered and/or reflected light from the optical fibre in the interferometer,

and generating an interference signal;

WIT-OSU/PCT-CDA
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introducing a phase shift between first, second and third interference signal components
of the interference signal, and directing the first, second and third interference signal

compaonents to first, second and third photodetectors respectively:

measuring the intensity of the first, second and third interference signal components at
respective phase shifts to provide first intensity data, saecond intensity data, and third;
processing the first, second and third intensity data to determine the optical phase angle
of the optical signal to thereby provide optical phase angle data and optical phese angla

modulation daig; and

identifving acoustic perturbatfons fo which the aoptical fibre has been exposed from the
optical phase angle modulation datg;

the method further comprising:

determining one or more of 1) a normalisation factor for a photodetactor offset, 1) a
relative photodetector gain, and/or iii) a coupling ratio of the interferometer optical paths,
by inputting light from an incoherent light source to the interferometer and measuring the
outputs of the photodetectors.

According to an eigth aspect of the invention there is provided an interferomster

apparatus for an optical fibre sensing system, the apparatus comprising:

an optical coupler comprising first, second and third ports, the first and second
ports being coupled to first and second optical paths having a path length difference
therabaetween, the third port being arranged to receive an input light fram an optical
source, wherein the optical coupler is arranged to direct first and second portions of the

input light along the first and second optical paths respectively,

first and second reflectors coupled to the first and second optical paths
respectivaly, and arranged to reflect the first and second portions of input light back
along the first and second optical paths to the optical coupler where they interfere to
generate an interference signal, the optical coupler being further arranged to phase shift

the interference signal {o produce first, second and third interference signal components;

and

first, second and third photodetectors couplad to the first, secend and third ports
respectively, and arranged to receive the first, second and third interference signal

components;

WIT-OSU/IPCT-CDA
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wherein the path length difference between the first and second optical paths
defines the spatial resolution of the optical fibre sensing system.

According to a ninth aspect of the invention there Is provided an oplical fibre

sensing system, comprising:
a pulsed light source;

an optical fibre deployed in an environment to be monitored and arranged to

receive pulses of light from the pulsed light source;

an interferomater as dafined herein, or an interferometer system as defined

herein; and
a processor time synchronised with the pulsed light scurce and arranged to:

i) recelve intensity data from the photodetectors of the interferometer or
intarferometer system and to determine therefrom any optical phase modulation
in the light received from the optical fibre by the interferometer or interiérometer

system; and

i) identify acoustic perturbations incident along the optical fibre In
dependence on the dstermined optical phase modulation.

According to a tenth aspect of the invention there is provided an apparatus,

comprising:
a puised light source,

an optical fibre deployed In an environment to be monitored and arranged to

receive pulses of light from the pulsed light source;

an interferomster arranged to receive light backscattered from along the length of
the optit:al fibre as the pulses of light travel along the fibre and to generate an
interferance slgnal in dependence thereon, the interference signal comprising first,
second, and third interferencs signal componenis having phase shifis therebetween,

a first photodetector artanged to measure an intensity of the first interference

signal component to provide first intensity data;

a second photodetector arranged to measure an intensity of the second

interference signal component to provide second intensity dats;

WIT-O5L/PCT-CDA
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a third photodstaector arrange to measure an intensity of the third intsrference

gighal component fo provide third intensity data; and
a processor time synchronised with the pulsed light source and arranged {o:

) receive the first, second and third intensity data and to determine

therefrom any optical phase modulation in the received fight; and

i} identify acoustic perturbations incident along the optical fibre in
dependence on the determined optical phase modulation.

Other preferred and optional features of this aspect of the invention are defined by {he
claims. Furthermore, embodiments of this aspect of the invention may ¢comprise

nreferred and optional features of other aspects of the invention.

Brief dascription of the drawings

Embodiments of the invention and how to put it into practice are described by way of

example with reference to the accompanying drawings in which: -
Figures 1, 2, 3 and 4 show schematically novel interferometer apparatus according to

related embodiments of the invention, comprising circulators and multipte fibre couplers
with different optical paths through the interferometers, Faraday-rotator mirrors and

photodetectors;

Figures 5 and 8 show schematicatly how the interferometers can be cascaded according

to embodimeants of the invention in series and/or star configurations,

Figure 7 shows schamatically a sensor system that utilises the intarferormeter of an
embodiment of the invention for fast measurement of scattered and reflected light from

an optical fibre,

Figure 8 shows schematically a distributed sensor system that utilises the interferometer
of an embodiment of the invention to ganerate a series of pulses each of different

frequency,

Figure 9 is a block diagram representing a data processing method according to an

embodiment of the inveniion:

WIT-OSU/PCT-CDA
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12

Figure 10 is a block diagram representing a method of calibrating the interfarometer
according to an embodiment of the invantion,

Figure 11 shows schematically an embodiment in which the fibre can be deployed as
linear sensors, directional sensors or in @ multidimensional array of sensors.

