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APPARATUS AND METHOD FOR MONI TORI NG A STRUCTURE USI NG A

COUNTER- PROPAGATI NG SI GNAL METHOD FOR LOCATI NG EVENTS FI ELD OF THE
| NVENTI'ON 5 wooo/F845S | nvention rel ates to an apparatus ansecmauvbmuofor
nonitoring a structure which enpl oys a wavegui de transm ssive #
count er - propagati ng signal nethod and lassoci ated systens for |ocating
events in fibre optic 10 sensing systens. The term "structure" used
in this specificaidpARa®08 AND iMETHOD FOR aloRrTORANEIA STRIIGRS: USHNG CA Mean

machi nes, buil din _ : C ' LGS like to
which 15 the appmgka%%gﬁn%ﬁxgﬁnggéﬁégﬁ&blaiegdpgg%vée%I asé%k@vgvegui des
t hensel ves which act as a communi cation |ink for transm ssion of data

from one pl ace FrEr@FheEE INVENTION shoul d al so be understood that the term
"light" used in 20 the specification and clainms nmeans both visible and non-

visible part's of the el ectromagneti c _radiation sRecLrym ART
BACKGROUND This invention reélates to an apparatus and method for

monitoring a structure which employs a waveguide
transmissive counter-propagating signal method and
associated systems for locating events in fibre optic

10 sensing systems.

The term “structure” used in this specification and in the
claims should be understood to mean machines, buildings,
infra-structure such as pipe lines and the like to which
15 the apparatus and method may be applied as well as
waveguides themselves which act as a communication link

for transmission of data from omne place to another.

It should also be understood that the term “light” used in
20 the specification and claims means both visible and non-

visible parts of the electromagnetic radiation spectrum.
ART BACKGROUND

25 Optical devices are commonly used in industry and science
and include laser cavities, waveguides, lenses, filters
and other optical elements and their combinations. Such
optical devices are used in a variety of instruments and
installatiomns.

30
Fhotonics technology has revolutionised the communications
and sensor fields. This is mainly due to the rapid
development of optical and opto-electronic devices. A
wide variety of glass materials, material-dopants and

35 waveguide structures are available and this invention

relates to a waveguide transmissive counter-propagating
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2 si gnal netimodinrd %B@é‘cﬁ&f‘ééln%y%\f%rﬂ‘sf-or | ocating events in
fibre optic sensing systens. Presently, there is a very h| gh demand
for sensors and § t LQV 3 ggm T1LP Mol g Mals P
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in the case of Intrinsic sensors % gonﬁ ti 3 The aI so have
particul ar advantpégréé'cPﬁaﬁaz%ﬁeda’&?eﬁW'P%ﬁﬂ? gr these aPRAAFRFLTPS t hey have
several clear adusiiaagesobveheigxiddelagtric properties, their fine size,

10 their ability to be remotely located and, in the case of
intrinsic sensors, rapid response times. They also have
particular advantages in hazardous environments. In
addition, they have several clear advantages over existing
conventional sensing technigues such as bulk optical

15 measurements, potentiometric electrodes, resistive foil

gauges and piezo-electric transducers.

Engineered structures are usually not monitored in real-
time because of the difficulties in incorporating

20 conventional sensors into the sensing environment and
because of the limitations of the sensors. Furthermore,
conventional sensois are generally point sensing devices,
thus requiring a large number of sensors to cover a large
area or long length of interest. The subsequent cost and

25 complexity of such a system is most often impractical.

Fibre optic sensors overcome many of these difficulties by
virtue of their inherent properties. In addition, optical
sensors and optical processing systems are extremely fast
30 and do not suffer from electro-magnetic interference
(EMI), unlike their electronic counter-parts. The
technology is gaining wide acceptance for monitoring
applications and is expected to play a major role in the
realisation of real-time structural integrity and machine
35 condition monitoring systems, offering an advanced new

generation of engineering sensors.
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ce s 3
Fibre optic sensﬁﬁtfﬁﬂﬁﬁ$dlgﬁge?91n P%g?%%%h%f &Pea flﬂﬁecﬁs the sensing

element or the information carrier, respectively. They

10 are designated "point" sensors when the sensing gauge
length is localised to discrete regions. If the sensor is
capable of sensing a measurand field continuously over its
entire length, it is known as a "distributed® sensor;
wgquasi-distributed” sensors utilise point sensors at

15 +wvarious locations along the fibre length. Fibre optic
sensors can be transmissive or can be used in a reflective
configuration by mirroring the fibre end-face. So, fibre
optic sensors are actually a class of sensing device. '
They are not limited to a single configuration and

20 operation unlike many conventional sensors such as

electrical strain gauges and piezoelectric transducers.

However, to-date most fibre optic sensor systems are based
on point sensing devices, thus again requiring a large

25 number of sensors to cover a large area or long length.

Very few distribute& techniques have been developed and
are commercially available. Of those that have been
developed, fewer still have the capability to actually
30 locate the region or position of the sensed parameter or
disturbance along the fibre length; they simply detect,

alert and sometimes quantify that an event has occurred.

Methods devised in the prior art for distributed sensing
35 that are capable of locating the position of the sensed
parameter include:
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e Optic Distributed Temperatgre Sensor (DTS
15 systems have been developed for continuous
temperature measurements along the entire length of
an optical fibre, and any surface or structure which
the fibre is attached to. In the majority of
distributed temperature sensing, the ratio of the
20 intensity of the Stokes and anti-Stokes return
signals are measured in an optical time domain
reflectometry (OTDR) configuration. The end result
is a true measurement of the temperature profile
along the entire length of the sensor.
25
. Various OTDR back-scattering techniques for strain
and pressure measurements have also been
investigated, although no commercial technology is
yet available.
30
. Physical placement of Sagnac interferometer loops at
specific locations or geometric configurations have
also been used for distributed fibre disturbance
detection and location. In a Sagnac interferometer,
35 light is launched into opposite ends of a sensing
fibre locop such that two beams circulate through the

loop in opposite directions and then recombine to
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cable integrity are based on static or slowy varying measur enent s
enpl oying.optical time donain reflectometry (OTDR) (ie., sharp
bends, fibre 5 fracture, fibre attenuation, connector JQs8fse s C ) -
This method i sWOLERHEY al Iy based on an optical radar techni qu;,
where a very narrow pul se of |ight | aunched into an optical f#bre
i s back-scattered or back-refl ected3by anomalies in the fibre
material or 10 structure along its length (ie., fracture, |ocalised
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10 information about the actual sensed parameter (ie.,
temperature, strain, pressure, etc.). However, while
modern advances in photonics devices have allowed very
precise and accurate systems to be developed and
commercialised, they are often very complex and expensive.
15 The main reasons for the complexity and high cost of these
units is largely in the requirement for very high accuracy
and high speed components needed in order to generate
extremely narrow pulses of laser light, detect optical
signals of extremely low power (often this involves
20 photon-counting and significant averaging of the signals),
and provide extremely accurate timing for the time-of-

flight measurements of the light pulses.

Owing to the regquirement of measuring and averaging the

25 time-cof-flight of very narrow, low power pulses, these
techniques are often limited to monitoring static or very
slowly varying parameters. In addition, to-date most
systems based on this principle monitor only temperature.
However, they may offer one significant advantage over

30 most other techniques, including that of the present
application ; namely, the ability to provide the profile
of the sensed parameter along the entire length of the
fibre.

35 Nevertheless, it would be a significant advance to be able
to also obtain real-time, quasi-static and dynamic

information about any form of disturbance to the optical
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10 integrity monitoring, pipeline leak detection, ground
' monitoring, machine condition monitoring and intrusion

detection of high security areas.

BRIEF SUMMARY OF THE INVENTION

15
The object of the present invention is to provide a
waveguide transmissive counter-propagating signal method
and associated systems for locating events in waveguide
sensing systems.

20
The present invention provides an apparatus for monitoring
a structure and for locating the position of an event
including;

a light source;

25 a waveguide for receiving light from the
light source so that the light is caused to propagate in
both directions along the waveguide to thereby provide
counter-propagating optical signals in the waveguide, the
waveguide being capable of having the counter-propagating

30 optical signals or some characteristic of the signals
modified or effected by an extermal parameter caused by or
indicative of the event to provide modified counter-
propagating optical signals; and

detector means for detecting the modified

35 counter-propagating optical signals effected by the

parameter and for determining the time delay or difference



units is largely in the requirenment for very high accuracy and high
speed conponents needed in order to generate extrenely narrow pul ses of
| aser |ight, detect optical signals of extrenely | ow power (often this
invol ves 20 ghaheseéounting and significant averaging of tHe/sisgoms),
and provide extrenely accurate timng for the time-of- flight 7
measurenents of the |light pul ses. Cmﬁnﬂ to the requirenent of
measuri ng and averaging the 25 tinme-of-flight of very narrow, |ow power

pul ses, these techniques are_offen limted to mpnitoring._static. or very
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this principle noimterdegnicp dergrarimeuthe locatdmmewdr the eyentay of fer one
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pr esent application ; napgl the abitlity t [QVI the profile of
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detect with OTDR EeRHAURESWaTR| CWqPPFécal signals, are launched,

preferably from a single light source, into the waveguide
10 and simultaneously detected by a detector such as two
separate photodetectors. Pulsing of the optical signal is
not necessary, although it may be employed in some
arrangements. Any sensed parameter which acts to alter
the counter-propagating signals will effect both signals
15 in the same manner, but because the effected counter-
propagating signals must each continue travelling the
remainder of the waveguide length to their respective
photodetectors there is a resultant time delay or time
difference between the detected signals. The time delay
20 is directly proportiocnal to the location of the sensed
event along the waveguide length. Therefore, if the time
delay or difference is detected and measured, the location
of the event can be determined. At the same time, if a
compatible sensing mechanism is being employed the sensed
25 event can be quantified and/or identified (ie., strain,
vibration, acoustic emission, temperature transient,
etc.). In addition, non-sensitive fibre optic delay lines
may be connected to the waveguide at either or both ends
in order to add additional delay between the transmissive
30 counter-propagating signals and to provide insensitive
lead fibres. This may assist engineering the technique
into a practical working system.

The invention also has the advantage of operating on

35 wvirtually any existing type of transmissive distributed
fibre optic sensor, enabling dynamic and transient events
to be detected, quantified and located anywhere along the



achi eved by conbining a distributed sensing technique I ncapabl e of

| ocating the events with a conpatible 5 technique which is capabl e of

| ocating the events. This woul d have the further advantage of
nonitoring any structure or material near the fibre or permbssickhe
fibre is HNPMNHYI. Such a capability should enable truly J
di stributed sensing applications such as structural 10 integrity |
nmoni toring, pipeline |eak detection, ground 8 noni toring, machine
condition nmonitoring and intrusion detection of high security areas.
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effected by an ext er caused i ndi cativye of thelsyent
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signals effected by the paranmeter and for determ ning the tine delay or
di fference

. Modalmetric interferometers
. Sagnac interferometers
is 1 Michelson interferometers
° Long~length Fabry-Perot interferometers
. Mach~2Zehnder interferometers
. Two-mode interferometers

20 Preferably the waveguide is a silica waveguide.

Preferably the light from the light source is launched
simultaneously into opposite ends of the waveguide.

25 Preferably the light source is a single light source.
However, in other embodiments two CW or synchronised light
sources could be used for launching light simultaneously

into opposite ends of the waveguide.

30 Preferably the waveguide is one or more optical fibres

which forms an event sensitive optical fibre.

Preferably further silica waveguides are connected to the

sensing waveguide at either or both ends in order to add
35 additional delay between the transmissive counter-

propagating signals and to provide insensitive lead

waveguides.
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determ ned. At téie Siszetli enttf a conpati bl e sensing mechanismis
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and to prOVIde Inse”E%Jieously transmitted from the light source to both

15 ends of the silica waveguide and the detector means also
being connected to the coupler or couplers so that the
counter~propagating transmissive radiation can be directed
via the coupler or couplers from the silica waveguide to
the detector means.

20
The invention also provides a method for monitoring a
structure to locate the position of an event, including
the steps of;

launching light into a waveguide so that the

25 light is caused to propagate in both directions along the
waveguide to thereby provide counter-propagating optical
signals in the waveguide, the waveguide being capable of
having the counter-propagating optical signals or some
characteristic of the signals modified or effected by an

30 external parameter caused by the event, to provide
counter-propagating optical signals; and

detecting the modified counter-propagating

optical signals effected by the parameter and for
determining the time delay or difference between the

35 modified signals in order to determine the location of the

event.
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wor ki ng system The invention also has the advantage of operating on
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gquantified and | ocated anywhere al ong the i

8 | ength of the optical fibre which fo&)ns t he wavegui de.
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The preferred embodiment provides a waveguide transmissive
counter-propagating signal method and associated systems
for locating events in optical waveguides, which may

10 include:

providing an optical fibre (single or multi
moded) formed from a waveguide material designed to
simultaneously transmit counter-propagating optical
signals;

15 . providing a sensor configuration (single or
malti moded), with any appropriate waveguide length, any
suitable geometry and compatible with the waveguide
transmissive counter-propagating signal method and
associated systems for locating events in optical

20 waveguides, designed to optimise the sensor sensitivity
and detection capabilities;

providing a lead optical fibre (single or multi
moded) formed from a waveguide material which acts as an
insensitive light guide between the sensing fibre and the

25 sensing and locating system optics and optoelectronics
interface;

providing a lead optical fibre (single or multi
moded) formed from a waveguide material which acts as an
insensitive light guide between the sensing fibre and the

30 excitation source;

fusion splicing, or otherwise connecting, the
gsensor waveguide and the lead optical fibres so that cores
of the waveguides are aligned and remain fixed at the
splice;

35 delivering the counter-propagating signals from
the waveguide sensor, via the lead optical fibres, to an
appropriate optical and electronic arrangement such that



[err] Long- | ength Fabry- Perot interferometers [err]
Mach- Zehnder interferoneters [err] Two- node interferoneters
20 Preferably the waveguide is a silica wavegui de. Preferably the

light from t%dok%g source is |aunched si mul t aneous| ypamAwI0mp®si t e
ends of the wavequr de. 25 Preferably the light source is a single jight
source. However, in other enbodi nents f yo CWor synchronised |ight
sources could be used for launching |ight Simultaneously i nto opposite

ends of the wavegui de. 30 Prefer.ghly the wavequi I S, one or e optical
fibres whi c%“‘f drime SR1BY M i’%%?%??\’/% boeﬁ:twiegﬁ ggf b‘c?leg.r_’ﬁs Y P eferably
further silica vasesaredcsndrettbigadcteoddeterige the eeatinn wivERRI de at
either or both epdssdd Rede: t&nddd 35 additional delay between the
jLansm ssi \VAgvggﬂi”ggg' reB1OPEIALS 09, SLANALS: 309k RIS deggst!!ve
\ 5 optiéal signals that may be utilised with a compatible
sensing technique, such that the sensed parameter may be

quantified and/or identified.

The preferred embodiment may also be said to reside in a
10 method for producing a waveguide transmissive counter-

propagating signal method and associated systems for

locating events in optical waveguides, including, but not

limited to, the steps of:

i5 ) Preparing an optical fibre (single or multi moded)
formed from a waveguide material designed to
simultanecusly transmit counter-propagating optical

signals.

20 = Preparing a sensor configuration (single or multi
moded), with any appropriate waveguide length, any
suitable geometry and compatible with the waveguide
transmissive counter-propagating signal method and
associated systems for locating events in optical

25 waveguides, designed to optimise the sensor sensitivity

and detection capabilities.

