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op tical devices are used in a variety of instruments and

i
(f ‘installations.

15 Photonics 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 ]
waveguide structures are available and this provisional

20 specification relates to optical waveguide systems formed
for securing live-fibres against tampering and tapping-off

of data in optical fibre communication links.

Communications using an optical fibre have a number of
{1) 25 attractive features and advantages over conventional
communication means. These advantages include the
following:
¢ Greater bandwidth and capacity
¢ Electrical isolation
30 ¢ Low error rate
e Immunity to external influences
¢ Immunity to interference and crosstalk
¢ Signal security
¢ Ruggedness and flexibility
35 e Potential low cost
The high expectations of optical fibres as information

carriers in communication systems have been justified by
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20 financial and personal nature. Although it was initially
thought that optical fibre transmission would be -
inherently secure, we now know that it is relatively easy
to ‘tap’ information out of an optical fibre with
negligible interference to the optical signal. It has

25 became obvious that in order to extract 100% of the

J

information which is transmitted via the fibre optic
cable, it is sufficient to bend the fibre only sliéhtly or
clamp onto it at any point along its length and photons of
light will leak into the receiver of the intruder. Even

30 when only 0.1 4B (2%) of the signal is leaking, it will
contain all of the information being transmitted in each
photon. The user at the other end will never know that
his information has been tampered with since they will
experience no apparent interference with their

35 communications. A loss of 0.1 4B represents the lowest
practical detectable optical loss in a fibre system by

modern test equipment and network management systems. The
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Until recently, the only available technigues of
protection against intrusion of fibre optic
telecommunications involved the use of:

20 o encryption of the information being transmitted;
] physical security systems based on physical barriers
(ie., thicker coatings on the fibres, thicker and harder
protective jackets on the cables and housing the cables in

conduits); and
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25 . static or slowly varying measurements using optical
time domain reflectometers (OTDRs) to detect fibre
fracture, sharp bends, fibre attenuation or connector

losses.

30 Encryption techniques can be very costly, they often slow
the system speed considerably/unacceptably and are not

ever totally secure.

Physical security measures are not truly effective in

35 uncovering tampering with a fibre optic communications
link since they require the fibre to be cut, fractured or
severely bent before the problem can be detected.
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anywhere along the fibre cable. This would have the
20 further advantage of monitoring any disturbance to the
cable and any structure or material near the cable or to
which the cable is attached. Such a capability should

also enable simultaneous, real-time fibre optic

communications and sensing applications such as structural
,) 25 integrity monitoring, leak detection, ground monitoring,

~ machine condition monitoring and intrusion detection.

This is possible because optical fibres can be more than
mere signal carriers. Light that is launched into and

30 confined to the fibre core propagates along the length of
the fibre unperturbed unless acted upon by an external
influence. Specialised sensing instrumentation may be
configured such that any disturbance of the fibre which
alters some of the characteristics of the guided light

35 (ie., amplitude, phase, wavelength, polarisation, modal
distribution and time-of-flight) can be monitored, and

related to the magnitude of the disturbing influence.
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Fibre optic sensor technology has progressed at a rapid
pace over the last decade. Different configurations of
fibre sensing devices have been developed for monitoring

20 specific parameters, each differing by the principle of
light modulation. Fibre optic sensors may be intrinsic or
extrinsic, depending on whether the fibre is the sensing
element or the information carrier, respectively. They
are designated “point” sensors when the sensing gauge

25 length is localised to discrete regions. If the sensor is
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capable of sensing a measurand field continuously over its
entire length, it is known as a “distributed” sensor;
“quasi-distributed” sensors utilise point sensors at
various locations along the f£ibre length. Fibre optic

30 sensors can be transmissive or can be used in a reflective

configuration by mirroring the fibre end-face.

Hence, fibre optic sensors are actually a class of sensing
device. They are not limited to a single configuration

35 and operation unlike many conventional sensors such as
electrical strain gauges and piezoelectric transducers.