WIT-QOU/PCT-CDA
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Detailed Description of Preferred Embodiments

Figure 1 shows a first embodiment, generally depicted at 100, of a novel interferometer
for measuring the optical amplitude, phase and frequency of an optical signal. The

T

2

3

4

5 incoming light from & light source (not shown) is preferably amplified in an optical

8 amplifier 101, and transmitted to the optical filter 102. The filter 102 filters the out of

7 band Amplified Spontaneous Emission noise (ASE) of the amplitier 101. The hight then
8 enters into an optical circulator 103 which is connected to a 3 x 3 optical coupter 104. A
0 portion of the light is directed to the photodetecior 112 to monitor the light intensity of the
10 input light, The other portions of light are directed along first and second optical patns
11 105 and 106, with a path length difference between the two paths. Faraday-rotator

12 mirrors (FRMsg) 107 and 108 reflect the light back through the first and second paths 105
13 and 1086, respectively. The Faraday rotator mirrors provide self-polarisation

14  compensation along optical paths 105 and 106 such that the two portions of light

15  efficiently Interfere at each of the 3x3 coupler 104 ports. The optical coupler 104

16  introduces relative phase shifts of 0 degrees, +120 degrees and -120 degrees {o the

17  interference signal, such that first, second and third interference signal components ars
18  produced, each at a different reiative phase.

19
20  First and second interference signal components are directed by the optical coupler 104

21  to photodetectors 113 and 114, which measure the intensity of the respective

22 Interference signal components.

23

24  The circulator 103 provides an efficient path for'the input light and the returning (third)

25 interfersnce signal component through the sarme port of the coupler 104. The
26 interference signal component incident on the optical circulator 103 is directed towards

27 photodétector 115 to measure the intensity of tha interference signal component.

28

29  The outputs of the photodetectors 113, 114 and 115 are combined to measure the

30 relative phase of the incoming light, as described in more detail below with reference to

31  Flgures 7 and 9.

32

33  Optionally, frequency shifters 110 and 111 and/or optical modulator 109 may be used

34  along the paths 105 and 106 for heterodyne signal processing. [n addition, the frequency
35  shift of 110 and 111 may be alternated from 1, f2 to {2, {1 raspectively to reduce any

WIT-QSU/PCT-CDA
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frequency-dependent effect between the two portions of the light propagating through

optical paths 105 and 108.

The above-described embodiment provides a novel apparatus suitable for fast
gquantitative measurement of perturbation of optical fields, and in particular can be used

for distributed and multiplexed sensors with high sensitivity and fast response times to

meet requirements of applications such as acoustic sensing.

Figure 7 shows an application of the interferometer of Figure 1 to the distributed sensing
of an optical signal from an optical system 700. It will be apparent that although the
application is described in the contaxt of distributed sensing, it could also be used for
point sensing, for example by raceiving reflected light from one or more point sensors

coupled to the optical fibre,

In this embodiment 700, light emitted by a lagser 701 is modulated by a pulse signal 702.
An optical amplifier 705 is used fo boost the pulsed laser light, and this is followed by a
hand-pass filter 7086 to filter out the ASE nolse of the amplifier. The optical signal is then
sent to an optical circulator 707, An additional optical filter 708 may be used at one port
of the circulator 707. The light is sent to sensing fibre 712, which s for example a single
mode fibre or a multimode fibre deployed in an environment in which acoustic
perturbations are desired to be monitored. A length of the fibre may be isolated and
used as a reference section 710, for example in a “quiet” location or with a controlled
reference signal. The reference section 710 may be formed between reflectors or a

combination of baam splitters and reflactors 709 and 711,

The reflected and the backscatterad light generated along the sensing fibre 712 is
directed through the circulator 707 and into the interferometer 713. The detailed
oparation of the interferometer 713 is described earlier with reference to Fig 1. (n this
case, the light is converted 1o electrical signals using fast low-noise photodetectors 112,
113, 114 and 115. The electrical signals are digitised and then the relative optical phase
modulation along the refarance fibre 710 and the sensing fibre 712 is computed using a
fast processor unit 714 (as will be described balow). The pro¢essor unit is time
synchronised with the pulse signal 702. The path length difference between path 105 and
path 106 defines the spatial resolution. The photodetector cutputs may be digitissed for
multiple samples over a given spatial resolution. The multiple samples are combined {o
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improve the signal visibility and sensitivity by a weighted averaging algorithm combining

the photodetector outputs.

Data processing

Figure 9 schematically represents a method 900 by which the optical phase angle is
determined from the outputs of the photodetectors 113, 114, 115. The path length
difference between path 105 and path 106 defines the spatial resolution of the system.

The photodetector outputs may be digitised for muitiple samples over a given spatial

resolution, i.e. the intensity values are oversampled. The multiple samplss are combined

to improve the signal visibility and sensltivity by a weighted averaging algorithm
combining the photo-detector outputs.

The three intensity measurements |y, |z, |3, from the photodetectors 113, 114, 115 are

combined at step 902 to calculate the relative phase and amplitude of the reflected or
hackscattered light from the sensing fibre. The relative phase ig calculated (step 804) at

each sampling point, and the method employs oversampling such that more data points

are available than are neadead for the required spatial resolution of the system. Methods

for caleulating the relative phase and amplitude from three phase shifted components of

an interference signal are known from the literature. For example, Zhigiang Zhao et al.
[12] and US 5,848,428 [13] describe techniques for demodulating the outputs of 3 x 3
couplers in continuous wave multiplexing applications. The described techniques can be
applied to the time series data of the present embodiment.