. Preparing a waveguide sensor and optical fibre lead
by cleaving or polishing their ends so as to establish a

30 flat, smooth surface. After taking necessary precautions
to remove any contaminants from the cleaved or polished
waveguide sensor and fibre lead end-faces, the waveguide
sensor and fibre lead are placed end-to-end in a fusion
splicing apparatus and fused together using the

35 appropriate or desired fusion are times and currents. The
fusion splicing procedure may be repeated a number of

times if necessary. The core and overall diameters of the



Preferably the detector neans conpri ses: first and second
phot odet ectors for simul taneously receiving the radiation fromthe
count er - propagating signals in the silica wavegui de; and 5

processi ng nwO9/31985 receiving signals fromthe first RTADLEWRR

phot odetectors for determ ning the tine delay or difference betwgen the
signals effected fromthe sane di sturhance and therefore determ ning

t he | ocation of t he sensed event. 10 Preferably a wavegui de coupl er

or set of coupl %E@eé@:.de seﬁ&&ﬁn&?&i m;r\éegaaamerel inglat 1§ﬂy£&& S
phot odet ectors

% la ?a U|de Y] tg$t thg %31 can,be
si nul t aneous|y tFansm ?ﬁ o1l fvg%dVE% Po B8t h°1 FYELBP t he
silica wavegui déP&h'EI“}Q‘le‘lP@éFé‘é‘P%rtmra%lo alignhshpgeenemenft ¢det 0 t he
cogpler or coughaﬁegﬁﬁaélsahsbheand fxb@unneidrﬁéﬁaaﬁathfgfﬁé?ﬂ§@tﬁ%b!ﬁgl_
radi-ati on ca or ers.fromthe _silica
wavegui de togl Br g%&gg;t ecnéffgi'&é Q%Q%QHQL % °f?1%§§{a%ld%lsse51sﬁr o@f‘ées a
net hod for noni FbPFﬂgl%Fd maysFegeing & fiéffﬁ-ﬁ%&fe arhanaguet s off fasienent

i ncl udi ng t Belst s paframeters. | aunching light into a mavegU|de
so that the 25 light is caused to propagate in both directions along the
wavegui de to thereby provide counter-propagating optical signals in the
wavegui de, the RavegthefYBE A R ﬁ?gog e wayegwidg fpasor at any

counter-propagaﬂbqgtxmn|aﬁ§brst§wwﬁusxmn sphice so alzatacestalslish af the
signal s nodi fiegige, eidthedubyadd. Bth'aXi,eé{l@iozp%rfa%ﬁLeél&%g& by the
event, to provide oun r-pr opti_cal nal s

detecting the nBat#FR ‘é? ?ﬁ‘g%%g‘g#’faﬁg el (’fﬁﬂ'ﬁ'égﬁ' LPOHR O%ef fect ed by
the paraneter af@néiRg reQIGEtefrWhﬁrﬁynﬁhe t iditegeltaking neddmvaawce bet ween

the 35 nodi fi edpgbgiidionisn tor d@hodd et QoA ARidhR sl ecahi e A1dalBa or
event. 15 polished waveguide sensor end-face, it is fusion spliced

at a desired location to a second fibre lead.

- Preparing or conmectorising the free ends of the
fibre leads in any manner which facilitates attaching,

20 connecting, splicing or coupling the fibre leads to the
appropriate combination and arrangement of light source,
couplers, photodetectors and signal processing electronics
which achieves the transmissive counter-propagating signal
method for locating events in optical waveguides.

25 . Preferably the manufactured sensor and/or the exposed
fusion spliced region(s) may be protected by encapsulating
or coating the desired region in a suitable device or
material (ie., heatshrink fusion splice protector,
acrylate, enamel, epoxy, polyimide, etc.).

30
) In a preferred embodiment the sensor waveguide is a
multimode fibre and the lead fibres are singlemode fibres.
. In other embodiments a plurality of multimode fibres
and singlemode fibres are fusion spliced in end-to-end

35 relationship to form several sensitive and insensitive
regions along the entire fibre assembly.



10 Preferably the light is launched into both ends of the

wavegui de to provide the counter-propagating signals. Preferably the
light is launched into both ends of the 5 wavegui de fromg ,§/ p%/oqozls' ght
source.” - WOUUEYSr ef erred enbodi nent provides a wavegui EIRYENS I ssive
count er-propagating signal nethod and associ ated systens for | ochting
events in optical wavegui des, which may 1Q3 i ncl ude:

provi ding an optical fibre (single or nulti - nmoded) formed from a

wavegui de naterbal desigmed esbodimegitEuht phefality bEfaginglemode fibres
counter - pr Opagagkggf@ﬁ&f’%bllce? Sﬁ&@g?:gcﬂ:i’ve nhult::.mode P:[ﬂlésdla'?ﬁ gng€nsor

configuration (single or gproprlate maveQU|de
| engt h, any P%HFT‘%PO‘% ofe 5B ISRy f&Bﬁﬁat R é"\ﬁi"ﬁﬁ £ et AR SGUPEET
transm ssive cowhien- n opagatisngomnegptaid et Acthudher singlgomisatfddbreyst ens

for locatingsevept $oi LRAIERL1ERea WRHEGY JeSandlangned to optim se the
sensor sensitivity and detection capabilities; provi di ng

a lead optical fibre (single or nulti noded) formed from a wavegui de
mat eri al which acts Im @ alterhateradnangemenghttipuisgpsprt fidare ay bensi ng

fibre and the 23ep$88&d g 308 bOGASIGuI¥abE CHHighraddoppisgl eabikasi Cs

| nterface; (single or multi moded) and additional couplers may be

10 utilised to connect the plurality of sensor fibres to the
fibre optic leads. In this arrangement, a further number
of couplers and photodetectors may be required at the
instrumentation to facilitate the increased number of
sensing and lead fibres.

15
. In a preferred embodiment of the above alternate
arrangement the sensing part is formed by two suitably
configured singlemode fibres and the insensitive leads are
singlemode fibres. The two sensing fibres are connected

20 to a lead fibre by the use of a singlemode coupler at
either or both ends.

The present invention is effective on any optical
waveguiding distributed sensing technique that may be

25 arranged in a transmissive configuration. 1In a preferred
embodiment, but without limitation, the distributed
sensing technique is based on a modalmetric technique
utilising the fusion splicing of insensitive singlemode
fibre to sensitive multimode £ibre. In yet another

30 preferred embodiment, but without limitation, the
distributed sensing technique is based on a Mach-Zehnder
or Michelson interferometer utilising two singlemode

fibres as the sensitive region.

35 ©Preferably the waveguide comprises at least one optical
fibre and/or at least one optical fibre device. In some
embodiments of the invention the waveguide may merely



providing a |l ead optical fibre (single or nulti noded) formed froma
wavegui de material which acts as an I nsensitive |ight guide between the
sensing fibre and the 30 excitation source; fusion spI|C|ng,
or ot herw sWOM8AMETti ng, the sensor wavegui de and t hd TEH”BISt1 cal-
fibres so that cores of the wavegui des are aligned and remain fi&ed at
t he splice; 35 delivering 1he counter-propagating signals
from t he wavegui de sensor, via the |ead optical fibres, to an
appropriate Optdoﬁ@lr:lﬁada:ehﬁﬂ:hbﬁmi Eilod AAGRBAOT agyCladitdbnal elements.

11 the ti %Qeg)’ Pr(e dc! ‘ELE“EﬁE&Et ‘é(%eQnL{l.?af p%%%'l%enﬁif Dbt

measur ed and ut I°| I Se ermne ensea’ event ;

and elemr%@aﬁsele?%gtan}eﬁ%%ﬁrgeg‘ufrﬁ ERECTRyy &8 gRtiRHs dribye
optical signal sainhahchede beenstingi ebemantish adongnpad i length andelnsos‘eg

techni que, %ucmemah ol Ofermpititse daRat Aip i WBY 106 whic ua&&%f SHyd/ or

i dentified. to reS|de in a

e preferred enbod nent ma\é al so e sal
10 nethod for 5% 8dGBRRZE AMdPEHrPEET T RAEAMEERT iRt g BpYironment, ofqati ng
signal method applissbismtized ipSivenmcd gthe propeciadiesigandvents in optical

wavegui des, i NGpddhBderPsid¥lbos thel d1Udi8SmhEnet e SBRTi6A!
propagating in the wavequide to thereby provide an

10 indication of the change in the parameter.

Preferably any suitable CW or pulsed single-frequency or
multiple wavelength source or plurality of sources may be
employed. In a preferred embodiment, without limitation,
.15 a CW or pulsed ccherent laser diode is utilised to supply
the optical signal. In an alternate arrangement, multiple
light sources, of the same or varying wavelengths, may be
used to generate the counter-propagating signals.
The preferred embodiments of the present invention offer
20 the potential to utilise all-fibre, low-cost optical
devices in conjunction with laser diodes, light emitting
diocdes, photodetectors, couplers, isolators, circulators
and filters.Any suitable light source, coupler and
photodetector arrangement may be used with the sensor and
25 Jlocating systems. In a preferred embodiment, the required
optical properties of the light source are such that light
may be launched into and propagated in the singlemode
waveguide. For localisation, the light propagated in a
singlemode fibre must remain singlemoded during the entire
30 period of travel in the singlemode fibre. Once the light
is launched into the multimode fibre from the singlemode
fibre, several modes may be excited and the multimoded
fibre will be sensitive to various parameters. Once the
light is launched back into the singlemode fibre from the
35 multimode fibre, only a single mode is supported and
travels to the optical components of the system. Lead-

in/lead-out fibre desensitisation and sensor localisation



15 J[err] Preparing an optical fibre (single or multi noded) f ormed
froma wavegui de naterial designed to simul taneously transmt

count er- propagati ng opti cal si gnal s. 20 J[err] Prepari ng a sensor
confi gurati ovo 9§l e or mul ti moded), with any approBf"aY& &t equi de

| engt h, any sui tabl e geonetry and conpatible with the wavegui de .#
transm ssive counter-propagati ng signal matshod and associ at ed systens
for locating events in optical 25 wavegui des, designed to optim se the

sensor sensitiVijkYachiewdd ﬁetaggiﬂhﬁpabthiﬁmﬁmu appl£¢ddions, Preparing

a wavegui de sen and o tlcal |br d Vi. N Roli ghi ng
their ends so a?‘?o es‘f fl{’ uﬁ% bgrr%%%) sur géggtfyfjtonlg t%akl ng
necessary preca@gtFgpsate altlocﬂ-éﬂé-"%g d}?\}ieéoh?a‘hﬁ'%t@ LPBEPYH RS eaved or

pol i shed wa\é&guaﬂec@aimeb 2aeid ) brmikepde bartkdaembodifentaippgiede
sensor and f| r%org gtfz‘r cfe&sgse&fi ér%ggﬂdok N f4SRQR s ssive Rl g;ttgusi o

appar at us an fuse usin appropriate or desire

are tines and cWPEﬂS%t‘-nng@t’-cal ’F:t%’ra&ﬁ'spl i cing procedure may be repeated

a nunber of times if necessary. The core and overall dianeters of the

12 Utilisation of properties and characteristics of the
electromagnetic radiation propagating in the waveguide

10 sensor enables monitcring to take place in a non-
destructive manner. Thus, the sensor is not necessarily
damaged, fractured or destroyed in order to monitor and

locate the desired parameter.

15 1In the method, according to the preferred embodiment of
the invention, electromagnetic radiation is launched into
an optical waveguide (single or multi moded), such as an
optical fibre, from a light source, such as a pigtailed
lasexr diode, f£ibre laser or light emitting diode, and

20 propagates along the optical waveguide. The optical
waveguide is connected (temporarily or permanently) to one
arm of an optical waveguide light splitter or coupler and
when the electromagnetic radiation reaches the light
splitter the electromagnetic radiation can branch out into

25 the two ocutput waveguide arms of the light splitter. Each
of the output arms of this light splitter are fusion
spliced to other couplers, thus the optical radiation from
the laser source is simultaneously launched into each of
the other two couplers. These two couplers form the

30 launch and detection ports for the dual-ended, counter-
propagating method described above. The optical signal is
simultaneously launched to the output waveguide arms of
the couplers. Only one cutput arm is used in each
coupler, the other is fractured or otherwise terminated to

35 avoid back-reflections. The output arms of the couplers
are either connected (temporarily or permanently) directly

to the waveguide sensing element or to a lead optical



wavegui de sensor and fibre lead are not limted and transl ati on stages
or V-grooves nmay be used on the fusion splicing apparatus to centrally
align the cores of the wavegui de sensor and fibre | ead before the

f usi on "spli ovonep37®Sprocedure. Different conbinations of WAYBYUPAE&ensor
and fibre lead may require a different or unique set of fusion .3
splicing paraneters. [err] Cl eaviigg or polishing the wavegui de
sensor at any 10 location after the fusion splice so as to establish a

flat, snooth S%i@égeuaEhahpeﬁlis Qordbetb® QadGRaCily or a&drhﬁhedtﬁyyface

establlshes t he Io alised |le sensing region o he senso After
t aki ng necessar e Prec ecauf'igonssentsm?e%?/“ée }ny 28Kt 3 a’rh'anc?agntté’frog 'ﬁ

cl eaved or 15 yevesHae aaweged ddessdaght wid-Htazemayibe usagiten spliced
at a desired | ogelivdr thedelectithagnbttc| &ffiation to[ €ld |sensolr epari ng or

connect orl 100, plifed it 00SaRToditar wadldlifad %@qgcoup@mc, Jggnngr whi ch

facilitates atta I Cl hg or the fibre | eads
to the apprE})‘ﬁaa?t’é‘YceﬁbPWéR‘f%ﬂ’aé(ﬁgua ? AfGEEH BP ‘F??fn o5 ggtiger
coupl ers, phot otlké exlicartroaagnst natadjnotes st elueber oot Cindividuhkl chr

achi eves the transnd Sishag QQUQJ;ﬂdeO sQRBGAL] NGB! the cdlhidad for

| ocating events 1 n optical wavegui 2 Preferahly the

manuf act ur ed seREFaeRRiPg, steR? 65?@5’“"“34 dé'f'J(?nt BIT’?:‘é%g"rléiﬁ 8APEFT may be
prot ect ed by0 enpegmadattesnglong the codtiraglenmtidedi thd vagoyidenuatili t abl e

devi ce or Meh&¥ | #dach ehe bsﬁéﬁrtrei _kak U&i@rhz%phhﬁﬁcﬂé&tkﬁfcﬁ&&nto

acryl ate, enanel 0 &, c.). 3 preferred
enmbodi ment t he Egﬁs]gart%v% ug%%r’f' s’“na%51 2’%‘?%’[ (ﬁlel[':fa F H’%n eﬁ?d ﬁe | ead
fibres are singiehobrl fliab‘Peb signalser r Fhe sigpadisherecapehispditsin pheral ity
of multinode fipersrse didedtibRHRdR Ehdr B tdre cbuslebs SpleagedoEn

end- Lo end 39 bib QNS Brlool U RUGLAL: SISIALLE BNbIASERY 1T Ve
reglons along t gsgil Jﬁill'erfeﬁﬁfﬁéer of the signals travel along the

unused arms of the latter couplers, which are terminated
at photodetectors. The optical signals are simultaneously
monitored by the two photodetectors. Appropriate

20 electronics, signal processing schemes and algorithms
process the signals from each detector and provide the
location of the sensed event by determination of the time
delay or difference between the signals effected by the
same disturbance. The insensitive fibre optic leads may

25 be very long to provide an additional time delay between
the optical signals. This may assist engineering the
technique into a practical working system.

In the method, according to an alternate preferred

30 embodiment of the invention, the sensing section is formed
by two or more suitably configured fibres (single or multi
moded) and the insensitive leads are singlemode fibres.
The plurality of sensing fibres are connected to the lead
fibres by the use of additional singlemode couplers at

35 either or both ends of the sensing fibres.



13 [err] In other enbodinents a plurality of singlenode fibres

are fusion spliced to respective nultinode fibres and the plurality of
si ngl enode fibres are connected to a coupl er which in turn is connected
to a furthewastongiemode fibre 5 to forma multiplexed sefS¥VEP%hgenent .
[err] In an alternate arrangenment, the sensor fibre may be r epl aced
by two or nore suitably configured opticah7fibres (single or multi
noded) and additional couplers nmay be 10 wutilised to connect the plurality

]9f Sﬁnsor Hobr elsréféztdmf y :rllefiﬂgwad h'tcoﬂam. ah8 &hé&bﬁcrzﬁ@g_errent, a )
urt her nunber of co [s, a t odet ect.0nS . . be requi.r at the
instrunentationaff??%ﬁﬂepgga§%§%t#}ﬁlﬁgge%%%éflﬂf er 0¥1°n tiﬁﬁé%lngshnd | ead
fibres. 15 [err] In a preferred enbodi nrent of the above alternate
arrangenent thepsérsdaydypaall ithd aptridabyaidveledicrabhy compotentisgwiEd

two sensi ng 11 g Loaredt h0d e Sk EOMRerY Sonprol HALEIAGH T ProS. Th
si ngl enpde coupiedividual opfigad fbrgoiRPRHROTtS. The present invention

is effective on any opti cal wavegui di ng di stributed sensing technique
that may be 25 paLlf@ngQeheld Qed{:sMasshyfo CYPHilcIHEdilon,; mddheRoll ef erred
optic devices and/or integrated optical devices may also

10 be utilised in the system.