Consequently, fibres are now replacing the role of
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- 25 However, it would be a significant advance to be able to
Euj also obtain real-~time, quasi-static and dynamic
information about any form of disturbance to the optical
fibre and their location, particularly transient events
which are too quickly occurring to detect with OTDR
30 techniques. This can be achieved by combining a
distributed sensing technique incapable of locating the
events with a compatible technique that is capable of
locating the events. Such a capability would enable truly
distributed sensing applications such as fibre cable
35 tampering or third-party interference detection, as well
as offering the further advantage of monitoring any

structure or material near the fibre or to which the fibre
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respouse is a dlrect function of the disturbance on the

sensitive portion of the fibre. The disturbance may be in |
the form of physical movement (ie., compression (radially
20 or axially), elongation, twisting, vibration, etc.) or
microphonic effects (ie., travelling stress waves or
acoustic emissions). The ability to vary the sensing
length to fit specific applications is a major and unique

advantage of this technology. This is particularly
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25 relevant if long sensing lengths are required, as is the
case when combining the sensing technigque with fibre optic
communications. The only limitation imposed on the
sensing length is in the optical power budget of the
system. Therefore, if a longer sensing length is desired

30 a higher power laser is required.

The system of this international application provides a
simple, effective and inexpensive technique to detect and
characterise both small and large disturbances on any

35 optical fibre cable, anywhere along its entire length, and
in“real—time. This offers the capability of

simultaneously utilising a fibre optic communications
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erate at eitfh £8osured that i.nter-channel

(p})sstal k was - nggméﬁgﬁftgghﬁecgﬁgﬁbng}éfec or “TEY {389 Fﬁ‘ St f@sSeddatgon
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Figure (2.) illustrates the results fromthe sensing arrangenent shown in

Fi gure -(I)5 ))%‘/ﬁ?n a Vi biat|0ﬂ 1.0 disturbance was :applied. to: a short.
section o FERRERCLY nkRLiR toehnalogniaras se bbanerakde sppbeed to: a

smal | secti omméran;doémhbténb@ﬁsly%ml@gaomﬁagéégggﬁg hea gg_h
arrangement. The fibrepl Yassi ycafpgg%ongrtug];ngllIgddlglgoglgnlglgggrg

| ength.. A typical sensor resp
value to any communications system in regard to security |

and enabling easy integration of the distributed sensing
20 technology into an existing fibre optic network. To
achieve this, they demonstrated a wavelength multiplexed
optical fibre system which can be used in both standard
singlemode (9/125 um) and standard multimode (62.5/125 pum)
optical fibre systems for simultaneocus communications and
() 25 sensing.

Figure (1) illustrates the configuration used for the
demonstration of a simultaneous fibre optic communications
and sensing system. The system configuration consisted of

30 the fibre link 1, either single or multi moded, with
standard 3 dB (50% splitting ratio), 2x2 fibre couplers
3a, 3b at each end to allow for the nmultiplexing and
demultiplexing of the two wavelengths at the transmitter
and receiver ends, ;espectively. The choice of sensing

35 wavelength was important as the responsivity of the InGaas
detector 2b in the communication channel .needed to be
negligible at the sensing wavelength. Thus,. the
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., 11 wa%, nohe sapébl @evécpon- upnlnseﬁglthhelseasmng channel would

t he- di st ur banc o] e n e I S:mmj_qr
limtation,, x(%‘%ll;jr %Qﬁg?%a?§o%% 1gg§p%m ?%%géggg59§g/%b§g%8I028

di scl oses: a conpatible nethodology and : technol ogy,, for locating

di st urbances 'i‘igui-ébgﬁ ) OP1 1 6sSLaE 80 BY¥SEERR1ts #PB8m! Rkl ZbhsQify relies on
the 7 OC "1 NO WD 00/ 67400 101, PCT, / AUCO 00382 neasurenent of the tine