For each sampling point, a visibility factor V is calculated at step 806 from the three
intensity measurements |y, I, |3, from the photodetectors 113, 114, 115, according to

equation (1), for each pulse.
Equation (1) Va(ly-19° + (la= 197 + (Is—11)*

At a point of low visibility, the intensity values at respective phase shifts are similar, and
therefare the value of V is low. Characterising the sampling point according the V allows
a weighted average of the phase angle to be determined (step 908), weighted towards
the sampling points with better visibility. This methodology improves the quality of the
phase a.ngle data 810.
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Optionally, the visibility factor V may also be used to adjust (step 912) the timing of the
digital sampling of the light for the maximum signal sensitivity positions. Such
embodiments include a digitiser with dynamically varying clock cycles, (which may be
referred to herein as “iclock”). The dynamically varying clock may be used to adjust the
timing of the digitised samples at the photodetector outputs for the position of maximum
signal sensitivity and or shifted away from positions with poorer visibility.

The phase angle data is sensitive to acoustic perturbations experienced by {he sensing
fibre. As the acoustic wave passes through the optical fibre, it causes the glass structure
to contract and expand. This varies the optical path length between the backscattered
light reflected from two locations in the fibre (i.e. the light propagating down the two paths
in the interfaromater), which is measured in the interferometer as a relative phase
change. In this way, the opltical phase angle data can be procassed at 914 10 measure
the acoustic signal at the point at which the light Is generated.

In preferred embodiments of the invention, the data processing method 900 is performed
utilising a dedicated processor such as & Field Programmable Gate Array.

Sensor calibration

For accurate phase measurement, it is important to measure the offset signals and the
relative gains of the photo-detectors 113,114 and 115. These can be measured and

corrected for by method 1000, described with reference to Figure 10.

Each photodetector has electrical offeet of the photodetectors, i.e. the voltage output of
the photodetector when no light is incident on the photodetector (which may be referred
to as g “zero-light lavel” offset, As a first step (at 1002) switching off the incoming light
from the optical fibre and the optical amplifier 101. When switched off, the optical
amplifier 101 acts as an efficient attenuator, allowing no significant light to reach the
photodetectors. The outputs of the photodetectors are measured (step 1004) in this
condition io determine the electrical offset, which forms a base level for the calibration.

The relative gains of the photodetectors can be measured, at step 1008, after switching
on the optical amplifier 101 while the input light is switched off (step 1006). The in-band
spontaneous emission (i.e. the Amplified Spontaneous Emission which falls within the

band of the bandpass filter 102), which behaves as an incohearant light source, can then
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be used {0 determine normalisetion and offset corrections {step 1010) to calibrate the
combination of the coupling efficiency between ths interferometer arms and the trans-
impedance gains of the photodetectors 113, 114 and 115. This signal can also he used
to measurs the signal offset, which is caused by the in-band spontaneous emission.

Conveniantly, the optical amplifier, which is a component of the inteferometer, is used as
in incoherent light source without a raquirament for an auxiliary source. The incoherance
of the source is necessary to avoid interference affacts at tha photodetectors, i.e. the
coharence length of the light should be shotter than the optical path length of the
intarferomster. However, for accurate calibration it is preferable for the frequency band
of the source to be close to, or centred around, the frequency of light from the light
source. The bandpass filter 102 is therefore selectad to filter out light with frequencies
outside of the desired bandwidth from the Amplified Spontaneous Emission,

When used in a pulsed system, such as may be used in a distributed sensor, the above-
described method can be used between optical pulses from the light source, to
effectively calibrate the system during use, before each (or selected) pulsas from the light
source with substantively no interruption to the measurament procass.

Variations 1o the above-described embodiments are within the scope of the invention,
and some alternative embodiments are descrlbed below. Figure 2 shows another
embodiment, generally depicted at 200, of a novel interferometer similar to that shown in
Figure 1 but with an additional Faraday-rotator mirror 201 instead of photodetector 112.
Like components are indicated by like referance numerals. In this case the intarfarence
between different paths, which may have differant path length, can be saparated at the
three beat frequencies fy, f; and (f.-f;). The arrangement of this embadiment has the
advantage of providing addltional flexibility in operation, for example the different
hetarodyne frequencies can provide different modes of operation to generate

measurements at different spatial resolutions.

Figure 3 shows another embodiment of a novel interferometer, generally depicied at 300,
similar to the arrangement of Figure 1, with like components indicated by like reference
numerals. However, this embodiment uses a 4x4 coupler 314 and an additionat optical
path 301, frequency shifter 304, phase modulator 303, Faraday-rotator mirror 302 and
additional photo-detector 308. In this case the interference between different paths,
which may have different path length differences, can be separated at the three beat
frequencies (fz-f1), (fs-f2) and (f,-f,). Alternatively, the Faraday-rotator mirror 302 may be
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replaced by an isolator or a fibre matched end so that no light is reflected through path
301, so only allowing interference between path 105 and 106.

An m x m coupler that generates m interference signal components at different relative
phase shifts may also be used in other embodiments of the invention.

Fig 4 shows another embodiment of the interferometer. In this case an additional path is
introduced in the interferometer by inserting a Faraday-rotator mirror 402 instead of the

photo-detector 112.