The invention provides an apparatus for monitoring an
optic fibre communication link into which data signals are
launched and from which the data signals are received, and

15 for locating the position of a disturbance to the link
including;

a light source for launching light into the
link sco that the light is caused to propagate in both
directions along the link to thereby provide counter-

20 propagating optical signals in the link, the link being
capable of having the counter-propagating optical signals
or some characteristic of the signals modified or effected
by the disturbance to provide modified counter-propagating
optical signals; and

25 detector means for detecting the modified
counter-propagating optical signals and for determining
the time delay or difference between the modified counter-
propagating optical signals in order to determine the
location of the disturbance.

30
The invention still further provides a method for
monitoring an optical fibre communication link into which
data signals are launched and from which the data signals
are received, to locate the position of a disturbance to

35 the link, including the steps of;

launching light into the link so that the light
is caused to propagate in both directions along the link



enbodi nment, but without limtation, the distributed sensi ng techni que

I s based on a nodal netric techni que utilising the fusion splicing of

i nsensi tive singl enpde fibre to sensitive nultinode fibre. In yet

anot her 30 WR®B3ERsed enmbodi nent, but without |initation, P¢Have0102

di stributed sensing technique is based on a Mach-Zehnder or M chel son
interferoneter utilising two singlenode 18 fibres as the sensitive region.
35 Preferably the wavegui de conprises at | east one opti cal fibre

and/ or at | eastecdPRBeRBbi Ciitoviider ecdRex-drobagsfifly optieahodigrils ief t he

I nvention the wavequide Jggée : : -
14 conpri \é%“*ag‘%%f. i{;’:ﬂ;%’ | r%g\?mmt, h%iﬁabia‘ﬁy°§d%?‘ﬁ“c?n§i“‘?e gflr%‘fﬁrs.
However, the oRH¥PATALiRy PREITHINELIRRLH LTS SFBe ofharaqtegistic Pt s al ong
its | ength. Furdiisaner aoditiedpiri efifedtdil @y thecaisturtamde sensrdvgidel enents

along its | ?”gt&zﬁﬂ@rt-gﬂg;gagaiﬁﬁngbggcﬂ gg%ggis’caghéorrpri se devices which

wll respon to a araneter in the environnent of

e I.nthe desired p
application and influenc®® ?f'é""ﬁ’igo'p'g?t’f‘ £hed counter eroPaPRE{REs of the
el ectromagnet i coptadiadt sbgnals gffepigdtbnghendibhturizarepuiagid €ort her eby

provide an 10 ifliLalin®AgOfnd MEnehaBigy idk W18 rRatANR tween the Preferably
any suitable C\%oqife_ul sed si nsgl.e-f reguency. or

ed signals” in order to determine the location of the

10 disturbance.
BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention will be
15 further illustrated, by way of example, with reference to
the following drawings in which:
Figure 1 is a view showing a general embodiment
of the invention;
Figure 2 is a view showing an embodiment of the
20 invention, utilising a modalmetric sensing technique;
Figure 3 is a view showing a further embodiment
of the invention, utilising a Mach-Zehnder interferometric
senging technique;
Figure 4 shows an integrated fibre optic sensing
25 and communication system, utilising a modalmetric sensing
technique;
Figure 5 is a view showing yet a further
embodiment of the invention;
Figure 6 is an oscilloscope plot illustrating
30 the actual response of a system formed by the method of a
preferred embodiment of the present invention, as detailed
in Figure 5, when a perturbation acts on the fibre of a
14.71 xm fibre link;
Figure 7 is another oscilloscope plot
35 illustrating the actual response of a system formed by the
method of a preferred embodiment of the present invention,



mul ti pl e wavel ength source or plurality of sources may be enpl oyed. In
a preferred enbodi nent, without limtation, 15 a CWor pul sed coherent

| aser diode is utilised to supply the optical signal. 1In ,&Iuiser nat e
arr angemnent , wouwbsiopd e | i ght sources, of the same or v:frc)?f’ﬁjg39 :
wavel engt hs, may be used to generate the counter-propagating sig#al s.
The preferred enbodi nents of the present ifwention offer 20 the potenti al
to utilise all-fibre, |owcost optical devices in conjunction with

| aser diodes, | i%‘ke@mﬂ&% FiguthO6eSmhat pdeteatflion GeUB! 6% She
I solators, circulators gﬂ‘ag:l %ré S. Air%%csw tabl e |ight source, coupler
and phot odetd&T8r °§r"f‘a’n‘§ e%r%e

uSed Wth the sensor and 25
| ocating systems. In a prefayred shbed Feembippd FHn BFLiC sepptital

properties of thgd icghmafeeiomaerabfémédtat utighsing a mMedabmeteimched into
and propagated in the singl ennde V. l.de. . Fo |d: Sl kRhneddre |1 ght
propagated i a sens%gnb?g;f%la%uﬁi rdetﬂn%s%%r é‘q iﬁgshé em‘)iJ 3’3 during t he
entire 30 peri odfaxmedr hyethe WQW%PﬁgFWfFFBFG.e‘%R"éJ‘FﬁESI PEhEEe s
l'launched into the-dBénki HRGEntidd;e from the singl enode fibre, several

nodes may be excited and |4 i;0ded: LS MLl Qe cssnshiiye to
various paraneters. Once %E%‘Qgtlﬁgg%tg?zwloiﬁcﬁgé back into the singl enpde

fibre fromthe 3%heninvierbdemiiMe, only a single node is supported and
travels to tie optical corpgmentld dbs aheiewsifcm skddd-furthexrn/ | ead- out

fibre desensitisghlon.and sens deakisalion

15 I s achi eve n this manner. In practical applications, t he
si ngl enode fibre should be nade sufficiently long to
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

With reference to Figure 1, a general set-up is

15. illustrated where the distributed sensor 10 may be
preceded and succeeded by certain arbitrary lengths of
insensitive fibre leads l4a and 14b. It is important to
emphasise that neither one or both of the insensitive
fibre leads 14a and 14b are required for the methodology;

20 they simply provide additional optical delay lines in
order to add additional delay between the transmissive
counter-propagating signals, to provide insensitive lead
fibres and/or to facilitate specific placement of the
sensing region(s). This may assist engineering the

25 technique into a practical working system. The
insensitive leads 1l4a and 14b may be fusion spliced 17, or

otherwise connected, to the sensing fibre 10.

The optical fibre link (total distance d,) is made up of an
30 insensitive section 1l4a, of length d., fusion spliced 17 to

a sensitive section 10, of length d,, and finally fusion

spliced 17 again to a third insensitive section 14b, of

length d.. The aim of the set-up is to locate a

disturbance 18 (at point C) along the sensitive section of
35 the fibre link 10 (between points B and D).

By injecting laser light into both points A and E

simultaneously, the fibre link has two counter-propagating



attenuate all cladding nodes in order to inprove the si gnal -t o- noi se
ratio. This preferred enbodi nent applies 5 for both directions of travel of

the transm ssive counter- propagating optical signals

Utilisati onwefoopr®perti es and characteristics of the @Té‘t'{”@%ﬁnetl c
radi ati on propagating in the wavegui de 10 sensor enables nonitoring#o take
pl ace in a non- destructive manner. Thgis, the sensor is not necessarily
darmaged, fractured or destroyed in order to nonitor and | ocate the

desired paranetgight bbamkD tmq,e@hhsalm&pcl@r dhPentse tdRny eher red
enbodi nent of the [ nvergl %nth ?cb gla. ethc, tafi ation | S | aunched into
an optical waveRSIETEi RYTe O il FH°Fo é‘g’?‘ QUERTHSRIP® S¥O0htical fibre,
froma |ight soifensicelchexturbatignasignpls eachste pfepdgate| bpre | aser or
I'i ght lem tting ﬂﬁ&%atandle&thﬁpaemtes;ﬁl @&«lgmt BSJ.:Q!Dtd GRwavayegeinte. The
optica waveguj de cte Al or 0 Qne

pSt n%. £r3m’ Q: tﬁt QS&%E{? 3{ X, %%.%tfexé\%ée anh

armof an o |ca'l wavegul coup
el ect romagnet i ct¥mglioft P‘Eﬁl'ﬂe]a sachesignadh (resPSﬁT—HQ]é!F athpoints A
el ect romagnet i carkdadi)atisoknewr, HWhanchbheuboint @aldhg &hatt whickhtithd wavegui de

arm of the |1 QhioaRhibbecolata oan B ARGEULRH L BLEP Bl EDL LML

splitter are f usion Iced to other coup ers us the o

radi ati on fromeq“a"tll‘\’é‘sl'aser source i s sinultaneously Iaunched into each of
the other tvo couplers. Thege=tawaLaupl ers formthe 30 | aunch and detection
ports for the dual -ended, count({e ' rl{)pagatl ng net hod descri bed above.
The optical signal is si mul anéfbus'ly ‘aunched to thk® out put wavegui de
arnms of the couplers. Only one output armis used in each coupl er,
the other is frehe diddegenot hisr Wize e&ravriatadd offoe@6h asdsingl

back-refl ecti ongresgiRcavkpitatiigtingk hbeakdupl,ens, is divanehbiher connected
(tenporari I or permanently) directly to the wavegui de sensing el enent
or to a Ieadsoptl'cal

Ar= (A1, + At )~ (At +At) (2)

where At., Aty:, Aty,, At., refer to the time taken for an
20 optical signal to travel along d,, dpi, dvz, and 4. ,

respectively, and can be calculated for known distances

using t = d/v, where v is the speed of the optical signal

given by ¢/nsip:er Where ¢ is the speed of light in a vacuum

(3%10% m/s) and ng¢ip,e is the effective refractive index of
25 the optical fibre.

Rewriting the equation for At, we have:

dy,+d —d,-d,
v

Ar =

30 (3)
Using the equation for d, we can substitute d;; = Qe-d,-d.-
dp1, giving:
(4)
Al = d,~d,—d. -d, +d, ~d, —d,
35 y
_d.,-2d,-2d,
= _..._v____
_d, -2(d, +d,)
v




16 wavegui de which is connected (tenporarily or permanently) to

t he wavegui de sensing el enent. Any one of the output wavegui de arns of
the light splitter nay be used to deliver the el ectromagnetic radiation
to the sensoWOBVHSEsegui de via an optical wavegui de | ead. EFRKANPYE8,; -
plurality of output wavegui de arnms may be used to deliver the .7

el ectromagnetic radiation to a nunber of i2udi vidual or mul ti pl exed
wavegui de sensors. Each of the counter- propagating signals transmtted

i nto the waveguitherseese; tHe pplifapaghidstakbageéd heefmriented| £Agh badihtt he
wavegui de until , ;g w@g rkg,qch the opposite ends and are | aunched back into
the latter couplers In the opposite direction to f;gﬁgykta initial |aunch
signals. The signals are h.spljd, he e i rection through
the latter couplers. Partpgg]f fé d)tbﬁléwglc%naidé+tdf"21vel Rack towards the first
coupler and g | aser, and the remainder of the signals travgkyalong the
unused arns of the_latier oupl ers, %\lln',ch are termnnated a at .

phot odet ect or s. SHTELBHLY ¢ 2% PGARF sChrE SHRIRPSR TSR FEME 8% by t he
two phot odet ect & 95 dppewmpvitate 20 el ectronics, signal processing schenes
and al gorithns process the signals fromeach det eEtor and provide the

| ocation of the sensed evenpoiay sget %muaa@eiser(dpidgzb]e HHe! (eflel ay or
di fference between the signals effected by the sane? di st ur bance. The
insensitivelfibre optic | eads may 25 be very long to provide an additional

tinme delay betweBnis inté&etihigCab sSogahar this remlassishsengidieering the
technique into QmEEaELifé“ré@@i%gagt§X§h§nhnow the length of the entire
fibre link, 4, , and not the respective lengths of the
various sensitive and insensitive fibre regions in the
15 system. This information can be easily obtained at the
design and installation stages of a project, or post-
installation by the use of an OTDR. Then, once the total
length is known and the time delay, At, is measured by the
system, it is a straight forward calculation using
20 Equations 5 or 6 to determine the location of the sensed

event.

In the embodiment of Figure 2, CW cocherent laser light is
launched into a singlemode optical fibre 15, from a

25 pigtailed laser diode 20 and fibre isclator 22, and
propagates along the optical fibre 15. The optical fibre
15 is fusion spliced 41 to one arm of a singlemode fibre
optic coupler 24 and when the light reaches the coupler 24
the light can branch out into the two output arms of the

30 coupler 24. Each of the output arms of this coupler 24 are
fusion spliced 42a and 42b to other singlemode fibre
couplers 26a and 26b, respectively, thus the light from
the laser source 20 is simultaneously launched into each
of the other two couplers 26a and 26b. These two couplers

35 26a and 26b form the launch and detection ports for the
dual-ended, counter-propagating method utilising a

modalmetric sensing technique. The optical signal is



In the nmethod, accord
i nvention, the sensin
conflgured fibres (si
si ngl enode f v &g37925

| ead fibres by th
or both ends of the s
17 Preferably th

ing to an alternate preferred 30 enbodi nent of the

g section is fornmed by two or nore suitably

ngle or multi noded) and the insepsitive ads are
The plurality of sensing fibres are ggﬁﬂ%%?%' to the

e use of additional singlenode couplers at 35 @#ther

ensing fibres. 22

e instrunent optical and electronic arrangenent s

will utilise noi s@mihehAbSHlIYNauA6hed RiLThe outpub iy @bbyanal 278

optical and el ect r| HeCa
control box, wt h
El ectro-optic deviress

| { t
ouﬁggg\;/’él) 333% in&” %b ?}i&#ogﬁé eglué;ﬂzta a§-lmn917§ 445 Lgren
eagh o%%‘%Rie(fp? FE %'é%' i%6&s rﬁﬁ@ﬂ‘é‘f’d’ely' igppeedgadilces

and/ or integrat ecbthplri Qfhse® s omyoﬁmﬂﬁrebﬁraﬁtdn@drl othémewisest em
The invention Sprqi<ér§11‘i§a@€%f‘%ﬁ)fbfa:%taﬁsb£9ﬁ - B leRE LRI st‘ The' BH:ﬁué | Qi

communi cationlin

nal s are | aunched from whi ch

the data signal s ZPeaP8c8TRRf tH%d°PWPLITF 2°8caPRngeR f?é’apgﬁ"{“mﬁt?ﬁ af

di sturbance to t heidgll
for launching Ii QiHapit
lead

10 that

link

ehode filne @othg;bulkhead connectors (thrbught source
BEQ) t5¢a and 28b. A connectorised singlemode fibre
14a is connected to the through adaptor 28a, such

the light from coupler 26a is launched into the fibre

in one direction. Similarly for the counter-

propagating signal, a connectorised singlemode fibre lead

14> is conmnected to the through adaptor 28b, such that the

light £rom coupler 26b is launched into the fibre link in

15 the opposite direction. The singlemode fibre lead 1l4a is

fusion spliced 43 to one end of the multimode sensing

fibre 10 and the singlemode fibre lead 14b is fusion

splic

ed 44 to the opposite end of the multimode sensing

fibre 10, thus forming the transmissive counter-

20 propagating semnsing loop configuration required. Each of

the counter-propagating signals transmitted through the

fibre sensor 10 propagates along the entire length of the

fibre link until they reach the opposite ends and are

launc

hed back through leads 1l4a and 14b and bulkhead

25 through adaptors 28a and 28b into the couplers 26a and

26b,

respectively, in the opposite direction to the

initial launch signals. The signals are each split in the
reverse direction through couplers 26a and 26b. Part of

the signals travel back towards the first coupler 24 and

30 laser 20, and the remainder of the signals travel along
the arms 16a and 16b of the latter couplers 26a and 26b,

raspectively, which are terminated at photodetectors 30a

and 3

Ob. The fibre isolator 22 is used to reduce the

amount of light launched back into the laser diode. The

35 optical signals are simultaneously monitored by the two

photodetectors 30a and 30b. Appropriate electronics,

signal processing schemes and algorithms process the



link so that the light is caused to propagate in both di rections al ong
the link to thereby provide counter- 20 propagating optical signals in the

link, the link being capabl e of having the counter-prao ating optical
signal s WO 0381985 characteristic of the signals nodifie LB’?AU@?/?I@%S[ ed

by the di sturbance to provide nodified counter-propagating opticgl
signals; and 25 detector nmeans £®r detecting the nodified
counter-propagating optical signals and for determ ning the tine del ay

or difference beiipils BeolDéhdH Adteoubi €30a and POBPagRigFSriapt thal signals
in order to det e{él]%a{’}ﬁohh‘ia of déﬁc%hggﬁoév%&e e ELELBE‘{}&S:m%Oof thJ he