del ay or, diff3FEARECREREROWR IR FiqUrse (LhuKber- Br ¥pRgatirgalopti cal
si gnal s afifpect @dstliybahi€e Saae. apyEDedi Boda sWOrengedtibhr efathangamyd . in

this novel arrap i1 ust din ure ontlnuous- ve,
(CW, i optlcalf gfgna# *%SE%% faée ggfhﬁPF 3tst p}é cﬁgd 5?59§?ably
r%m a.- singlsectight (5scu) cef, thatﬁlbppoh.hk ean;lsg a aasené.lewgmMéaml

bre 1 or sef ﬁQ{:geALéREeS ﬁg fmyétagseg Lxgdeggggoﬂonaxtua&m&qfn' sed

photodetectors opt 1 cal necessary, t hough
it: may be errpatbymuthﬁ be%n%en%hangénﬁmscalmyngeﬁse‘espsraasarét%rshmn

:which acyg to;jal ﬁ‘féuréh@z&PUf'éﬁrapiﬁ.@p%aéiﬁgleinbéggﬁ'gh§ 11mzl |azﬁf figet both
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propagatlng siGharee feSt £ cH Favetei MY g ndéﬁ(ﬂan
the: fibre.: |bagibent ovéhei goodespgralvguality was obtalned. In

addition, the Fast Fourier Transforms (FFTs) (Figures 2b !
and 2d4) clearly identify the natural frequency of the beam .
20 to be ~18 Hz with both links.

Simultaneous, non-interfering communication and sensing
was thus successfully demonstrated on a SM optical fibre
. link with a cémmnnications data rate of 50 Mb/s as well as
i;) 25 a 500MHz analog communications channel bandwidth system
using a sensing wavelength of 633 nm and 850 nm, -

respectively.

While this technology had proven itself effective for

30 securing fibre optic communications cables it still had
one significant limitation that would limit its commercial
attractiveness; it was not capable of pin-pointing the
location of the disturbance to the fibre. In order to
overcome this major limitation, our International

35 application no. PCT/AUS9/01028 discloses a compatible
methodology and techmnology for locating disturbances in
fibre optic sensing systems. The technigque relies on the
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15 remainder of the fibre length to their respective
photodetectors there is a resultant time delay or time |
difference between the detected signals. The time delay
is-directly proportional to the location of the sensed ]
event along the fibre length. Therefore, if the time
20 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 |
event can be quantified and/or identified (ie., strain,
vibration, acoustic emission, temperature transients,

25 etc.). In addition, non-sensitive fibre optic delay lines

fm:.\
o’

L may be connected to the sensing fibre at either or both
ends in order to add additional delay between the
transmissive counter-propagating signals and to provide
insensitive lead fibres.
30
This technique enables dynamic and transient events to be
located in virtually any distributed fibre optic sensing
system, and its transmissive counter~propagating technique
does not possess the limitations and complexities of OTDR
35 principles.

The system has the following advantages:
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signall. 1111 ££883g28 @@%eggkgﬁbie configuration for monitoring and
locating disturbances to a fibre optic communications
20 cable by utilising a non-active (“dark”) fibre in the i
cable, as illustrated in Figure (4). However, feedback
from industry has also emphasised the desire to monitor

active (“live”) fibres in certain circumstances.

. 25 A simple solution to this requirement would be to utilise

PiiN
/ \
L —

the wavelength multiplexing method illustrated in Figure
(1) . However, the use of 3 dB couplers imposes an
additional minimum optical loss of 6 dB, which could
severely impact the optical power budget of most

30 communications systems. Ultimately, it would be desirable
to implement the modalmetric sensing and the locating
techniques in such an optical arrangement that would
minimise the optical power losses to a communications
system. If, likewise, the arrangement also minimised the