In all of the above-described embodiments, optical switches may be used to change
and/or select different combinations of optical path lengths through the interferomster,
This facilitates switching between diffgrent spatial resolution measurements
(corresponding to the selected path length differences in the optical path lengths).

Figures 5 and 6 show examples of interferometer systems 500, 600 arranged for used in
cascaded or star configurations to allow the measuring of the relative optical phase for
ditferent path length differences. In Figure 5, thres interferometers 501, 502, 503 having
different path length differences (and therefore diffarent spatial resolutions) are combined
in series. In Figure 6, four interferometers 802, 603, 604 and 605 having different path
length differences (and therefore different spatial resolutions) are combined with
interferometers 602, 603, 604 in parallel, and interferometers 603 and 805 in geries. In
Figure 6, 601 is a 3 x 3 coupler, used to split the light betwesn the interferomeaters.
Arrangement 600 can also be combined with wavelength division multiplexing

components to provide parallel outputs for different optical wavelengths.

Fig 11 shows an embodiment with distributed sensors with the sensing fibre 702
subjected to different perturbation fields 1102, 1104 and 1107. The sensing fibre can be
used as linear sensors 1103 and 1104, as directional sansors 1105 and 1106 or as multi-
dimensional array sensors 1108, 1109 and 1110. Since all the measurements are
synchronised, they ¢an be processed to enhance the signal sensitivity, achisve a wide

dynamic range and provide field tmaging using beam forming technigues.

The embodiments described with reference to Figures 1 to 7 and 9 to 11 relate to
apparatus and methods for fast quantitative measurement of acoustic perturbations of
opiical fields transmitied, reflected and or scatterad along a length of an optical fibre. The
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invention in its various aspects can be applied or implemented in other ways, for example
to monitor an optical signal generated by a laser, and/or to monitor the performance of a
heterodyne signal genarator, and to generate optical pulses for transmission into an
optical signal. An example is described with refersnce to Figure 8.

Figure 8 shows a system, generally depicted at 800, comprising an interferometar 801 In
accordance with an embodiment of the Invention, used to gensrate two optical pulses
with one frequency-shiftad relative to the other. The interferometer receives an input
pulse from a laser 701, via optical circulator 103. A 3 ¥ 3 aptical coupler 104 directs a
component of the input pulse to a photodetactor, and components to the arms of the
interferometer. One of the arms includes a frequency shifter 110 and an RF signal 805.
Tha interference hetween the two pulses Is monitored by a demodulatar 8§02. The light
reflected by Faraday-rotator mirrors 107 and 108 is combined at the coupler 809 using a
delay 803 {0 match the path length of the interferometer, so that the frequency shifted
pulse and the input pulse are superimposad. The coupler 809 introduces relative phasé
shifts to the interference signal, and interferormeter therefore manitors three heterodyna
frequency signal components at ralatlve phase shifts. The optical circulator 103 passes
the two pulses info the sensing tibre.

Review of features of the Invention in its various aspects and embodiments

In one aspact, the invention provides an optical interferometer apparatus which can
provide'multiple path differancas between the optical signals and provide interference
signals between different optica! paths with fixed and/or variable phase shifts. The
interferometer utilises beam splitling components, circulating devices and Faraday
rotator mirrors in a novel configuration. The optical signals at the output of the
intarferometer are converted to electrical signals which digitised for fast processing. The
offset levels of the electrical sighals are removed and their amplitude are normalised,
The relative phase shifts of optical signals are accurately determined by combining the

normalised slectrical signals.

In another aspect, the invention relates {0 an interferometer apparatus that utilises beam
splitters and non-reciprocail davices to provide light interfarence with given phase shifts
and path length diffarences that can be measured at all ports of the beam splitiers
whereby the relative phase modulation of the light can he computed very accurataly and
quickly, such as af every faw nanoseconds. The interferometer may use optical fibre
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components such as an m x m fused optical fibre coupler that is conneacted to an optical
fibre circulator at one of its ports; Faraday-rotater mirrors that reflect and, at the same
time, provide polarisation compeansation for the light propagating through the different
paths of the interferometer and photodetectors that are used to measure the interference
ight signals. The incoming optical light may be amplified using an optical fibre amplifler,
and preferably the intetferometer has a pass band aptical filter {o filter out the out of band
Amplified Spontaneous Emigsion noise (ASE). The interferometer may provide
birefringence compensation for light propagating along different optical paths through the
interferometer, This provides sufficiently high visibility at the outputs of the interferomeater.

In another of its aspects, the invention provides a method for compensating the offset
and the gain of the photo-detectors, and the coupling ratio of the interferometer arms, to
normalise the resultant interference signals used to measure the relative phase of the
modulated input light in any of preceding claims where the deteclor offset is measured by
switching off the optical ampllfier in the backscatier path; the resultant photo-detector
oftsat and gain then being determined by switching on the amplifier while the input light is
switched off; the ASE of the optical amplifier then acts as an independent incoherent light
source and thereby the offsets and relative gains of the photo-detectors can be
determined and the detected light signals normalised. The method rmay therefore use
incoherent light that enters the input of the interferomeatear to normalise the reiative signal
amplitudes at the output of the photo-detectors. For example, when an optical
preaamplifier is uged at tha input of the interferometer, the spontaneous light emission can
be used to maasure the combination of the splitting ratio of the interfarometer arms and
the relative gains of the photo-detectors and thereby normalise the relative signal
amplitudes accordingly.