I nvention still provi des a net Orlecf% ptical
fi bre comuni cat ¥ [9edRY| AF Aiffianence befyeeng |t§ﬁaF§9’%ﬂ”es I ﬁEﬁéﬂ %}hd from
whi ch the data stiiadame distuirbareesci VEHe imsdnmzdstieet hitbpoigtienleadsa

di sturbance to 3p,, they hisBKmay N6 %’z—?glgﬂf & ‘iﬂ%v@&e an additional time

llaunching light into the |ink so th the, |1 I s caused to propagate
in both directi oXelay J’r‘?fjwﬁﬁ’é ¥ %Ié’ptlcal signa s' if required.
18 to thereby provide counter-propagating optical signals in t he

link, the [ink bfx‘; Nche: JRBBEEm&i e hf'f\“rﬂ.gukbes CQlwmc%herent HMQ@%hE‘Q;QDt i cal
signals or some ar acter.i t|c of the I§ iﬁ 2% fected by
t he di sturbance f%“’p"?tﬁﬂ 3 %oﬁﬁﬁgérg“‘ﬁf% qiaﬂ 65??0 * $i¥§Mafs; and

det ecti ng t h¥0 noelidtaddedoliasey -iraieaglt M@ flbreopsbéatosilg'halagdef fected by
the di sturbance gpspdddites along the optical fibre 15. The optical fibre

' 15 is fusion spliced 41 to one arm of a singlemode fibre
optic coupler 24 and when the light reaches the coupler 24
the light can branch out into the two output arms of the

15 coupler 24. Each of the output arms of this coupler 24
are fusion spliced 42a and 42b to other singlemode fibre
couplers 26a and 26b, respectively, thus the light from
the laser source 20 is simultaneously launched into each
of the other two couplers 26a and 26b. These two couplers

20 26a and 26b form the launch and detection ports for the
dual-ended, counter-propagating method utilising a Mach-
Zehnder interferometric sensing technique. The optical
signal is simultaneously launched to the output arms 27a,
27c and 27b of the couplers 26a and 26b. Only one output

25 arm 27b from coupler 26b is used, all other unused arms of
couplers are fractured or otherwise terminated to avoid
back-reflections 19. The output arms 27a, 27c¢ and 27b of
the couplers 26a and 26b are terminated at singlemode
fibre optic bulkhead connectors (through adaptors) 28a,

30 28c and 28b. Connectorised singlemode sensing fibres 1l0a
and 10c¢ are connected to the through adaptors 28a and 28c,
respectively, such that the light from coupler 26a is
simultaneously launched into the fibre link in one
direction. Alternately, a further coupler could be used

35 with arms 10a and 10c to replace using arm 27¢ and adaptor
28c. Similarly for the counter-propagating signal, a
connectorised singlemode fibre lead 14 is connected to the



determining the tine delay or difference between the nodi fied signals

in order to determne the location of the 10 disturbance. BRI EF
DESCRI PTI ON OF THE DRAW NGS Preferred enbodi ments of the present

i nvention wiwbolyeredss further illustrated, by way of exanBC&AURQIRE
reference to the follow ng drawi ngs in which: Figuge 1 is
a view show ng a general enbodi nent of ,5he invention;

Figure 2 is a view showi ng an enbodi nent of the-20 invention, utilising a

modal metri c Sensé}{}%utgﬁcg?.&% 28b, such that thbJ¥iSht #:nf cBhBYess¥ ng a

further enbodi men he invention, utili,si ng a Mach-Zehnder. .
interferonetric is lagpghed intg hhegfdbre link in the opposite F1ERGHR™n
i ntegrated fi brersptiingd ensde g ingnfikoramitiac ahd o0 \axteefusion| i sing a

modal metric Sensé.pnﬁ.ced 45680 {H1€ respectively, to 5h@Uskd 2 & @ Vi ew show ng
yet a further . enbodi gufe b is an

ment of t I nyention; . Fi
osci | | oscope Yl ofqulleﬂﬁfi?ea??‘h‘gl%%%t ﬁ@xa%%ﬁmgégﬁg%%eﬁcﬁrealgf}gt em Tor med
by the net hod offwsion spli¢ed r&d tenbodi aamtofoftheheowplew 0 iopvEhei on, as

detail ed i N ELOUUig ed s i8BE N D EOkMERG 1) t3ahEmDEs iie doukarof a
14.71 km fibre |ink; '

illustrating t hepﬁéi?gltinsE)%%ssiengofl% g‘)r:/%t‘%i | Sgr%%é’ghgéq‘?%gelé'l OE.%%Pﬁogl 812 25
preferred enbodivatredrphet preupder 6Ayafifxagtured or otherwise

10 terminated to . avoid back-reflections 19. Each of the
counter-propagating signals transmitted through the fibre
arrangement propagates along the entire length of the
fibre link until they reach the opposite ends and are
launched back through bulkhead connectors 28a, 28c and 28b

15 into the couplers 26a and 26b, respectively, in the
opposite direction to the initial launch signals. The
signals are each split in the reverse direction through
couplers 26a and 26b. Part of the signals travel back
towards the first coupler 24 and laser 20, and the

20 remainder of the signals travel along the arms 16a and 16b
of the latter couplers 26a and 26b, respectively, which
are terminated at photodetectors 30a and 30b. The fibre
isolator 22 is used to reduce the amount of light launched
back into the laser diode. The optical signals are

25 simultaneously monitored by the two photodetectors 30a and
30b. Appropriate electronics, signal processing schemes
and algorithms process the signals from each detector 30a
and 30b and provide the location 18 of the sensed event by
determination of the time delay or difference between the

30 signals effected by the same disturbance. The insensitive
fibre optic lead 14 may be very long to provide an
additional time delay between the optical signals, if
required.

35 Figure 4 illustrates an integrated fibre optic sensing and

communication system, utilising a modalmetric sensing



19 as detailed in Figure 5 when a perturbation acts on the fibre

of a 14.71 kmfibre link; and Figure 8 shows a conbined fibre
optic sensing and comruni cation arrangenent, utilising a nodalnmetric 5
sensi ng- t echigpegreand the ability to |ocate di sturbances PCTAUWIRERS by t he
met hod of the preferred enbodi nents of the present invention; #
Figure 9 is a view of a further enbodi nent,of the invention; and 10
Figure 10 is a view of a still further errbodi ment of the invention.

DETAI LED DESCRI PTI THE PREFE Bﬁrﬁ}g t Jence to
Figure 1, a gené: %I%%‘f‘ E %5 stra g%eremt ﬁggdlgstrl uted sensor
10 may be prfusthey “Succeeded by certain arbitrary |engths of

i nsensitive fibre Ieads 14a and 14b. It is inportant to enphasi se t hat
nei ther one or hg 5 {ﬁdé&%‘aﬂégtuﬂw off anr&nﬂﬁmnyafa@ee 14b are
o 0

required for the Si ead| I opal onptical
delay lines £n m"eBFEI%? ‘ﬁf‘idd‘& gﬁﬁ’l‘ :‘fdﬂ"ﬁ f&é X\E&n thReTY sive
count er - pr opagatandg isi gasdisibetio ipr detalid iimsshei exaﬁmlleeaf@lrtherflb@r% and/ or

to fatCI litate spagy t&ﬁCs%ﬁﬁg&at ; telfad h%culogea?argmatequgage}atﬂ;fg 5&:11!3_?_%
assi st engineerin e echnique_i nt o cal, working system e

i nsensitive | ead’s"%l‘&& EREPIAF Py 2B TR %ﬁ%ﬁl ll@éaﬂfﬁ 9(‘3#‘ d ¥07 herwi se
connected, to tlmrefersedgeribdgimeng of the pmegptm:‘eﬁntmomreaﬁma(iﬂ@tdal

di stance d[ qir])id %':.GEQS $ifard tR8 3Ramp 1S FAShb¥ CHSRA,] %eiﬂa, of length
dlerr], fusion sppll gf"%m‘a aers_on tg?enﬂbt {ehverzefﬂoﬂ g’kh db, and

finally fusion again to-a nsensi |ve sec ron 14b, of
Figure 7 illustrates another oscilloscope plot

illustrating the actual response of a system formed by the
method of a preferred embodiment of the present invention,

15 as detailed in Figure 5 and the example further below,
when a perturbation acts on the fibre of a 14.71 km fibre
link.

Figure 8 illustrates a combined fibre optic sensing and

20 communication arrangement, utilising a modalmetric sensing
technique and the ability to locate disturbances formed by
the method of the preferred embodiments of the present
invention. In a practical application of this technique,
it will usually be desirable for both launch points of the

25 counter-propagating signals to be at the same physical
location. This is easily achieved by using a multi-fibre
cable which will effectively form a single-ended system.
In this arrangement, one singlemode fibre is utilised as
the communications fibre, whilst two fibres, one

30 singlemode and one multimode, are required to set-up the
modalmetric intrusion sensor (event detection and location
determination) over the specified region of interest
(shaded area). A perturbation anywhere along the
multimode fibre in the shaded region will generate two

35 counter-propagating perturbation signals. Measuring the

time difference in their respective time of arrival at the



length dferr]. The aimof the set-up is to locate a  disturbance 18 (at
point C) along the sensitive section of 35 the fibre Iink 10 (between
points B and D). By injecting laser light into both points A and E

si mul t aheouswgooEnesfi bre |ink has two counter-propagat i ngPCT/AU99/01028

W000/ 37925 20 l'ight beans. A 3
perturbation 18 anywhere al ong the sengigt i ve part of the fibre Iink 10
will cause two i dentical perturbation signals each to propagate in

al ternate direct i:ems'mﬂda& efid &f AMePQiRk ﬁipmrl@& BRL NMocuthondBE £ROM

point C towards poin he, didf time of arrival of each
signal (respecti ge fle anﬁgl ﬁ% éete%m?ag% I s known, then the point along

db at which the d| sturbance occurred can be cal cul ated usi ng the
foll ow ng equith aRsferbice to Flgure 8 a émikudicatlbhlédbre dlser ik +

d[err] 5 .shown whﬁph 1nc£u 0 eakﬁﬁﬁlcatﬁyﬂ%rfL?rec4§¥tl ngyege(

The difference in arri va respec
points At and E)?fafﬁelﬁihinéﬁltﬁF cpanected to a transmlttTgﬂqqz gng[ghg] +
[err] )- ([err] othexrrdnd tp2h receiver 153. The transmitter 152

transmits data into the fibre 151 for receipt by the
receiver 153.
10
The cable 150 also includes a multimode fibre 155 which is
spliced to a single mode fibre 156 at splice point 157. A
further single mode fibre 158 is spliced to the multimode
fibre 155 at 159. The fibres 155, 156 and 158 are formed
15 in a loop configuration within the cable 150 so that. the
ends 160 and 16lof the continuous fibre formed by the
fibres 155, 156 and 158 are adjacent one another.

As previously explained, counter-propagating signals are

20 launched into the two ends 160 and 161 of the fibres 155,
156 and 158 and detectors (not shown) are arranged for
detecting the two counter-propagating signals which
emanate from the two ends 160 and 161.

25 Any attempt to break into the cable 150 to physically
access fibre 151 will necessarily disturb the multimode
fibre 155 which is the sensing fibre and therefore the two
counter-propagating perturbation signals will be produced
and detected at the ends 160 and 161 in the manner

30 previously described. By determining the time
differential between the receipt of the two modified or
perturbation signals the location of the attempted break-
in can be determined.

35 Although in the preferred embodiment shown in Figure 8 the
fibres 155, 156 and 158 loop back on one another so the
two ends 160 and 161 are adjacent one another, it would be



where [err]t[err], [err]t[err], [err]t[err], [err]t[err], refer to the tine
20 optical signal to travel along d[err], d[err], d[err], and

taken for an

dlerr], respectively, and can be cal cul ated for known di stances
using t = d/woewsene v is the speed of the optical signal PCT/AYAPERE py -
c/n[err], where c is the speed of light in a vacuum (3x10[err] mgp) and

nferr] is the effective refractive index o725 the optical fibre.
Rewriting the equation for [err]t, we have:

30 Usi ng t hepgssielied ol piodi®s I sifiglaNsénuisly b €imhd rdibFe which

d

(gﬁrr]-d[err]-d[gﬂéé;q n§§§q&$r£lrafﬂéﬂ Q¥th the fibre 151 and launch

[err]

21

Therefore, the pbisht gintgi behikperte afctbpchithxe ffizom pepptite endsj efgjven

by:
(5) Siml
gi ven by:

th&0kdB1e0f1501 ahar s dekeet | 1igHteEirbm both ends and
arl ¥ynl~1tkeor&c§i%_ Phe AhitdaRanses ' & YL ReCHLEL AN AR Rine

differential to locate the position of the attempted
break-in.

EXAMPLES OF THE PREFERRED EMBODIMENTS

10

Preferred embodiments of the present invention have been

Eis

tested illustrated by the following example. The optical

fibre transmissive counter-propagating signal method and

associated system was constructed in order to demonstrate

i5 the feasibility of producing the invention described

herein. Not all of the results obtained to date are

detailed in the following example.

Example: Location of Point of Disturbance Using the

20 Modalmetric Effect:

It has long been known that when a multimode optical fibre

is disturbed, the distribution of the modes is affected.

This modulation ¢f the modal distribution in a multimode

25 fibre is known as the modalmetric effect. The modalmetric

effect in a multimode fibre can be used to sense and

monitor wvibrations, disturbances or movement of the fibre

itself, or any structure or object the fibre is attached

to, by detecting an intensity change in the speckle

30 pattern output of the fibre. Modalmetric sensors can

therefore be used as vibration sensors in structural

monitoring, condition monitoring of high voltage

equipment, intrusion detection of cables or pipelines, and

in fence perimeter security.

35

Initially, optical fibres were deployed mainly in long-
haul and high-speed telecommunication systems. However,



Poi nt of disturbance [err] = [err] 10 It is interesting to note that

this result illustrates that it is required to only know the | ength of
the entire fibre link, d[err] , and not the respectlve | engt hs_of the
vari ous  senswboiooe9and i nsensitive fibre regions in the 15 ¥ Vgg 8 Thi's

I nformati on can be easily obtained at the design and installatio@
stages of a project, or post- I nstal | agga on by the use of an OITDR Then,
once the total |l ength is known and the tinme delay, At, is neasured by
the system isfen $had &ddata@el ihOEyEY bECabelbal | Pibresicap1d) a:Equat ions 5

or 6 to determ ne th?g Qﬁt} Orég%ﬁ:cégeagfr&%%gcﬁ?rs?Vgﬂglﬁal fi rdg'l i 0 a

enbodi nent of F| herent | aser aunc

si ngl enode opt | cww bebpe used fasoifhg Dain rﬁaﬁF&PFeb‘nl’%&‘& ofb88e 20 and fibre
i sol ator 22, anchomunpb@ﬁﬁgﬁ appalicagidde saphi aal LANMWAN] bacKbenapt i cal

fibre 15 's fntas ﬁgléz&ﬁ%télckﬁn%ﬁ FN fnatvssm; %EDQEnI( le

optic coupler reaches_the cou the |ight
can branch out ﬁ‘ﬂ‘-‘o %ﬁgetﬂfﬁiﬁh ions figy PRDkE 9 eEr ISYSTRAF 0f t he
out put arns of thilieoupititidzs and multinasiionalphi cathniPpfantied€b t o ot her

singl emode fiDbr & ommuniOLRl &4 x&@%eﬂg %ﬁmvree%necefyﬂa@r fol%usem@ciwht
from the | aser source 2 i‘z%ﬁmj (i)_{.IS| Iaunch into each of

the other two cotfi%sMet283 %h’tf WESEBOPTEIY 34 26a and 26b form
the launch ad demesinigatpems slindr at hegh priggakyended, counter-propagating
met hod utilising a nodal netric sensing technique. The optical signal is

The modalmetric effect can easily and effectively be

employed to guard against any intrusion into or tampering

with an optical fibre cable. A typical set-up where the
15 sensing is integrated into a.fibre communications system

is shown in Figure 4.

Both the sensing system 100a (i.e. laser) and 100b
(detector and processor) and the communication system 200a

20 {transmitter) and 200b (receiver) are integrated intc the
same optical fibre 10. The wavelength of the sensing
system is chosen so as not to interfere with the
communications signal (via wavelength multiplexing) and
also such that the fibre link is multimoded for the

25 sensing wavelength. Several other configurations are
possible, however, they all work on the same principle.
The modalmetric processing unit will detect any
perturbation at any point along the fibre link.