35 optical power losses to the sensing system, then it would
be passible to design and configure a communications node

or junction by-pass arrangement for the semsing signal in
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i ndi vi dual maveF HERABE ehBEPLREC Egngfdﬁatas%ﬁn%Ptaﬁﬂ fihgedat a,

si‘gnal for transcmmﬁnmaatmohhEmhksespnﬂleVﬁlﬂﬁﬁﬂs£ﬁ§ebﬁ@icﬂﬂdpo@égnﬁbsses
sensi ng dgbectgg gtghg% |f bgthcg ?nals are received, mntﬁgut
s, ~b. stant i al con am natT onoby - the 6t REr SFYnEFaHe wPF22hF ni num opti cal
power |oses Thus-, sensitivity of the. 1.J transmtted data, signals ands

sensi ng signal S'I‘hédpgégém:yln@QHQQSde}g@{&@Q/ Qazgélt':fgafrxggge 1ide

£omuni cati on: ta. and proper- sensi n
Yrterfere with epEvRbegtioe 1énk, ta561%4$nﬂata fron1the mavegU|de in

the- preferred enbodlnentao&a$é§ulaavﬁﬁ%léBhJé%&ﬁ%&EE&naf&”féé Ngnpdeans

conpri ses ? Mﬁgelen th'  nmultiplex /denul t1 pl exi ng wavegui de coupl er.
Accordi ng t3 PCHr EPBr FR22]MBBE t3907 the invention the data signal

from the wavegui de and thedas&nsrsmsmdgn&& ﬁdﬁnmdﬁﬁbﬁiﬁ§liwﬁé%éﬂﬁﬁgnal
transmitter are;, recgl §9~M@¥§i§h A {%EtuﬁteX|nﬁ/deQ§%wlpleX|ng coupler to

conbi ne the. S|gnals or transm SSiCri egui de
a data receiver for receiving the data signal

from the waveguide;

20 a sensing signal transmitter for launching a
sensigg signal at a second wavelength different to the
first wavelength, into the waveguide;

a sensing signal detector for detecting the
sensing signal after the sensing signal has travelled
[:} 25 through the waveguide; and
signal splitting means between the waveguide and
the data receiver and the sensing signal detector so that
the signal at the first wavelength is separated from the
sensing signal at the second wavelength by the signal

30 splitting means so that substantially all of the data
signal without significant loss and without any
significant component of the sensing signal is directed to
the data receiver, and substantially all of the sensing
signal without any significant loss and without any

35 significant component of the data signal is directed to
the sensing signal detector. '
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optical fibre, mnimses the optical power ]'o0' sses. For exanple, while a
typical 2x2 13 . coupler splits the transmitt ed light fix either -
direction -. into: two roughly,'-equal signals (510/50% power split),, a
WDN coupl er eThigi epckprdapg bp Fherinnserienspethf the. sensyageséageds
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separ at i on, ofdfﬁscsggsfﬁggg?ﬁng sb%gﬁr%%??ﬁgsdﬁ?g 9%%%%2F93V§%§§£Eigna|
splitti'zig meenbstBntéadrabhyanbmatiehn| byt theconbersesgnalr anflewithe
mrror. 1 1n Qagngﬂnﬂdbﬂeﬂeaihso§3981age§Lgnfhugtagéﬂgiefeiegnsflésa a.
count er - propagating sensing signal transmtter for [aunching
counter-pﬂ@pagﬁ?#ﬂ@mééﬁéﬂngaEFgﬁbﬁn%1$n%%dtﬁ%nsﬁﬁgeﬁbgﬂélﬁnﬂst959%F1Y
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any di sturbance_to the 20 mavegU|de to be detern1ned"b¥ %he dltggrgﬁpe
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tween the-, - t Sens ’ . Epgi
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olint er - cur r enfravegasagesi gapl sfPreétes abtymptheewsiraguidans i s provi ded
for proces=sing the sensing signal to determ ne a change in paraneter
within,., the signal to identify; a disturbance to the waveguide.

i ndi cativesSof Tanpbeingefiethed’ ehbodimenyuef dehe invenhiornbbei aearadf the
nvention. 1 hegy¢opEuaLCALLON Lolrisedlalwhblivdgena plurality of

conmuni cation no es, af |east one;: of.t%e nodes _including;, a said data
transmtter, anglitipdexipgfdemultiplexing waveguide couplér.