Another additional feature of the present invention is to use phase modulators and/or
frequency shifters to shift the relative frequency and or vary the phase between the
optical paths of the interferometer. Frequency shifters and/or phase modulators may be
used to provide heterodyne signals and/or to separate the resultant interfarence light
signal from differant paths through the interferometer,

An additional feature of an embodiment of the invention is selecting the frequency of the
frequency shifter sufficiently high so that at least one cycle of the beat frequency rasults
within one light pulse resolution. Differant fraquency shifts may be used between
different optical paths of the interferometer for the separation and/or heterodyne
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detection of the phase betweaen different optical paths. The frequency shifts between
difterant optical paths may be alternated to correct for any frequency depsndency of the
interferometer output signals.

An additional feature of an embodiment of the invention is the selection of different
optical paths through the interferometer such as by using optical switches. The optical
switches may be used to select different optical paths through the interferometer and
therehy select a differant spatial resolution measurement. Another aspect of the invention
relates to a system comprising a number of interferometers cascadead in a series orin a
star configuration or 8 combination of both.

The inventlon also provides a system that utilises a light pulse for multiplexad and/or
distributed sensars by measuring the phase modulation of the reflected and/or the
backscatiered light along a length of fibre with high sensitivity, high dynamic range and a
high spead of over tens of kiloheriz. In this way, the invention can provide a multiplexed
and/or distributed acoustic sensing system. |

An additional feature of an embodiment of the invention is digitising the outputs of the
interferometer, or the photodetectors of the interferometer, at least twice over a spatial
resolution interval. An additional feature of an embodiment of the invention is combining
the outputs of the interfarometer to determins the insensitive measurement sample
points rasulting from any signal fading of the light in order to reject and/or provide a
weighted signal average of the multiple samples of the light over & given spatial
rasolution measurement or interval. Embodiments of the invention use a digitiser with
dynamically varying clock cycles, (which may be referred to herein as “iclock™), to adjust
the timing of the digltal sampling of the light for the maximum signal sensitivity positions.
The dynamically varying clock may be used to adjust the timing of the digitised samples
at the photo-detector outputs for the position of maximum signal sensitivity and or shifted
gway where light signal fading occurs.

Embodiments of the invention may use a laser light or a broadband light source.
Coherent matching of the light with the same delay resulis in an interference signal that
can be used to measure the relative phase modulation of the scatterad or reflected light
along the fibra. The invention may use wavelength division multiplexed components to
utilise multiple laser light pulses with different wavelengths and, preferably, varying time
shift with respect to each to control the cross-phase modulation betwaen the light pulses
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and 1o allow the processing of multiple pulses in the sensing fibre without and cross-
sensitivity to allow the system 10 achieve a higher measurand frequency response, This
may be the acoustic frequency response of the system to provide a different spatial
sampling resolutions and/or positions, and/or to allow the efficient rejection of any points
with low sensitivity.

An additional feature of an embodiment of the invention is the selection of different
spatial resolutions wheareaby the sensitivity and the frequency response along the sensing

fibre can be adjusted, and the dynamic rangse can be widened.

The sensing fibre may be single mode fibre, polarisation maintaining fibre, a single
polarisation fibre, multimode fibre, and/or a ribbon fibre, and it may be coated and/or

cabled to enhance o to suppress its sensitivity.

An additional feature of an embodiment of the Invention is the selection of different
configurations of the fibre to optimise the sensitivity, the frequency and the directionality
of the sensing fibre at different locations, The fibre may be deployed as linear sensors,
direction sensors or multidimensional array sensors. The fibre may be placed on a
surface area in a continuous path without crossing over another part of the fibre o
increase the sensitivity.

The fibre may be attached on & surface of a vessel to listen to the noise generated within
the vessel {0 monitor the changes in the pracess, acoustically image the process, as well
0 detect any leaks.

A further aspect provides an apparatus using acoustic sensors for distributed flow
measurement and imaging, in-well perforated zones monitoring and sand production
maonitoring. For example, for in-well applications, the acoustic noisa profile can be used
{o measura the flow by noise logging at every location along the well. In addition, the
noise specitrum can be used io identify the phase of the fluid. Further notse spectrum
correlation techniques can be used over a long section of the well to determine the speed
of sound as well as tracking addies generated within the flow to accurately determine the

flow rates.

The sensor systems may be used as a distributed acoustic sensor, enabling the

determination of distributed flow measurement and imaging, perforated zones monitoring
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and sand production manitoring in oil and gas wells and flowlines. The distributed
temperature and strain measurements may be combined to enhance the data
interpretation of the distributed acoustic sensor.

Another aspect provides pipeline monitoring apparatus where the sensing fibre is
deployed Inside the pipeline and carried along the pipeline by the fluid drag to provide a
measurement of the noise flow for diagnostics of the pipeline as well as for flow

characterisation and/ or imaging.

Other advantages and applications of the invention wiil be apparent {0 those skilled in the
art. Any of the additional or optional features can be combined together and combined
with any of the aspects, as would be apparent to those gkilled in the art.