30 Up until now, the modalmetric sensing effect has only had
the capability of sensing disturbances along a distributed
multimode optical fibre sensing length, without being able
to locate the exact point of the disturbance. Recent
experiments by the inventors have shown that it is now

35 possible to locate the disturbance by determining the time
delay between two counter-propagating signals, according
to the method of the invention described herein. The



22 si mul t aneously | aunched to the output arnms 27a and 27b of t he
coupl ers 26a and 26b. Only one output arm 27a and 27b from each coupl er
26a and 26b, respectively, is used, all ot her unused armnms of couplers
are frdctur®&D®n™Bsherwise 5 terninated to avoid back-r efFYPOHE 19, The
out put arns 27a and 27b of the couplers 26a and 26b are term nat#d at
singl enode fibre optic bul khead connectorgg(through adaptors) 28a and
28b. A connectorised singl enode fibre | ead 14a is connected to the

t hrough adapt Ore:&?ea.-uﬁuem hifork hat deberibahbellonnEss W ard@aghhentiunched
into the fibre |nk LN, one A% regtion. Simlarly for the counter-
S

pr opagati ng S|gﬁ%ﬁ gaggﬁnﬁ%to &d Singl enode fibre | ead 14b is

connected to the through adaptor 28b, such that the | i ght from coupl er
26b is | aunchedrhetsad-hp Gediridddlini Piddre tshasoppaside b mmﬁtiﬂﬂ The

si ngl enode fd breg, lead, 14§1£§ two %%&ﬁhQP siuqéaﬁi é&f%{?ﬁ&“% %%gig |s usi on

mul t i node senS| he sin
spliced 44 to the‘6b588|f¥P§ﬁu}16F t PRAIFHARt | Hﬁdée%ﬁ%ﬂﬁ fgbre 19 ghdchy ¢ hus
form ng the transyiiesifoe erampls -2k20 lopg opal dibcated cbstwien @ppicing

configuration rﬁ&&%}é&%s Eﬁ&ﬁ@f; may bB€a C&&altc%ﬁ:ear,@?@:gé‘tﬂd“%hé' I
transmtted thr

t he bre seéensor pr op agates along. the entire

length of the ¢cab¥gpex FPﬁksﬂ?ﬁ qlhfﬁeﬁsr"é"a%r?"?“ﬁ‘g OEPHTRR TEREE - antPer e
| aunched batk tHiloeglito éadsorinertadd td4 bnserts ilvilviehdead 26ibxtes doghamdiapt or s

28a and 28b Intﬂli hﬁxl%uﬁbﬁﬁst}?é%rﬁgdof thg%veﬁ'ﬁiagcﬁé%ﬂn I@n&he
opposite dlrect

h
split in the J%F?? aP?e%ﬁl ??ﬁ?ﬁ?%%éﬁgéﬁbﬁ naggﬁﬁﬁfiué?%% 1§%’ eac
the signals traﬁeﬁniﬁﬂﬁénFo%a?QEhtﬂﬁ?chlP§t5knﬂupherSnlleﬁmilﬁ)anﬂa§b¢ 20, and

t he remai nder ofikFe 133088l Spiicuelatahonoto a dahelews i iapdad6b of the
latter coupjers %tgr ang %g?sﬁ%hcmeﬁpec%ﬂg' Ty Egzaé ecén%remt?&téd at

photodetectors bré 1 sol ator o reduce the
the fibre 10 via splice 107. The fibre 119 may be of

significant length such as 8.8km. If a perturbation P
is applied to the multimode fibre at the point indicated
(point A), two similar or identical time varying optical

20 signals will be generated consistent with the modalmetric
effect, each travelling in the opposite direction. The
perturbation signal consistent with Input 1 (PSI) will
arrive at Port 2 (Output 1) before the perturbation signal
consistent with Input 2 (PS2) arrives at Port 1 (Output

25 2). This is due to the fact that PS2 needs to propagate
through for example 14.71 km (the difference in distance
between A to Port 1 and A to Port 2) more optical fibre
than PS1. By measuring the time delay between the two
perturbation signals, the location of the disturbance can

30 be calculated. In the above set-up, assuming a refractive
index for the fibre of 1.457, then the time difference
between the two signals can be calculated as:

. 14.71x10°m
35 (3x10°m/ 5)/(1.457)

=71.49us



amount of |ight |aunched back into the |aser diode. The 35 optical signals

are sinultaneously nonitored by the two phot odet ect ors 30a and 30b.
Appropriate el ectronics, si gnal proce55| ng schenes and al gorithmns
process t hewo 00/37925 23 PCT/AUROUES| s -fr om
each detector 30a and 30b and provide the | ocation 18 of the semsed
event by determ nation of the time delmy or difference between the
signals effected by t he sane disturbance. The insensitive fibre optic

| eads 5 14a and sL4Qr£rﬁmn&&um¥n£9neaztaopamameaaﬁ addichhanddsive®
del ay between the o t cal r}podl ment of

Figure 3, CW colfSPERE TRSE ggglﬁ? flbre B ﬁe'ﬁencf defgrébgigng it enddé Sopt i cal
fibre 15, from &-10Apj e;fsxaﬁnwenrca%éewméhzosm ¥ Hhati deFatind Ap  and
propagat es al Ongxb'hEeO:th{s’:lhs‘a&bte ndasuklec tBpt p&durbabion signddid anhusi on

splced 41 (g oneaLiLel Acog! eipel HiiGim afivissRguBLen 2acgd vhen

the Iight reachés e cou nto the two
out put arnms of MRE Ese‘édiﬁ)lsé‘F“Pé& tE@FWrPHEL%tWa&Pnén‘éfm‘t’maélé’oupI er
24 are fusi measfiké Ccettk 42a3uanand Ained dififererscalgl eigdeesi Hrand 7

coupl ers 26a andy gﬁgtrgéé%%hﬂs' ¥ro Jﬁfm fs.n@h'agm Ja%@.ﬂhes. the d3sek

source 20 is sinultaneousl | aunched i nto each her two

coupl ers 26a an(‘]‘e?Bbfr‘Fheté‘ﬁ:ht FBPEBTRT e rtherg 28°L8aF1Y6B Fﬁ}ﬁ?t%“‘l"&&nch and
det ecti on papt s ther tiwbeperturdaslionnsiiarhalesourhieh raap dgahi ngasetdiDes

utilising a Maclys s af@MYlgls LREELESIVUTRLT bomp SRSl %l §CROEAUShe ThE

opti cal
P theoretical calculation of 71.5 us.- The error

(effectively 300 m) may be a result of the assumption of
the value of the effective refractive index of the fibres

15 and by the inaccuracy in the manual measurement of the
time delay. These errors could be reduced by knowing the
actual effective refractive index of the fibre and by
employing digital signal processing means to accurately
determine the time delay.

20
Figures 9 and 10 show further embodiments of the invention
in which a common waveguide is used for both transmission
of data (for example a fibre communication link) and also
forms the sensing fibre for determining any attempt to

25 interfere with the fibre. These embodiments has
particular application to securing communication links and
indicating any attempt to break into the communication
link so as to tap off data from the communication link.
Figure 10 shows a loop configuration and Figure 9 a

30 configuration without a loop.

In Figure 9 an optical fibre 200 forms the communication
link for transmitting data from one place to another. The
fibre 200 is preferably single moded at a wavelength of

35 1550 nm (which will be the data transmission wavelength)
and multimoded at a wavelength of 850 nm (which will be
the sensing fregquency). Data is launched into the fibre



signal is simultaneously |aunched to the output arms 27a, 27c and 27b
of the couplers 26a and 26b. Only one output 25 arm 27b from coupl er 26b
is used, all other unused arns of couplers are fractured or ot herw se
t er mi nat ed- tvwo epEa$d back-reflecti ons 19. The output aPREAYP410287¢ .and
27b of the couplers 26a and 26b are term nated at singl enode #fibre
opti c bul khead connectors (through adaptors) 28a, 30 28c and 28b.
Connect ori sed si ngl enode sensing fibres 10a -and 10c are connected to

the through adamr $révaa Atndfbtter 21 SRS 6hHI m}y:.mﬂmh hhpigtdiada ght
from coupl er 26 dmée %tﬁggoiﬁé ra@ggcgggl%@gro S hggg{:b&%-'y nk in one

direction. Alter ngt ely, a fu coup cou arns 10a
and 10c to repl eﬁ?@nééﬁngr%rlrﬂ“2ﬂi‘eénw%fda"ptséPgle modid fSPFFPI 31?2t ghet he
count er - pr opagatwav@lshgtitlof 4550 meonmeet dibged2s2 N apideedi dt e2132ad 14 i s

connected tocth £, t hr ough
5 ib 214 which is connected to one arm of a cou r 216.
adapt or 28b, "suc ythaf the 1ight from coupl eroz%b I au%c edinto the

fibre link in t/freoSpbRYE LiyitREcCPBRler 216Tds §P+|’9‘F%e2§én§? nPSibres 10a
and 10c are fusifibre 208pl| iThed £4branz00lds rdspespliadd/ att @18necend of a 5

si ngl enode coupl &f, 82,288k ! henel agl e@d&'{g Q&ethsaéodﬁezs 220 34 usion
spliced 47 to one a.rmof t he co si de, thus

| e
formng the trarf®HSEAVES D S'Q Rbas r%&&a???‘t lé’e‘ﬁgl’ﬁgstbﬁed at
configurati a® r 2p2 rteda fimther sgnatedneienmfdbreolpt er W@ Esbfesmncialk ed or

otherwise 10 t&fd Rakedrd 0siAMAedmBAEK e fhaClhP8Ferddin oEAGB56Tndh NE
counter - propagat,ng ghanal 5, 1 ansm LLeds L QU LOG T 1 e wnicn 1s

sensitive to the wavelength of 1550 mm.

15 A first counter-propagating sensing system 240 is
connected to the other arm of the coupler 216 by a single
mode fibre 241 and a multi-mode fibre arm 242 of coupler
216 which are spliced togethexr at splice 243. The fibres
241 and 242 are single moded and multi-moded respectfully

20 at a wavelength of 850 nm which is the sensing wavelength
used in the embodiment of Figure 9. The counter-
propagating sensing system 240 includes a transmitter such
as a pigtailed laser diode for launching the light at the
wavelength of 850 nm into the fibre 241, and a detector

25 for detecting light emanating from the fibre 241 in the
manner which will be described hereinafter. The system
240 can be identical to the pigtailed laser diode 20 and
detector 30a described with reference to Figure 2. The
system 240 may include appropriate couplers for enabling

30 light to be launched into the fibre 241 from the pigtailed
laser diode and to enable the detector to receive light
from the fibre 241. Thus, the sensing light signal is
launched into the fibre 241 from the counter-propagating
system 240 at a wavelength of 850 nmm and is coupled with

35 the data transmission signal from the transmitter 210 in
the coupler 216. Both the data transmission sigmnal at a



arrangenent propagates along the entire length of the fibre link until

they reach the opposite ends and are | aunched back t hrough bul khead

connectors 28a, 28c and 28b 15 into the couplers 26a and 26b

respecti vel ywoiopi319%e opposite direction to the initiafSTAYA¥HOS gnal s.

The signals are each split in the reverse direction through #

coupl ers 26a and 26b. Part of the signals 3xavel back towards the first

coupler 24 and laser 20, and the 20 remainder of the signals travel along

\tAﬂe ﬁr ms 16a andratbength &t tUs60l ahtfia muplseﬁsu?@a;mdlzﬁb afl gspect ively,
i C are termin t t ode r S | bre

i solator 22 is Used F%&%%Eﬁkggphggaﬁﬁﬁﬁﬁ %nggﬂﬁpgTa%ﬁg Lif0d! back into

the | aser diode. The optical signals are 25 S|nultaneously noni t ored by

the two phot odetrdet ecepBéda 2200 has a 3édrondpprAapuhiile ial eohhedt«as tasi gnal

processing SeNeiflcs -podl s r%%hﬁmcg{a 96551486 HOBB0S LT LB

Rr
det ector 30a vid | ocati on he sense% event by
det er ni nati on ofSiPgdetpofe cfvs'lb&? érldi rTas éﬁbﬁeﬁe?%aéﬁ‘dt ﬁé 3% signal s
ef fected by the reapectivély bealtd. modéd andsehsgle weoded aki bhe optic | ead 14

may be very | O”Q:a%‘élﬂf;&t’l‘xctﬁf %%o nm.adfﬂé 'f@.Bi‘la ﬁ$ﬂﬁéj@o%)&el9€£&\ﬁ?&at he
optical signals, if eqL

t t ed
fibre optic sens‘i“ﬁ‘@tﬁﬁdpmp 4 rﬁ‘ﬁﬂnf%‘?ﬁ’r% gﬁ n“fé({ﬂ?ﬁc&aﬁgsh Gt g{ ?I g

sens|ng 10 to the system 240. Thus, the system 260;both launches and

receives sensing light signals at a wavelength of 850 nm
or 670 nm into the fibres 251 and 249 for counter
propagation in the fibre 200 to the signals which are
launched by the system 240.
15
The data signal at a wavelength of 1550 nm which travels
along the fibre 200 is coupled into the fibres 221 and 224
by the coupler 220 with some of the 850 nm signal. The
detector 226 detects only the signal at the wavelength of
20 1550 nm and therefore the data which is transmitted from
the transmitter 210 and is InGaAs. Retractors in systems
240 and 260 are Si type and only sensitive to the 850 nm

or 670 mm wavelengths.

25 The counter-propagating sensing signals which are launched
by the systems 240 and 260 travel in opposite directions
along the fibre 200 which is multi moded at the
wavelengths of 850 nm or 670 nm. Thus, the multi moded
fibre 200 forms a sensitive fibre along its entire length

30 because it is multi moded at the wavelength of 850 nm ox
670 nmm and therefore any attempt to break into the fibre
200 so as to tap off data from the fibre 200 will cause a
change to the light signal at the wavelength of 850 nm or
670 nm launched into the fibre 200 so that modified

35 counter-propagating sigmals which are modified due to the
disturbance caused by the attempted break in are received
by the detectors in each of the systems 240 and 260. The



techni que, and is described in detail in the exanple further bel ow
Figure 5 illustrates a view of an enbodi nent of the 5 invention used to
verify the feasibility of the invention, and is descrlbectgpogsetall in
t he exanpl eMaRBHEF bel ow. Figure 6 illustrates an osEG A BL e pl-ot

il lustrating the actual response of a systemformed by the nethagtl of a
preferred enbodi nent of the present invens3on, as detailed 10 in Figure 5
and the exanple further bel ow, when a perturbation acts on the fibre of
a 14.71 km fi br>daitilén of tHe gittemptéd |hiakatiascandid@detesniheédsioope pl ot

i Ilustrating tgﬁa%‘a&dﬁ% r émq%%aoanatﬁy%r%%mg%&%mmes py Method of a

| me

preferred enbo nt o resent . invention tailed in Figure 5
and the exanpl éiﬁfttﬁrf"FrEF'n%e‘f ‘time djfrerencs. PRLFESR P ZeFSIBh Phd ™8 bre of
a 14.71 km fi breodifieHi akgnals in Ehgusyst®n RU0sandidse zystebi 268 da bre

optic sensing thQhQOﬁaymf&I 39808 £ ARIRRN oflihd HilGea2 iRAA AR | C

sensi ng technl ad the ability to |locate disturbances forned by
the method of t9fF 8Fred enbodi nents of the present i nvention. In a
practical application of this technique, it will usually be desirable

for bOL h | aulnchn@:a&acesrghﬁx &&eceygiaﬁsls m@pﬁaat zg@ba%eg@aheaﬁpy bf at f t Be
sanme physica ocat i easi i eve in mul ti-fibre
cabl e which wi T SYFF vn(l’m? gfr‘ﬁlghs?%eglé §eds‘§ % aYt L& glgﬁe’fshnc
arrangenentl0 onin $iimgl éﬁﬁﬂ%e# ithee reSeipt qusééeasﬁlflet%él(%mm cthe ons

fibre, whilst taasddmbres, am&é&l@tnefeﬁmﬁmaadleaesman Aadenear e required
to set-up the yst__r‘rmo,ﬂdglsge‘];:%1 rget%%%leéensor (event detection and
[ t

| ocati on determ nati on)  over e specified region of interest

(shaded area). A perturbation anywhere al ong the mul ti mode fibre in the
shaded regi on widurgener ahews v £3rthennémiedimepagaehicly ipestingbat i tom
signals. Measuriig Sfi@aiment | I® FightEr §NGRR LHELT rd@RRCEhLY CiY Iy Of

arrival at the
two counter-propagating sensing systems 240 and 260 a

single system 270 is utilised and a return loop fibre 271
is coupled to the coupler 220 so that the fibre 200 is
effectivly looped back to a single system 270 in the same

20 manner as described with reference to Figures 2, 3, 5 and
8. The fibre 271 is single moded at the sensing
wavelength so that it is insensitive and therefore any
attempt to break into the fibre 200 will cause the
modification to the counter-propagating signals launched

25 into the fibre 200 but disturbance of the fibre 271 will
not cause any modification to signals in the fibre 271so
that the point of attempted break in in the fibre 220 can
be detected.