According to the preferred embodiment of the invention the
20 data signal from the waveguide and the sensing signal from |

the sensing signal transmitter are received by a |

wavelength.multiplexiﬁé/demultiplexing coupler to combine

the signals for transmission along the waveguide.

{;} 25 fThe utilisation of wavelength multiplexing/demultiplexing
(WDM) waveguide devices to combine and separxate the
individual wavelength components of the communications and
sensing signals in the same optical fibre, minimises the
optical power losses. For example, while a typical 2x2

30 - coupler splits the transmitted light in either direction
into two roughly-equal signals (50/50% power split), a WDM
coupler efficiently taps off or inserts specific

wavelengths with considerably less loss (typically ~10%).

35



node including a -said data ,receiver and, a furth :r said data‘\? oCT 2003
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mul ti pl exi ngl denu i exngr wavegui de devi,ce coupled to
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tie data signal. fromthe wavegui de devise;., a sensing signal det ect or

goupl ed to! the second. output armfor rece|V|ng a. sensing, signal from

the 30 mavegw%@mlérth@r@@%‘wrtwml%Ierﬁlﬁﬁ‘é‘éltenipﬂfs% a

wavel ength mult.ipiexingfdenuiltiplexing ;coupler . 35 Preferably a second

wavegui de geVICe S %&ﬁ%éﬂjéék éﬁg sensing signal transmitter comprises
a counter-propagating sensing signal transmitter for :
lgunching counter-propagating sensing signals into the
waveguide and travel in opposite directions through the |
waveguide to enable the position of any disturbance to the

20 waveguide to be determined by the difference between the
time a perturbing sensing event is detected in both

counter-current sensing signals.

Preferably processing means is provided‘for processing the

- 25 sensing signal to determine a change in parameter within

=
Srwp”

- the signal to identify a disturbance to the waveguide

indicative of tampering with the waveguide.

In one embodiment of the invention the communication link
30 includes a plurality of communication nodes, at least one
of the nodes including a said data transmitter, a second
node including a said data receiver and a further said
data transmitter, and a third node including at least a
further said data receiver, the waveguide interconnecting
35 each of the nodes so that the sensing signal passes
through the waveguide from the first node to the third

node.
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and second output. ?J arns. Preferably the: second. wavegui de device

conprisees a second wavel ength nultiplexi ngfdenu itiplexing (| oupl er
havi ng, the.: Priefsrabipue f#aRd signd cHRIGHPI iTRARS a’r?n%r'?ﬁi'(l\tl‘%? %ﬁi put’
arm Pref:eraly;lydieny Wo\edd dSigrfNiddie s @tHpitatdmidtdr eat Wi of

optical fibre nay be a: single node fibre or, a nmulti rmder:lerf(i)pr&‘ie 1;.0 Sn
one- enbokl meftte RedsFoorr® GutSiHS SAhbreIREVeY 13T IR ET ©%oup: leer is

connected) topcRes.re.flector to reflect; the sensing signal.-- back into,
t he wavegui de t hrough. the WDM coupl er, and: the second s:[i aput. arm of
.the second WDM coupler is 3.5 connected to, any a~nc.i.l;lary. ,goupler,

(he anci | | ary Teeuplrersedtavinypnt o staaral sedondsadhck | eegidapth 3 ns, .
the first ancjll.ary i LN Wsi-Roh CONWRGT et 410 {he1s€nsgng sgna. Il li. 7
UCT: . 2013 WO 6&%%%0%&"(%%10_0382 transmtter and thf second. ancillary;
i nput arniSbeing a wavegquide for conveying signals from one |
location to another location;
a data transmitter for launching a data signal
iﬁto the waveguide; , |
a first wavelength multiplexing/demultiplexing
20 waveguide device coupled to the waveguide, the waveguide
device having a first output arm and a second output arm;
a sensing signal transmitter for launching -~
sensing signal having a wavelength differant to the
wavelength of the data signal into the waveguide for
26  trapnsmission with the data signal along the waveguide;
{_) a data receiver coupled to the first output arm
for receiving the data signal from the waveguide device;
a sensing signal detector coupled to the second
output arm for receiving a sensing signal from the

30 waveguide device.