Concluding remarks

As has been described above, apparatus and methods for fast quantitative measurement
of perturbations of optical fislds transmitted, reflected and/or scattered along a length of
an optical fibre. In particutar, the invention can be used for distributed sensing while
extending dramatically the speed and sensitivity to allow the detection of acoustic
perturbations anywhere along a length of an optical fibre while achieving fine spatial
resolution. The present invention offers unique advantages In a broad range of acoustic
sensing and imaging applications. Typical uses are for monitoring oil and gas wells such
as for distribuied flow metering and/or Imaging, monitoring long cables and pipalines,
imaging of large vessels ag well as security applications.
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Claims

1. An Interferometer apparatus for an optical flbre system, the apparatus comprising:

an optidal coupler having an input port and first and second ports coupled to optical fibres

which define first and second optical paths;

first and second reflectors arranged respectively in the first and second optical paths to
reflect light propagating in the first and second optical paths back to the optical coupler to
generate an interference signal;

wherein the optical coupler is configured to direct first and second interference signal
components respectively to first and second detector ports, and is configured {o direct a
third interference signal component towards the input port, and the apparatus comprises

maans for introducing a phase shift between the first, second and third interference

signal components;

first and second photodetectors connected to first and second detector ports of the
optical coupler and configured to measure an intensity of first and second interterence

signal components at respective phase shifts;

and wherein the apparatus comprises a third photodetector connected {0 a non-
reciprocal optical device and configured to measure the intensity of the third interference

signal component directed back towards the input port;
the apparatus further compriging:

an incoherent light source arranged to input light to the interferometer apparatus, and

means for determining one or more of i) a normalisation factor for & photodetector offset,
i) a relative photodetector gain, and/or iii) a coupling ratio of the interferometer optical
paths, by inputting light from the incoherent light source to the interferometsr and

measuring the outputs of the photodetectors.

2. The apparaius of claim 1, further comprising a bandpass filter arranged to filter the
light from the incoherent light source, such that the light input to the interferometer has &
bandwidth around the frequency of light transmitted, reflected and/or backscattered light

propagating through the fibre.
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3. The apparatus as claimed in claim 1 or claim 2, wherein the light input to the
interferometer has a cohsrence length shorter than the optical path length of the
interferometar such that substantially no interference sighal is detected.

4. The apparatus as claimed in any of ¢claims 1 to 3, further comprising:

means for determining an elactrical photodetector offset for each of the
photodetectors from the oufpuis of the photodetectors in a first condition, in which
transmitted, reflected and/or backscattered light propagating through the fibra is
decoupled from the interferometer and the incoherant light source is switched off so that
no light signal is input to the interferomaster; and

means for determining a photodetector offset, a relative photodetector gain,
and/or a coupling ratio of the intarferometer optical paths from the outputs of the
pholodetectors in & second condition in which transmitted, reflecied and/or backscatiered
light propagating through the fibre is decoupled from the interferometear and the
incoharent light source is switched on to input light to the interferometer.

5. The apparatus as claimed in any of claims 1 to 4, further comprising an optical
amplifier configured to receive transmitied, reflected and/or backscatierad tight
propagating through the fibre and output an amplified light signal to the interferometer;
wherein an Amplified Spontaneous Emission (ASE) of the optical amplifier is the
incoherent light source.

6. The apparatus as claimed (n claim 5, further compriging means for corracting for
offsets and normalising the signals detecied at the photodetectors using the determined
normalisation factor whilst operating the interferomster in a third condition, In which the
optical amplifier receives an input light sighal from the light source angd oufpuis an
amplified light signal to the interferometer.
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7. The apparatus as claimed in claim &, wherein the means for determining a
normalisation factor and the means for correcting for offsets and normalising the signais
detected at the pholodetectors operate between optical signal pulses.

8. A method of monitoring acoeustic perturbations, the method comprising:

providing a light source, an optical fibre deployed in the environment to be monitored and
coupled to the light source, and an interferometer configurad to receive a pulsed optical
sighal from the optical fibre, the interferometer comprising at least two optical paths and
at least three photodetactors;

recelving backscattered and/or reflected light from the optical fibre in the interferometer,

and generating an interference signal;

introducing a phase shift between first, second and third interference signal components
of the interference signal, and directing the first, second and third interference signal
components to first, second and third photodetectors respectively;

measuring the intensity of the first, second and third interference signal components at
raspective phase shifts to provide first intensity data, second intensity data, and third;
procassing the first, second and third intensily data to determine the optical phase angle
of the optical signal to thereby provide optical phasa angle data and optical phase angle
modulation dats; and

identifying acoustic psrturbations {o which the optical fibre has been exposed from the
optical phage angle modulation daia;

the method further comprising:

determining one or more of i) a normalisation factor for a photodetactor offset, i) a

relative photodetector gain, and/or iil) a coupling ratio of the interferometer optical paths,
by inputting light from an incoherent light source to the interferometer and measuring the
outputs of the photodetactors.

9. The method as claimed in ¢laim 8, compriging filtering the light from the incoherent
light source using a bandpass filter, such that the light input to the interferometer has a
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bandwidth around the frequency of light transmitted, reflected and/or backscattered light
prapagating through the fibre.

10. The method as claimed in claim 8 or claim 8, wherein the light input to the
interferometer has a coharence length shorter than the optical path length of the
interferometer such that substantially no interference signal is detected.