30 In this embodiment the counter-propagating signals are
launched from the system 270 into the fibre 241 and also
the fibre 271 for counter propagation along the fibre 200
concurrently with the data signal launched from the
transmitter 210. The data signal is received by the

35 detector 226 in the same manner as described with
reference to Figure 8. This embodiment has the advantage
of locating the detectors for detecting the counter-



26 transmtter end of the link will allow the location of the

di sturbance to be determ ned. Wth reference to Figure 8 a

comruni cation cable 150 is 5 shown which includes a comruni cations fibre
151. One end®vo0003786 the fibre 151 is connected to a transhSY2EP® 8% and the

other end to a receiver 153. The transmtter 152 transmts data4d nto
the fibre 151 for receipt by the recedyer 153. 10 The cabl e 150
al so includes a nmultinode fibre 155 which is - spliced to a single nbde

fibre 156 at sppiégadutiifly $bdnalks at thurisdmd plaekgl ehabélsy fadvaiaidhOehe
spliced to the guldifQfeence fé Shrbudsihy T aellEeLEL AR AP Rre 10 aNd 158

are formed 15 1n a op_con ration he ca so that the
ends 160 and 16416&’{%'- éeﬁ?ﬁ-&fb%§sr FBrEh?cﬁﬂfPé’th?th%f Figuyhepfes 155, 156
and 158 are adjacent one another. As previously expl ained,

count er - pr opagag Nghe '&&La?ré& E‘eﬁ%dlﬂ‘uﬂegeﬁf | 1}e0 ﬁz@@nﬁ@n Sils mb@Qs A0l 161
of the fibres 155, ﬁk&cb ate 8 and detectors (not shown) are arranged
0

for det ect | RGTPHE eﬁﬁ%ﬁﬁ&gﬁ?l?ﬁffﬂeé SFe*HATh @™ enmnat e

fromthe two englardtf:-eancdf]lthe light signals which is altered by the

disturbance to the sensing fibre. The parameter may be
the intensity of the signal so that the detectors for

10 detecting the counter-propagating signals effectively look
at the intensity of the signal which is received and when
the intensity changes this is indicative of the receipt of
the modified signal caused by the disturbance to the
sensing fibre.

15
APPLICATIONS OF THE PREFERRED EMBODIMENTS
Optical devices and systems made by the method of the
invention are useful in a wide variety of applications and
fields. Not inclusive, but indicatively, the following

20 examples illustrate some potential users of the fibre

optic sensing and locating methods described herein:

. Road, rail, dam and bridge maintenance firms.
. Owners, operators and insurers of infrastructure.
25 . Pipeline. construction companies, contractors and
operators.
] Petroleum and petrochemical companies.
. Offshore oil rig operators and maintenance firms.
. Perimeter fence or wall security firms.
30 o Security firms.
J Government and military organisations.
. Power generation and distribution industry.
. Power, water and fuel facilities.
. Tower owners and operators.
35 e Aircraft manufacturers, repairers and operators.
. Non-destructive evaluation firms and equipment

manufacturers.



25 Any attenpt to break into the cable 150 to physically access fibre
151 will necessarily disturb the nultinode fibre 155 which is the
sensing fibre and therefore the two count er-propagatin erturbation
signal s wi | lwdenaeasduced and detected at the ends 160"%?(5“&96’1071% t-he
manner 30 previously described. By determ ning the tine differengial

bet ween the receipt of the two nodified orzs perturbation signals the

| ocation of the attenpted break- in can be determ ned. 35 Although in

the preferred enbodi gERt cSHpAMl esNafid HHBRtbREes. fibres 155, 156 and 158
| oop back on one another so the two ends 160 and 161 are adjacent one
another, it woul®d beInstrument and sensor manufacturers. 27

possi bl e to prowi de Spervglesuipmenhgand | faciddeies ranuffacthrers andhs

general |y paral |lgergkbbst he fibre 151 and | aunch light into both ends
of the fibre_from opﬁosi te eerr;q_’sérgf t he cable 150 and al so detect |ight
fromboth ends and 5 ”s‘?/nc‘hronl Sing the photodectors so as to obtain the
tine di f f er ent i aPwpersocReratnes pird tinsurerst of nanisgpredsels. preak-in.

EXAVPLES OF THE «PREFORREL: il VEbE Sardd) safetlr eifig.ed enbodi nents of the
present inventiQn ha%ﬁi?&fﬁb management firms.

. Industrial equipment operators and manufacturers.
10 ° Nuclear power plant manufacturers, owners and
operators.
. Telecommunications £irms or operators.
. Any application requiring the detection, measurement

and location of a disturbance to an optical fibre cable.
15

The claimed invention overcomes the disadvantages and

limitations of many existing fibre optic distributed

sensing techniques. Furthermore, it is capable of

detecting and locating dymamic and transient events and it
20 is less complex and lower cost than most other fibre optic

distributed sensors capable of locating disturbances.

Such a system would cffer lower cost and increased

operational and safety advantages over existing

technologies and has the potential for short and long term
25 installation monitoring in plant and ecological

environments.

Since modifications within the spirit and scope of the
invention may readily be effected by persons skilled

30 within the art, it is to be understood that this invention
is not limited to the particular embodiments described by
way of example hereinabove.



tested illustrated bythefoll The opti cal fibre
transm ssi ve counter- pro ﬁg‘ﬂﬂg@“‘%t hod and associ at ed system
was constructed in order ex the feasibility of producing

the inventi ¥ @&%a%i bed erein. Not all of the resultk 61}{93(&%% to date

are detailed in the follow ng exanpl e. Exanpl e: Location gf Point
of Di sturbance Using the 20 Mdal netric Eéfect: It has | ong been
known that when a nultinode optical fibre i-s di sturbed, the

di stri bution of i erLanstiesSPEEINING: CHEJINVENTION aREOAS | Forirowsef the nodal
distribution in a nultinode 25 fibre is known as the nodal netric effect.
The nodal netric effect in a nultinode fibre can be used to sense and

nmoni tor vibratibns, distdPPRRAFALYE FBTIRHECFERENR Fhcture apd % | or
any structure oloddyiagt théepdgirion of aad aotead inclbdindyy detecting an

intensity change in the speckd qlggtpgg,gggl out put of the fibre. Mdalnetric
sensors can therefore be use %I bration sepsors, i.n structural

moni tori ng, condition nonitort AGYEPCRPYHEFoEEEVIRT BaRS FERP, 8%t r usi on
detection of cabids coupfee$? rkhat &hed light dsf gaueedp et mBtoprgsteUinty. 35

Initially, optikedn fdiReetisds ea1dep euedwmsﬁlmel 8o! ©keby prBdiide and
gégh speed tel ec(::cg)u ry-%%tollaaogrr]at%St err%:.ch s:.gna’ls in the waveguide, the
10 waveguide being capable of having the counter-propagating
optical signals or some characteristic of the signals
modified or effected by an external parameter caused by or
indicative of the event to provide modified counter-
propagating optical signals; and
15 detector means for detecting the modified
counter-propagating optical signals effected by the
parameter and for determining the time delay or difference
between the modified counter-propagating optical signals
in order to determine the location of the event.
20
2. The apparatus of claim 1 wherein the waveguide
is a silica waveguide.

3. The apparatus of claim 1 or 2 wherein light
25 source is for launching simultanecusly into opposite ends

of the waveguide.

4. The apparatus of any one of claims 1 to 3
wherein the light source is a single light source.

30
S. The apparatus of any one of claim 1 to 4 wherein
the waveguide is one or more optical fibres which forms an

event sensitive optical fibre.
35 6. The apparatus of any one of claims 1 to 5

wherein further silica wavegquides are comnected to the
said waveguide at either or both ends in order to add
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with the decrease in cos cal f| bre cabl e, and opt oel ectronic
sources and detectors, Hlﬂ%ﬂmul now bei ng used as the main
carrier in many other appl i cations such A5y b@%V\AN
backbones, - SWaft|319% t he private com‘rum catlons net wor ks off

and | arge organi sations (ie., banks, defence, governnent, publ | CF
utilities and nul tinati onal s) . Many of thege communi cat I ons net wor ks
i nvol ve the transfer of sensitive i nformati on which has nade the

security of thea&@;tr&mmﬂbmﬁjri}sh’tﬁvdehnkha tiHsnilsis@iet Jounter- The

modal metric eff ?g%[gﬁasgkynﬁp aflal 86! b¥&)dad Ansens EEM QY O gual d

agai nst any int nto or tanpering an opti cal re cable. A
typi cal set-up Wh‘é?@“t *15 sensing is int egrat ed into a fibre

communi cati ons system Is shown in Figure 4. Bot h the sensing
system 100a {i.¢g. |aser) paRdad 000 us oedSh Lol ANd1RERSESSY )g and the
conmuni cati on system 20% ﬁg transmtter) and 200b (receiver) are
integrated int o¥hfESin t 8Pt MSAPELF M ET5Rie wavel ength of t he

sensi ng system i s chdderntsandssarondt phovndategtorai fort he

communi cati ons _§maf\éax(éeuaw/a¥@é@ﬂatﬂa wlati-mfaelw) £88f the hum@esUcCh that

the fibre link is nult J g{s Wgen5| wavelength. Several other
configurations Efgpaga 15’355?‘5? I"f'rW? rYAYRIAR ®BFk on the sane
principle. 10 The nodal mpﬁesmq;@@wﬁngonrmcemlrxgdéz-wl%lrﬁ,rom the

perturbation at £apyt poidiseabfddolidibdetBEBots ni’br de®@rmiRingtide ReWe the
modal metric sengin eff%t%tff%‘ %n%?'ﬁfet%eﬁ the ! :Lgn i@agkk%é%’ Ple Se”%hng

di st ur bances al ong re-sensin

| engt h, wit hout SBRE risftirbance ﬂfi|%ﬁéomedmmﬁagnfh%flq%mn o

di sturbance Reerat sensede)epentirents by the inventors have shown that it is

now 35 possible to |ocate the disturbance by determning the tine

8. The apparatus of claim 7 wherein a waveguide
coupler or set of couplers is arranged between the light
source and the photodetectors and the silica waveguide so
that the light can be simultaneously transmitted from the

20 light source to both ends of the silica waveguide and the
detector means also being connected to the coupler or
couplers so that the counter-propagating transmissive
radiation can be directed via the coupler or couplers from

the silica waveguide to the detector means.

25
9. The apparatus of any one of claims 1 to 8
wherein the waveguide is for connection to the structure
to monitor the structure.

30 10. The apparatus of anyone of claims 1 to 8 wherein

the structure comprises the waveguide for transmitting
data along the waveguide from one place to another and the
waveguide simultaneously receiving the light from the
light source to provide the counter-propagating optical

35 signals so as to enable the integrity and security of the
waveguide to be monitored.
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del ay between two cour'\t-é'r-prbpaga't'iuri'g' s'i'gnal s, according to the nethod

20 " "oxper mont i ocNHIN AREEREAMEEM et 0w «or <he are

i || ustrat edWPHUE%fure 57 Y TheSset-up described in Fl%gﬁg‘e%@&i%s simlar
tothat in 5 Figure 1, with two counter-propagating |ight signals Alferr]
and Blerr] in the fibre link. Again, B8Be sensing fibre 10 (which

may be for exanple 2km |l ong and | ocated between splicing poi nts 105 and

107) nmay be a detli cat ed frhérspparatis &¢dsmiing toabhe, oy dfhelsdme fibre as

the conmmuni cati 95‘51J 't«m’eg'en-‘[h@hJ-Qth'egEgr D1 ds saaneeeisd 4.0 3\1&5@&1@&;; ve | ead
fibres 109 and 111 wh orm networ k. The

e wave
lead fibre 109 FRe (R?Hﬁé‘@f:@ﬂ fﬁ%ﬁrﬁeng'gﬁtg’t‘?%é’%% ~B %’acﬁ‘atmg si gni fi cant
| engt h (such asoptdnalvisigspléce 115 and the fibre 113 is spliced at 117
to a sensitiye nmulti-node 15 fibre 119 via splice 117. The fibre 119 is

connected to the fib 10 via splice 107. Th bre 11 be of
significant |endth such &g RRARAt % a’ﬁér‘frﬁ’rﬁ tl% - ER rgxappl ied to
the mul ti node fvhexeim vweNegpbietis Mreas%@ in a (lpgpneonficurasignné®ar or

I ﬂent I ga: tine t’l@iﬁlllri%}&pbhﬁabe 24Xk niw1gaAbSuslY |1alﬁﬁcﬂeae:[1ﬂic€d>d§_ﬁn8h&_§ent \'?Mht h
t he nodal netric el fect C, V opposite dlrection e
. “of the wave é n% ﬂ:’c%n{]%. Skn%f% tt)g :P?

perturbation sighal consi | npu arrl ve at Port 2
(Qutput 1) before the perturbation signal
i3. The method of claim 11 wherein data signals are

suppled to the waveguide so that the waveguide acts as a
communication link for transmission of data from one place
to another and the launching of the counter-propagating

15 optical signals in the waveguide enables the integrity and
security of the waveguide to be monitored.

14. The method accerding to claim 11 wherein the
waveguide is applied to a structure to monitor the

20 structure.

15. A method for monitoring a structure to locate
the position of an event, including the steps of;
launching light into a waveguide so that the
25 light is caused to propagate in both directions along the
waveguide to thereby provide counter-propagating optical
signals in the waveguide, the waveguide being capable of
having the counter-propagating optical signals or some
characteristic of the signals modified or effected by an
30 external parameter caused by the event, to provide
modified counter-propagating optical signals; and
detecting the modified counter-propagating
optical signals effected by the parameter and for
determining the time delay or difference between the
35 modified signals in order to determine the location of the

event.
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consistent wth Input 2 (PS2) arrives at Port 1 (Qutput 25 2). This is due
to the fact that PS2 nee t hrough for exanple 14.71 km
(the difference in di staﬁ\ \F“m A to Port 1 and A to Port é) mor e
optical fi breo0037%2han m*asdring the time del ay b&OWAERPRE t wo
perturbation signals, the Iocatlon of the disturbance can 30 be cal ail at ed.
In the above set-up, assumng a refractive3ss I ndex for the fibre of
1.457, then the tine difference bet ween the two signals can be

calcul ated as: 1s. The method of clihmirl3l Jherein the light is

30 Several ppas f—}fe%”‘iﬂiﬁ BELE A QE”&% s J@gt,taasas Sééo‘ﬂae the

count er-propagating fibré arrangenment descri Figure
experi ment al setcfﬂPﬁqﬁaP§aﬁﬁg%§1QQNﬁF9&éF§rIed in Figure 2 mas used to
measure the perturbation signals and 5 a Hew ett Packard 54810A Infinium

di gitilsi ng 05§iltf>scope Thevﬁét}kl??ief[j)ft elﬁﬁg?iﬁvﬁleee@ﬁrtm bﬁgéen igl gnal s and
manual | y ur e n er ence ur es
illustrate resul %“??Q%% ﬁﬁ§°q%% 5p%%ﬁ(¥?v?§§183n Tm a sizg ﬁ from

bot h captures, thegkt ispugkcearly a delay between 10 the two perturbation
signals, which has been neasured as 65 ps and 70 ps respectively,
conparing wel | h the the al alc atlon o]
error (effe2@§vely 308h e °%)a°°°r§s et ;%é%ﬁﬁﬁJ%Sng%?

10 parameter is quantlfled and/or 1dent1f1ed from the

Q

modified signals.