11. The method as claimed in any of clalms 8 to 10 comprising: determining an electrical
photodetector offeet for each of the photodeteciors from the outputs of the
photodetactors in a first condition, in which transmitted, reflected and/or backscattered
light propagating through the fibre is decoupled from the interferometer and the
incoherent light source is switched off so that no light signal is input to the interferometer;
and determining a photodetector offset, a relative photodetector gain, and/or a coupling
ratio of the interferometer optical paths from the outputs of the photodstectors in a
second condition in which fransmitted, reflected and/or backscattered light propagating
through the fibre Is decoupled from the interferometer and the incoherent light source is
switched on to input light to the interferometer.

12. The method as claimed in any of claims 8 to 11 , comprising: providing an optical
amplifier configured {o receive transmitted, reflacted and/or backscattered light
propagating through the fibre and output an ampiified light signal to the interferometer;
and utilising the Amplified Spontaneous Emission of the optical amplifier (ASE)as the
incoherent light source.

13. The method as claimed in claim 12 comprising: operating the interferometer in a third
condition, in which the optical amplifier receives an input light signal from the light source

and outputs an amplified light signal to the interferometer; and correcting for offsets and
normalising the signals detected at the photodetectors using the determined
normalisation factor.
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14. The meathod as claimed in claim 13, comprising determining a normalisation factor
and correcting for offsets and normalising the signals detected at the photodetectors
between optical signal pulses.

15. An interferometer apparatus for an optical fibre sensing system, the apparatus
comprising:

an optical coupler comprising first, second and third poris, the first and second
ports being coupled to first and second optical paths having a path length difference
thersbatween, the third port being arranged to receive an input light from an oplical
source, wherein the optical coupler is arranged to direct first and second portions of the
Input light along the first and second optical paths respectively;

first and sacond reflectors coupled to the first and second optical paths
respectively, and arranged to reflact the first and second portions of input light back
along the first and second optical paths to the optical coupler where theay interfere to
generate an interference signal, the optical couplsr being further arranged 1o phase shift
the interference signal to produce first, second and third interference signal components;
and

first, second and third photeodeiectors coupled to the first, second and third ports
respectively, and arranged to receive the first, second and third interference signal

components:

wherein the path length difference between the first and second optical paths
defines the spatial resolution of the optical fibre sensing system.

16. The interfarometer apparatus of claim 15, further compriging an optical circulator
couplad to the third port of the optical coupler, and arranged to direct the input light into
the optical coupler and to direct the third interference signal component to the third
photodetactor.

17. The intarferometer apparatus of clalms 15 or 16, wherein the first and second
reflectors are Faraday Rotator Mirrors (FRMs) to provide self polarisation compensation
along the first and second optical paths.
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18. The interferometer apparatus of any of claims 15 to 17, further comprising an optical
amplifier configured to amplify the input light from the optical source to give an amplified
light signal and to output the amplified light signal to the optical coupler.

19. The interferometer apparatus of claim 18, further comprising a band pass filter
configured to filter the out of band Amplifled Spontaneous Emission noise (ASE)

generated by the optical amplifier from the amplified light signal.

20. The intarferomster of any of claims 15 to 19, further comprising first and second
frequency shifters coupled to the first and second optical paths respectively to shift the
relative frequency between the first and second optical path for heteradyne sighal

Processing.

21. The interferometer of claim 20, wherein the frequency shift between the first and

second optical path is alternated using a first and second fraquency.

22. The Interferometer of any of claims 15 to 21, wherein the optical coupler is coupled to
a fourth photodetector arranged to monitor the intensity of the input light from the optical

SQUICE,

23. The interferometer of claim 22, wherein the fourth photodetector is replaced by a
Faraday Rotator Mirror to produce a third optical path.

24. The interferometer of claim 23, further comprising a plurality of optical switches
arranged to change and/or select different combinations of the first, second, or third
optical paths, wherein the differences in optical path length to provide muiti-spatial

resolution operation.

WIT-OSU/PCT-CDA



R = L N =

O o ~N O

10

11
12
13

14

15
10
17
18

19

20
21

22

23
24
29
26

27

28
29

CA 02763389 2016-10-18

31

25. The interferometer of any of claims 15 to 21, wherein the optical coupler further
comprises a fourth port coupled o a third optical path, wherein the optical coupler is
arranged to direct first, second and third portions of the input light aleng the Tirst, second
and third optical paths respectively.

26. The interferometer of claim 25, whereln the third oplical path is coupled 1o a third
reflector arranged to reflect the third portion of input light back along the third optical path
to the optical coupler where it generates an interference sighal with the first and second
portions of input fight.

27. The interferometer of claims 25 or 26, wherein the optical coupler is coupled {o a
fourth photodetector arranged to monitor the intensity of the input light from the optical
source.

28. The interferometer of any of ¢claims 25 to 27, further comprising a plurality of optical
switches arranged to change and/or select different combinations of the first, secondg, or
third optical paths, wherein the differences in optical path fength to provide multi-spatial
resclution operation.

28. The interferometer of ¢laim 27, wherein the fourth photodetector is replaced by a
Faraday Rotator Mirror to produce a fourth optical path.

30. The interferometer of claim 29, further comprising a plurality of optical switches
arranged to change and/or select different combinations of the first, second, third or
fourth optical paths, wherein the differences in optical path length to provide multi-spatial

resolution operation.