19. A waveguide transmissive counter-propagating
signal method for locating events in optical waveguides,

15 which may include:

providing a sensing optical fibre formed from a
waveguide material designed to simultaneously transmit
counter-propagating optical signals;

providing a detector for locating events in

20 optical waveguides, designed to optimise the sensor
sensitivity and detection capabilities;

providing a lead optical fibre formed from a
waveguide material which acts as an insensitive light
guide between the sensing fibre and detector;

25 providing a lead optical fibre formed from a
waveguide material which acts as an insensitive light
guide between the sensing fibre and a light source;

fusion splicing, or otherwise connecting, the
sensor waveguide and the lead optical fibres so that cores

30 of the waveguides are aligned and remain fixed at the
splice;

delivering the counter-propagating signals from
the waveguide sensor, via the lead optical fibres, to the
detector so the time delay or difference between the

35 signals may be measured and utilised to determine the
location of the sensed event; and B T e
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the value of the effective refractive index of the fibres 15 and by the
Il naccuracy in the nanuavungntlﬂg‘“ﬂr““!ﬁmt time delay. These errors
coul d be reduced by kno effective refractive index of
the fibre ambdopr2s enployi'ng digital signal processing 190028

accurately determ ne the tinme delay. 20 Figures 9 and 10 shgw
further enbodi nents of the invention i4p Wwhi ch a commobn wavegui de i s
used for both transm ssion of data (for exanple a fibre comunication

l'ink) and al so forms A8 s888Shd iy Rhankos Q@ttefemva&,aguﬂw SinlsRApt to

25 interfere with,the fjbr articul ar
application to é’é’&&f’?ﬁ Wﬁ%ﬁnfgaﬁ%%%rﬁonﬁgnﬁﬁ% para""leﬁaf:c‘g??n%e any attenpt
to break into tlwacgmwﬂ @md/on identifijledso as to tap off data fromthe
comuni cation |ink. Figure 10 shows a | oop configuration and Figure 9 a

30 configurati %’Q, wi t hout Arf I %gga},_ cr m@mt?f'{fgg %ﬁagpfqgg fﬂ fibre 200
a

forms the commurfication a'lp ransm rom one pl ace to
another. The  commypicalipn §-1ﬁ4‘e+%?‘am‘3?-°§| flaFa shnad saprg Ierdhadyt h of 35

1550 nm (which \unlal fhemtdificntthet A0S NBiyHa0B8 WP eteiegividfl, and afsk Mul ti noded
at a wavel engt h f ﬁg§g nfﬂe(\ya'sqtalwé,f he ai stulbEn SN Wl 16KENCY) . Data

I's launched |nto * 31
200 from a trans’-l‘ﬁ"P-t“éi‘-nQ’_LO whi ch may include a pigtailed | aser di ode
with an intagrated isol ator se Lhaht dstwrce for launching light into the

link so that the light is caused to propagate in both
directions along the link to thereby provide counter-
propagating optical signals in the link, the link being
capable of having the counter-propagating optical signals
15 or some .characteristic of the signals modified or effected
by the disturbance to provide modified counter-propagating
optical signals; and
detector means for detecting the modified
counter-propagating optical signals and for determining
20 the time delay or difference between the modified counter-
propagating optical signals in order to determine the

location of the disturbance.

21. The apparatus of claim 20 wherein the link is a
25 silica waveguide.

22. The apparatus of claim 20 or 21 wherein the
light source is for launching simultaneously into opposite
ends of the link.

30
23. The apparatus of any one of claims 20 to 22
wherein the light source is a single light source.

24. The apparatus of any one of claims 20 to 23
35 wherein the detector means comprises:
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1550 nm The fibre 212 to 5 fibre 214 which is connected

signals are launched into ﬁﬂm\m ﬁ fi bre 212 at the wavel engt h of
to one arm of a coupl er @ ottt put of the coupl pliced
at 218 to tM&003792% pre 200 The fibre 200 is also spli ce%fé‘g‘%ﬁ)fﬁnf

coupler 220. One of the arns of the coupler 220 is spliced to a9"5| ngl e
noded fibre 221 which is spliced at 10 222 to a further single node fibre
224. The fibres 221 and 224 are single noded at the wavel ength of 1550
nm The fibre 224 istipstecmi®decond piedtsdedecddsWbELh i S sensitive

to the wavel engsbm@{ta&émsg@m% o8 EhL SLiiftliBBh ORO ‘?cggntef%g sensi ng

system 240 is connecte armof the cou 6 by a single

node fibre 241 BReP2FARIPG SHERALS 4%y & Sr?ﬁ"?ﬂ?z &Pdcoupl er 216 which are
spliced together at spli peol2ddsindhenehnbr for recedfingndi@idlsarferoni tyeé e noded

and mul ti - ”g?edfifapegaf 'éu:é‘n@cbhcﬁ.lod%t\é@y@l-@w a@Eeﬁ'{zﬂnﬂm \@ﬁechma the

sensi ng wavel ength enbodi nent of FEigu e cou ter-
propagating sen ??’lﬁys‘iﬁiﬁéﬁ??ﬁﬁmﬁ FYEE= ot rs‘i‘E aﬁ?ﬁ?iaéfefggﬁ‘é?d

pi gt ai | ed | aser samedéistyrbhaoe cénd Fheref brghletzrmindng thwvalxﬁma&ngnhot')f 850
nminto the fibgge24isr@Pdnadedetector 25 for detecting |ight emanating
fromthe fibre 241 in the manner which will be described hereinafter.
The system 240 can be identical to the pigtailed |aser diode 20 and
det ect or 3080 de88ri bed wThR aRparatvse ofochriurdd wherpin a wamesudfde240 nay

i ncl ude appropr catp16OW et sHrediiilkirsnN@s Hrrdrigdlt bbowdén |wienaligdti nto the
fibre 241 fromth r d t a e.getector to
receive |ight 53 &¥Q t’@nltﬁg %hOtéd}%%c'ngg %f‘ﬁem%see%égﬁ Q+ ?tg’FﬁQ Snal i's

| aunched into théoht Fan ?ﬁlsf?ﬁ}ﬁ%“cféﬁnfﬁnﬁ’&ﬁ-&&aﬁﬂ'@ the Jéﬂy' em 240 at
a wavel engt h of s8afcamandthsesdsipiedhal LinBand kheddetettansmansi on si gnal

fromthe traasmiLEpdily cBnnectdd &L B! 85ufl: BOLBub e HAA chh@NSM SSion

signal at a
9 the counter-propagating signals can be directed via the

coupler or couplers from the link to the detector means.

26. A method for monitoring an optical fibre
20 communication link into which data signals are launched
and from which the data signals are received, to locate
the position of a disturbance to the link, including the
steps of;
launching light into the link so that the light
25 is caused to propagate in both directions along the link
to thereby provide counter-propagating optical signals in
the link, the link being capable of having the counter-
propagating optical signals or some characteristic of the
gsignals modified or effected by the disturbance to provide
30 modified counter-propagating optical signals; and
detecting the modified counter-propagating
optical signals effected by the disturbance and for
determining the time delay or difference between the
modified signals in order to determine the location of the
35 disturbance.
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32 wavel engt h of 1550 nm and the sensing signal at a wavel engt h of
850 nmtravel through the fibre 200. The coupl er 220 has a second arm
which is connected to 5 nulti-node fibre 249 which is Spliéeguﬁ%u%§0 to a
further WQ M7 8Snode fibre 251. The fibres 249 and 25174} ’
respectively multi noded and single noded at the wavel engt h of &0 nm
The fibre 251 is connected to a count éi2- propagati ng sensi ng system 260
which is identical 10 to the system 240. Thus, the system 260 both | aunches
and recei vegzsensi ng Thieghetlsod)eell slaima2 fadslredgt bhef 1833 im or 670
nminto the fibggs,2nds ato?hSeh Und0WRt Bhe 1in"tRPRYSLLLY dHy the fibre 200
to the signals which are | aunched Rg the system 240. 15 The data
signal at a wavEPBREEF RFCPREBE A SUF B>t r avel s along the fibre 200 is
coupled into the fibres 221 and 224 by the coupler 220 with sonme of the

850 lnm sit%na%- ZIbel - d@n@Ch@ﬁn&@@ﬁ@h&%Sg@ﬂ){%M_ﬁ Eh_anﬂ;g&é :-Lts_het e
wavel eng o] nm,an eref or e dat.a which is ans e rom
the transmtter 92%33\%% ko, %Eﬁgs?n%ef’%aéggrglﬁ %ﬁf}ls“t 5n§mg{e g‘ig!h%nd 260
are Si type andsewrgesensitive to the 850 nm or 670 nm wavel engt hs.

25 The counter-propagati ng sensing sighals which are | aunched by the
systens 240 and 260 travel in opposite directions along the fibre 200
which is nmulti noded at the wavel engt hs of 850 nmor 670 nm Thus, the
mul ti rmoded10 fibre 200 forns a sensitive fibre along its entire length

L
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30 because it is multi noded at the wavel ength of 850 nm or 670 nm and
therefore any attenpt to break into the fibre 200 so as to tap off data
fromthe fibre 200 will cause a change to the light signal at the

wavel engt h oWo8887%%m or 670 nm haupched into the fibr @XEFYBEHat

nodi fied 35 counter-propagating signals which are nodified due to theg

di sturbance caused by the attenpted break in are received by the
detectors in each of the systenms 240 and 260. The :

33 | ocation of the attenpted break in can be determned in t he
manner described in the previous enboqinents by determning the tinme

di fference between the receipt of th_(_a_!_i’z_~

240 and the system 260 so 5 that—the s

along the length of the fibre

200 can be determygd. .~ The detfector s~ the systens 240 and 260
are suitably timed synchroni sed wfji-H one anotPgr\so that the difference
10 in tinme between the(reckipt of the nodified sigNal in the system
240 and recei pt of theem&i ‘dihed signal in the S 9&' 260 can be
determ ned. Figure '1q shows a further enbodi ngntt which is simlar to
15 the enbodi nent ofg ’idure 9 except that rathe har{ havi ng t wo
count er - propagati ng sensiing slzstems 240 and 260 Isingl e system 270 is
utilised and a return Iodp}/l re 271 {
—B idc
: |
day I | ~1ba 14| |
| |
| |
Y i A _J.E
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is coupled to the coupler 220 so that the fibre 200 is effectivly
| ooped back to a single system 270 in the sane 20 nanner as described with

reference to Figures 2, 3, 5 and 8. The fibre 271 is single noded at
the sensing WOOMHMS| ength so that it iys isnsensitive and t REFAVBY@2Eny -
attenpt to break into the fibre 200 will cause the modi fication tp the
count er-propagating signals [aunched 25 into the fibre 200 but disturbance
of the fibre 271 will not cause any nodification to signals in the
fibre 271so that the point of attenpted break in in the fibre 220 can
be detected. 30 In this enbodi ment the counter-propagating signals are

| aunched fromthe sysgem 270 into the fibre 241 and also o the fibre 271
for counter propagati®n along the fibre 200 Ty with the data

signal launched fromthe transmtter 210. Hae is received
by the 35 detector e same manner as des reference
to Figure 9. e s the advant age t he

detectors fgy detefting the couyter- "
34 propagati fig signals at the same place thefeRy dﬂgvdlng he need

| ocati ons

as in the enbodi rent of Figure 9. 5 Inth pnt s of the
invention t& nodified ©
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signals which are detected by the detectors are any paranmeter of the
light signals which is altered by the di sturbance to the sensing fibre.
The paraneter may be the intensity of the signal so that the detectors
for 10 det ewiioogrsehie count er - propagat /i ng si gnal s ef f ect i VENAYYBE - at
the intensity of the signal which is received and when the intengity
changes this is indicative of the receipt of the nodified signal caused
by the disturbance to the sensing fibre. 15 APPLI CATI ONS OF THE
PREFERRED ENMBODI MENTS Optical devices and systens nmade by the nethod of
t he invention are useful in a wde variety of applications and

fields. Not inclusive, but indicatively, the followng 20 exanples
illustrate some potential users of the fibre optic sensing and | ocating
met hods descri bed herein: Road, raj}113 dam and bri dge

mai nt enance firns. [err] A s\and insurers of
infrastructure. 25 [err] i ol ¢ &pani es+118ontract ors
and operat ors. [err] conpani es.
[err] O fshore oil rig operators and~agst enanp@ [err]
Perinmeter fence or wall security firnms. 30 [err] firms.

[err] Gover nnent and m |itarylHdrgani sati ons. Power
generation and distribution industrg=— [err at er and fue
facilities. [err] Tower wnRé = err] Aircraft

Non- destructi ve
107

I=. 7.

manuf acturers, repairers andeper
evaluation firnms and equi prent 105

P

160 158,159 150, 155~ 156
\\ f ] ) /) 157
—

r:7§:?§::::::::::£==::kk 153

152

161 151
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35 [err] R&D conpani es and | aboratories. [err] I nst runent
and sensor nmanufacturers. [err] Sports equi pnent and facilities
manuf act urers and operators. 5 [err] M ne operators. h

Omers, operw©@¥osnd i nsurers of nmrinesvessels. [ er PET/AUSYR1R8; ty
Assurance and safety firns. [err] Bui | di ng managenent firns. .#
[err] I ndustrial equipnent operators and manufacturers. 10 [err]

Nucl ear power plant nanufacturers, owners and - operators. [err]

Tel econmuni cations firns or operators. [err] Any application
requiring the detection, neasurenent and | ocation of a disturbance to
an optical fibre cable. 15 The cl ai ned i nvention overcones the

di sadvant ages and limtations of nmany existing fibre optic distributed
sensing techniques. Furthermmre it is capable of detecting and
| ocating dynanmic and transient evénts and it 20 is |less conplex and |l ower
cost than npst other fibre optic E : di stributed sensors capabl e of
| ocati ng di sft ur bances. Such a;systemwould offer | ower cost and
i ncreased oper ational and safet advant ages over existing

t echnol ogi es| and has the po entiai or short and long term 25
moni t ori ng 1 ivalivNGARR MO SN N - , -
nodi ficationls mnthin the spirit a;d scope of the invention may rgadily
be effected py persons skilled 30; thin the art, it is to be undergtood
that this inuention - _is Rot— Li.ijn dp_ta_the_part.i-c-ui.ar._enhadinen;\a‘
descri bed by . Y

i nstal|l ati on

p_ — . —

v

Iz 7.
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way of exanpl e herei nabove.

PCT/ AU99/ 01028 36 THE CLAI M5
DEFI NI NG THE | NVENTI ON ARE AS FOLLOWG: 1. (Anrended) ,ﬁgﬁﬁmﬂﬁgatus for
noni tori ng &®REEure and for sl ogatisng t he position )] event -

i ncluding; 5 a |light source; a wakegui de
for receiving light fromthe | i ght source so that the light is caused
to propagate in both directions along the wavegui de to thereby provide
counter-propagating optical signals in the waveguide, the 10 wavegui de
bei ng capabl e of having the counter-propagating optical signals or sone
characteristic of the signals nodi fied or effected by an external

par anmet er caused by or i ndi cative of the event to provide nodified
counter - propagating optical signals which continue to propagate 15

al ong t he wavegpt and det ect or #s—f or detecting the
nodi fi ed count el - propagdlati ng foptical signals dgffecyied by the

parameter and flr déterm nijng the tine difference |bet ween t he receipt

of the nodified éﬂ@ ter-pro-aggbing optical 20 signabs}in order to
determine the Ipfdtion of the“@vent. 2. m(ﬁe appa atus of claim
1 wherein the wavegli de is apilica wavegui de. 2p =23. ¢ The
appar at us of~NcllaHpd or & whergid | i ght sour cé~Hs— of | atMchi ng
si nul t aneougdy ffo ofbdsi te ghds = = =
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_of the wavegui-de. 4. The apparatus of any Qg@iwi 21! S¥ptember 200®
30 .wherein the light source is a single |ight source. 5. The

apparatus of any one of claiml to 4 wherein t he wavegui de is one or
nore optical fibres which fornms an evegg sensitive optical fibre. 35
37 6. The apparatus of any one of clains 1 to 5 wherein

or both ends. TR LEREL DRI U TiaRiztiy apm 20 dthE (2 o 10!

transm ssi ve counter- propagating signals and to provide insensitive

| ead Vvaveg.!;'i(itﬁ%gdgd:so 7/ an apparatifs HYR MMt idh Feicdddidia 1

to 6 wherein etector neans conpri ses: . . first and
second phot od€pacdecating the positiamakiap mvent iiRFYydingidi ati on from
t he count e - propagat i ng aSildiyHts sdurdey wavegui de; and 15

processi ng nmeans for receiving signals fromthe . . first .and secaond

phot odet ectors for deterniniﬁb“ﬁ#}qqﬁﬂ? £or receiving figﬁ¥(¥r°m'éhe

light source so that the light is caused to propagate in

r—

both directions along the waveguide to thereby provide
counter-propagating optical signals in the waveguide, the
10 waveguide being capable of having the counter-propagating
optical signals or some characteristic of the signals
modified or effected by an external parameter caused by or
indicative of the event to provide modified counter-
propagating optical signals which continue to propagate
15 along the waveguide; and
' detector means for detecting the modified
counter-propagating optical signals effected by the
parameter and for determining the time difference between
the receipt of the modified counter-propagating optical
20 signals in order to determine the location of the event.