31. The interferometer of any of claims 15 to 30, wherein the input light is a plurality of
laser light pulses with a plurality of wavelengths, and wherein the system further
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comprises wavelength division multiplexed components used to multiplex the plurality of
light pulses into the optical fibre.

32. The interferometer of claim 31, wherein the plurality of light pulses are time shified
with respect to each other to control the cross-phase modulation betwasn the plurality of

ight pulses.

33. An interferometer system compriging a plurality of interferometers according to any of
claims 15 to 32, wherein the plurality of Interferometers are arranged in sarles, (n parallel,

or a comhination of both.

34. The interfarometer system of claim 33, whergin the plurality of interferometsers have

diffarent path length differences to provide multi-spatial resolution operation,

35. The interferometer system of claims 33 or 34, further comprising a second optical
coupler arranged to split the input light between the plurality of interferormeters, wherein

the plurality of interferometers are arranged in parallel,

36. An optical fibre sensing system, comprising:
a pulsed light source,;

an optical fibre deployed in an environment to he monitored and arranged {0
receive pulses of light from the pulsed light source;

an interferometer according to any of claims 15 to 32, or an interferometer system

according to any of claims 33 to 35; and
a processor time synchronised with the pulsed light source and arranged to;

) receive intensity data from the photodetectors of the interferometer or
interferometer system and to determine therefrom any optical phase modulation
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in the light receivad from the optical fibra by the intedferometer or interferometer

system,; and

i) identify acoustic perturbations incldent along the optical fibre in
dependence on the determined optical phase modulation,

37. The system of claim 36, wherein the processor is further arranged to oversample
the outputs of the photodetectors to provide multiple optical phase angle data over the
spatial resolution of the optical fibre sensing system.

38. The system of claim 37, wherein the processor is further arranged to sample the

outputs of the photodetectors at least twice over the spatial resolution.

39. The system of claims 37 or 38, whersin the processor is further arranged to:
determine a visibility factor from the combined outputs of the photodetectors at
each sampla point; and
pravide a weighted signal average of aplical phase angle data from multiple
sample points over the spatial resolution in dependence on the visibility factor.

40. The system of claim 38, wherein the processor is further arranged to:
determine a visibility factor from the combined outputs of the photodetactors at

each sample point; and

adjust the timing of the sample points of the photedetector cutpuls in dependence

on the visibilily factor.

41. The system of claim 40, further comprising & digitiser with dynamically varying
clock cycles arranged in use to adjust the timing of tha sample points.

42. The system of claims 38 to 41, wherein the interfarometer is arranged to receive
backscattered light from the optical fibre.
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43. The system of claims 36 to 42, wherein the interferometer is arranged {o receive
reflected light from the optical fibre.

44, An apparatus, comprising:
a pulsed light source;

an optical fibre deployed in an environment {o be monitored and arranged {o
receive pulses of light from the pulsed light source;

an interferometer arranged to raceiva light backscattered from along the length of
the optical fibre as the pulses of light travel along the fibre and to generate an
interference signal in dependence thereon, the interference signal comprising first,

sacond, and third interference signal componants having phasa shifts therabstween;

a first photodetector arranged to measure an intensity of the first intarference

signal component to provide first intensity data,;

a second photodetector arranged {o measure an intensity of the second

Interfarence signal componeint to provide second intensity data;

a third photodetector arrange to measure an intensity of the third interference
sighal component to provide third intensity data; and

a processor time synchronised with the pulsed light source and arranged {0

) receive the first, second and third intensity data and to determine
therefrom any optical phase modulation in the received light; and

i) identify acoustic perturbations incident along the aptical fibre in
dependence on the determined aplical phase modulation.

45. The apparatus of claims 44, wherein the processor is further arranged to
oversample the outputs of the photodetectors to provide multiple optical phase angle

data over a spatial resolution of the apparatus.
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1 46, The apparatus of claim 45, wherein the processor Is further arranged {o sample
2 the outputs of the photodetectors at least twice over the spatial resolution.
3 ‘
4 47. The apparatus of ¢claims 45 or 46, wherein the processor is further arranged to:
E determine a visibility factor from the combined outputs of the photodetectors at
6 aach sample point: and
7 provide a weighted signal average of optical phase angle data from multiple
8 sample points over the spatial resolution of the apparatus in dependence on ths
o visibility factor.
10
11 48. The apparatus of claim 47, wherein the processor is further arranged {o:
12 detarmine a visibility factor from the combined outputs of the photodetectors at
13 each sample point; and
14 adjust the timing of the sample points of the photodetector outputs in depsndencs
15 on the visibility factor.
16
17 49. The apparatus of claim 48, further comprising a digitiser with dynamically varying
18 clock ¢ycles arranged in use to adjust the timing of the sample points.
19
20 50. The apparatus of any of claims 44 to 49, wherein the pulses of light from the
21 pulsed light source comprise a plurality of laser light pulses with & plurality of
22 wavelengths, and wherein the system further cc:mprisés wavelength division
23 multiplexer gampaonents arranged in use to multiplex the plurality of light pulses into
24 the optical fibre,
25
26 51. The apparatus of claim 50, wharein the system further comprises means for time
27 shifting the plurality of laser light pulses with respect to each other to control the cross-
28 phase modulation between the plurality of laser light pulses.
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