2. The apparatus of claim 1 wherein the waveguide
is a silica waveguide.

25 3. The apparatus of claim 1 or 2 wherein light

source is for launching simultaneously into opposite ends
of the waveguide.

4. The apparatus of any one of claims 1 to 3
30 wherein the light source is a single light source.

5. The apparatus of any one of claim 1 to 4 wherein
the waveguide is one or more optical fibres which forms an
event sensitive optical fibre.

35

N |



. : PCT/AU99/01028
delay or difference between the signals effected from the Received T8 August 2000
di sturbance and therefore determning the | ocation of t he sensed event.
20 8. The apparatus of claim7 wherein a wavegui de coupl er or
set of couplers is arranged between the Iig t source and the
phot odet ectors and the silica wavegui de so that the |light can be

simul taneously transmtted fromthe 25 _|ight source to,both ends of the
silica wavegui®e and t heThe apRaxates GEARYPRe BE| Al2iBAndcERdSto the
coupl er or wESEPLE BubthéPodilica CRAVESEiRESPALEt E8EnbEBBANESSEHE

radi ati on can be %irected. | a the.cquIer BLesoupler s froa1 thg silica
wavegui de to tFRIGSIEEIIVIGR AL ehpher oy both endg in grder to,pdd,, one
of clains 1 to 8 wherein the waveguide is for connection to the
structure to nmonitor the structure. 35 10. The appar at us of
anyone of Clains 1 to 8 wherein the structure conprises the wavegui de
for transmttiadditional sdelamgbetweonyvthei tiransnissiveptouates-anot her and

the propagating signals and to ﬂr03§de ins¥R¥EHYVEC1ead

sinul taneously recerving the Iight fromthe | 1 ght source to provide the
count er - pr opagéR e Hies cal signals so as to enable the integrity and
security of the wavegui de to be nonitored. 5 11. The

apparatus _.according to one of cl ai 1 to 10 er ei he _det ect or
ano i dentit% i e ‘orgquanfﬁg?e§pparaF“§ ggrﬁﬂﬁtgPef?%nFﬁgémﬁngi%Pea

count er - pr opagehéngin the detector means comprises:
first and second photodetectors for

simultaneously receiving the radiation from the counter-
propagating signals in the waveguide; and

15 processing means for receiving signals from the
first and second photodetectors for determining the time
delay or difference between the signals effected from the
same disturbance and therefore determining the location of
the sensed event.

20
8. The apparatus of claim 7 wherein a waveguide
coupler or set of couplers is arranged between the light
source and the photodetectors and the silica waveguide so
that the light can be simultaneously transmitted from the

25 1light source to both ends of the silica waveguide and the
detector means also being connected to the coupler or
couplers so that the counter-propagating transmissive
radiation can be directed via the coupler or couplers from
the silica waveguide to the detector means.

30
9. The apparatus of any one of claims 1 to 8
wherein the waveguide is for connection to the structure
to monitor the structure.

35 10. The apparatus of anyone of claims 1 to 8 wherein

the structure comprises the waveguide for transmitting
data along the waveguide from one place to another and the
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optical signals. 10 12 The apparatus of any one of cl &GHAUP©1628
wherei n waveguide is arranged in a | oop configuration soRecewedﬁdtSdptegmher@a@O

be sinultaneously | aunched into both ends of the wavegui de froma
single light source. 15 13. (Arended) 3Bhe apparatus of claim1l
wherei n data signals are suppled to the wavegui de so that the wavegui de

acts as a co | ' ' L. SSh O a o | ace to
eglgﬂiniéﬁ{ éixﬂrlétﬁge%% a1 ”}ééé%@lﬂ& €R4 21 { 5RO £romOPfel

anot her and the ng o ( er- 2 ropagating optical  signals
i n the waveguidahthgpurce Ho Pr°Y*ﬂ%g‘F*P~?W%\%‘E%%CEF‘PE?Q%‘F“@%e°%%‘€§ ide to

be nonitored. gignaldsdsd AENES WEnablléetRePRiebySies CRhdi S8chPitirabt the
wher ei n t he mavegxlde g@aﬁggéjed tg a structure to nonitor the 25

structure. wavegy HeP¥/Y for nonitoring a structure to
| ocate thesposition of an event, including the steps of;

| aunching lig into a yavequi de s h he. I ght 1S_caus
propagate in h direcpﬁ% S %ﬂ% ?%egéc£r§%§ggﬁ+d%mioéﬁﬁeggb§9%$%§i&e
count er - pr opagee i Id) wherein the detecterialsdcidantifide, orhaquantifdesge

bei ng capabl e | cepat ' | | | s or sone
characteristi c&g? ‘?%zéé}gej{%én%lfspﬁnodl T e‘gé%ir?fg?f&g%%%‘gg%gpgtsg%gégg?gr nal

par amet er causeRtisal eigRak$. to provide nodi fi ed count er-propagating
optical shgnals which continue to propagate al ong the wavegui de; and

PCT/ AU99/ 01028 . Aecei ved 21
Sept enber 200012. The apparatus of any one oggcla:.ms 1 to 11

wherein waveguide is arranged in a loop configuration so
that light can be simultaneously launched into both ends
of the waveguide from a single light source.

15
13. (Amended) The apparatus of claim 11 wherein data
signals are suppled to the waveguide so that the waveguide
acts as a communication link for transmission of data from
one place to another and the launching of the counter-

20 propagating optical signals in the waveguide enables the
integrity and security of the waveguide to be monitored.

14. (Amended) The apparatus according to claim 11 wherein
the waveguide is applied to a structure to monitor the
25 structure.

15. (Amended) A method for monitoring a structure to
locate the position of an event, including the steps of;
launching light into a waveguide so that the

30 1light is caused to propagate in both directions along the
waveguide to thereby provide counter-propagating optical
signals in the waveguide, the waveguide being capable of
having the counter-propagating optical signals or some
characteristic of the signals modified or effected by an

35 external parameter caused by the event, to provide
modified counter-propagating optical signals which
continue to propagate along the waveguide; and
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detecting the -nodified counter-propagating opti cal §9&§2p§&?&5gg1§m0
the paraneter and for determ ning the time difference between the
recei pt of the nodi fied signals in order to determ ne the |ocation of
the 5 event. 16. The met hod of c3aim 13 wherein the light is
| aunched into both ends of the maveguide to provide the

counter-propagating sig gcthy) dified MoulidIbUpddaiiiAgl3 Wherein

the light is | aunched into s of the waveguide froma single

R en
| i ght source. opticaljgignals effechedby %%m%%ﬁ?rcl%q‘nfﬂ-’ wherein the
15 paranet er a%tﬁﬁﬂ.&ﬂlhlge@h%n@/ﬂfe uti&rifé'xfelxﬁé fﬂemwgéaﬁ the ﬁat&u:ﬂfptecbﬁlﬂml S.

rlrgt E}é(rjre?gtrad) E‘&al\#av gui, de ansm Sé% :g[;t er- l_‘|c,)9(ﬁo(p3agat| n S"ﬂd@l

providing 3 serentg opti caI fi bre for rred froma wavegw de mat erl al
designed to s | t aneou

si gnal s; i%u E#%Vl Q%%ﬁ%cﬁ%fggﬁqur ﬁ%hgg%ﬁ$&

opti cal vvavego,awshed into both endsr @f dihey m‘t@zﬁc‘tmmmeﬂrwiﬂ% ﬁhﬂ med

froma waueuicds %Bdﬂgfgew an insensitive |light gui de
bet ween the sensing fibré ana—' gﬂytector providing a | ead

optical fibre fornmed froma 30 maveQU|de mat eri al which acts as an

i nsensi t iy@t Ihilght gmm@fﬁ hfaasiemgim@wﬁéﬁﬁ amlaf ajbigmtléglﬁr tce;
connect | ng sensor, waveg | Dres, so a
ottt e e A Hath 30 U S e Rrdn 4 1R8I ca: 35

| aunchi ng couaﬁghxpmmna@nilng light signals into

18. The method according to claim 11 wherein the
15 parameter is quantified and/or identified from the
modified signals.

- 19. (Amended) A waveguide transmissive counter-
propagating signal method for locating events in optical
20 waveguides, which may include: -
providing a sensing optical fibre formed from a
waveguide material designed to simultaneously transmit
counter-propagating optical signals;
providing a detector for locating events in
25 optical waveguides,;
providing a lead optical fibre formed from a
waveguide material which acts as an insensitive light
guide between the sensing fibre and detector:;
providing a lead optical fibre formed from a
30 waveguide material which acts as an insensitive light
guide between the sensing fibre and a light source;
connecting the sensor waveguide and the lead
optical fibres so that cores of the waveguides are aligned
and remain fixed at the splice;
35 launching counter-propagating light signals into
the sensing optical fibre and lead optical fibres, which
light signals are modified upon disfurbance of the sensing
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the sensing optical fibre and |ead optical fibres, whi C Received! 2198pténhistn 2060
are nodi fied upon disturbance of the sensing

40 optical fibre so that nodified counter propagating optical
signals continue to propagate along the seasing fibre;
delivering the nodified counter-propagating signals fromthe wavegui de

fibre, viathegddd oAl sb ' iod il (RO pilpd fift iddBoptical
di fference betWeen the . recerpt of the nodified counter-propagati ng
signal s may b&éignalfesantdpusEQRIRAGRY® Akang khre serRsirg Kik¥eof the

sensed event; and deliveridd @ Hd MddE By SHANGRS-propdatiyggui de
sensor 10 optical

signals so that the sensed paraneter be .,
quantified an(ﬂ‘(ﬁnqltfe%’iq"‘f e waveguife @?ﬁ%’d)"la ﬁ?‘%pﬁ%‘%\t?ﬁt*ﬁl
noni t ori ng5an fires,§ ity ahe datsrror csdb | the | timke | di HFf ethendie dadtewaexyneheé
are launched 15 and fr [ £ | [ for
| ocating the pr(%ﬁet:ipg:n °o€@§¥%iﬁsﬁjlf%a%%?%ﬂ%€%foﬁi §a£$§c¥%%€€%§ be
a |ight sourcaedasured mrd mEiliged ite detrrmine [thk LeocationtdE theht is

caused to propagaldsy idvditiN 2t directions along the link to thereby
provi de counter- propagating, optical signals in the link, the |ink

bei ng capabl e of haXegiIYRF g ARY -Fhaneft imtERP1YREeIRidaspensor of
some char agt erdptiicanisidita s HWE thd®dtié feriedifLFdRber miy boE

chsturbance o B AL O0]) od £RUNFr gy 0pagat ng 25 opticalsignals
nmeans for detecting the nodified

20. (Amended) An apparatus for monitoring an optic f£ibre
communication link into which data signals are launched

15 and from which the data signals are received, and for
locating the position of a disturbance to the link
including;

a light source for launching light into the

link so that the light is caused to propagate in both

20 directions along the link to thereby provide counter-
propagating optical signals in the link, the link being
capable of having the counter-propagating optical signals
or some characteristic of the signals modified or effected
by the disturbance to provide modified counter-propagating

25 optical signals which continue to propagate along the
link; and

detector means for detecting the modified

counter-propagating optical signals and for determining
the time difference between the receipt of the modified

30 counter-propagating optical signals in order to determine
the location of the disturbance.

21. The apparatus of claim 20 wherein the link is a
silica waveguide.
35

e

AML.m’.J.;;i_& S e * C L M s *
LS



PCT/AU99/01028

count er - propagati ng optical signals and for deternini ng Receivéd21 Béprember 2000
di fference between the receipt of the nodified 30 counter-propagating

optical signals in order to determ ne the |l ocation of the disturbance.
21. The apparatus of claim 20 whereidlthe link is a silica
wavegui de. 35 41 22. The
apparatus of ghai m 20 O‘i‘hzlaﬁﬁﬁi:ﬁ\:ﬁst@:& cla:.hi th o&omceme&éﬁf draeunchl ng
si mul t aneousl y i nto opposi t ends of

appar at us of iﬁ9h6n§°BF°SI&Fn§°501FHn§ ing ﬁﬁﬂglﬁﬁ?QHM§¥Ygﬂﬂ@%ﬂﬂﬁqﬁ§¥§?ea
single |ight gadgCef the lidk. The apparatus of any one of clains 20
to 23 wherein the detector neans conprises: 10 first and
second phot odet ectors for simul taneously receiving the light fromthe

counter- 5 pBepagati nFhei gpphsatast lod hmukonam¢f claims 20 to @dcessing

neans for rec% %ﬁgnshgga}gghgogbhg%e s B S tnga. %‘E(i&”% det ectors

for determ ning ay or erence between S|gnals
effected fromthe same di sturbance and t herefore detern1n|ng t he

| ocation of 24 the di siyebapplratus of any one of claims 20 to 23
wherein the detector means comprises:

10 first and second photodetectors for
simultaneously receiving the light from the counter-
propagating signals in the link; and

processing means for receiving signals from the
first and second photodetectors for determining the time

15 delay or difference between the signals effected from the
same disturbance and therefore determining the location of
the disturbance.

25. The apparatus of claim 24 wherein a waveguide
20 coupler or set of couplers is arranged between the light
source and the photodetectors and the link so that the
light can be simultaneously transmitted from the light
source to both ends of the link and the detector means
also being connected to the coupler or couplers so that
25 the counter-p:opagating signals can be directed via the
coupler or couplers from the link to the detector means.

26 . (Amended) A method for monitoring an optical fibre
communication link into which data signals are launched
30 and from which the data signals are received, to locate
the position of a disturbance to the link, including the
steps of;
launching light into the link so that the light
is caused to propagate in both directions along the link
35 to thereby provide counter-propagating optical signals in
the link, the link being capable of having the counter-
propagating optical signals or some characteristic of the

L




25. . The appar atus” of claim 24 wherein a wavegui de 20 coupP€T/AII9%01028

of couplers is arranged between the |ight sour ce and Receivphd1 Sestembec10v0
and the link so that the | ight can be sinultaneously transmtted from
the |ight source to both ends of the |i4qk and the detector means

al so being connected to the coupler or couplers so that 25 the
counter - propaggj s/ f:.&&nopeeﬁfééﬁéadb ' ?h&halstursaﬂelaeEo%fﬁ%‘iﬁtaer S

fromthe link to e detector neans. Anended

noni tori ng an @Eﬁ%@ﬁ? f FPHRter-PXORAGAL LT HtFFﬁ& Fﬁ?&a%ﬁthlﬁﬁta si gnal s
are | aunched 3&°neﬂﬂuéree1pbb§agabe dmbﬁgStnaa[inRFEahﬂCEIVed to |l ocate
the position of a dlstur ce to tﬂg néi Lnﬁluding a%

| aunching |ight into the ﬂﬁtéﬁgt ¢ pREIFLGH coun P§'P§8§8& &gﬁropagate
i n both di Sectoptitcal osyghats| efife8bedt byt bhecllispurbadee and for

o et e PPa0BL 00mER LG *Lnd 1> ak B rerentioneliten! e ltBk"aro WP ©

of having the coun
characteri sti cnodlifhed 31gna1s 1n order to determ:ne the location of the

signal s nodi figfgeaxrwiheet ed by the disturbance to provide nmodi fi ed
count er-propagating optical signals which continue to propagate al ong
the link; and detecting the nodified counter-propagating 5

optical siignal 37effect ed-rhy hEEhoAsbEr baaia 26dwheirein tHe! ahghti 4 t he
time difference_bet n, ecei pt ,of .mdified si.gnal in order to
Hetor m ne 1 o FagRSHHEs "hos, RSER' BhaB! gk Ehe 11MR7EL' BTViHR ke

' counter-propagating signals.

28. The method of claim 26 wherein the light is
15 launched into both ends of the link from a single light
source.
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10 27. The nethod of claim 26 wherein the light is I'a
both ends of the link to provide the count er - propagat i gle” :\:,
28. The nethod of claim 26 wherein the light is 15 lau -_l
ends of the i ROTom a si ryRED Ngy CTUAL PRORERITYTOB@ANIZATION \
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(57) Abstract

An apparatus and method for monitoring a structure such as machines, buildings, fibre optic communication links and infra-structure
is disclosed which includes a waveguide (10) and a light source (20) for launching light into both ends of the waveguide (10) so that
counter-propagating light signals are produced in the waveguide (10). The waveguide (10) is in the form of an optical fibre or fibre bundle
formed from silica and in which the characteristic of the light is modified or effected by an external parameter caused by an event. A
detector (30) is provided for detecting light form both ends of the waveguide (10) and for determining the time delay or difference between
the modified signals which have been effected by the parameter in order to determine the location of the event along the length of the
waveguide (10).