Preferably the waveguide device comprises a wavelength

multiplexing/demultiplexing coupler.

35 Preferably a second waveguide device is coupled to the
waveguide remote from the first waveguide device, the

second waveguide device having a first imput arm gnd a



connected to they sensing signal 'detector, so that the sensi ng%?gﬂaﬂ' 2003
reflectedwbdadgkisod romthe reflector passes through the f igShiy

coupler,, andl throu.gh., the second WDM[ coupler to the secon nput a=;
-. through the ancillary coupler to the seagagnd anci:llar .. --armand then
to the sensing signal. detector 11 The.:preferred enbodi nent of the

present i nvent iQp VMRS Aeuami e Sy SLERd U WA Loud 1ae-dd WigS

agai nst tanpering and tapping- ‘of f of data in, optlca

conmuni cati on 19aties ETaRiRH:tetRRg fdigideecond il Mt REmg mpupisdemo

l'ight source t@iaers@ﬂm@tngam Jt%aﬂmﬂmgt&b thidd Gil’é‘éltdétch ‘difhal and
conmmuni cat i ons system | i ght, so provj ding a wavel ength

mul tipl exi ng, e fFFERT GHE» Iaoff"f TSR A% c(s’i*ff‘gl%ﬁc‘%ﬂd HAvE TSt )
whi-ch effi®i emdewce0 By asunde iie nn gy tﬂ-ﬁd weoraitideat i ons  signals into
one.. providing a silica. waveguide (single! or multi noded)for receiving
light: fromthe wavel ength nultipl exi ng! waveguide. I|ight splitter or

coupl er, the siPriefzradlay, thee seeiongl madp”ei,deofdetvm nist taoupteke teedieng

and communi cat k&h a%em adns 3,_& eng % ve@ \%gqq:h tt%e %ngt h, but

particularly s that - . sensi vegui de
characteri sti c§19@tallsfa}ldt W@nséqilﬂ rsé{@ﬂ:'s £ nsfm tﬁhaa Semsmﬂ vreianzisensi ng and
| ocati ng, {®@chpleqyes:. described earlier: while un.ffecti;ng the:

conmmuni cations signal;. 3 0 : providing a wavel ength denultiplexing
maveguide light splitter or coupler (single or multi nodedl which

ef'fi'ciently s&lelfb&amlysm Fiest tmé‘geiméﬂ@eaﬁd:e GEEMBHUDIMT @RS the
gnallis, into two - % |3’ vvave |de~ part
0

¢ini m isiing_, Ao [ loer ey 4% sa% % attw%é’%"s Rt FF8alng
séas i'ng ,,signd s‘tataarsd.gnlarlowr@l rrg-achastreictted rdansighf drhed dnpett | lamg tle

POCT2V W B0/ 67 AL 30 e MBS PE S Re 2o Toal oi gna | o ef fect od. by, the

same!,, p:aranme-ter and for determ ning the time. delay- or difference.

between th-e preferably the first waveguide device comprises a first
wﬁvelength multiplexing/demultiplexing (WDM) coupler
having the input arm and the first and second output

20 arms.

Preferably the second waveguide device comprises a second
wavelength multiplexing/demultiplexing (WDM) coupler
having the first input arm, the second input arm and the

25 output arm.

)

Preferably the waveguide comprises an optical fibre. The
optical fibre may be a single mode fibre or a multimode
fibre.

30
In one embodiment the second output arm of the first WDM
coupler is connected to a reflector ﬁo reflect the sensing
signal back into the waveguide through the WDM coupler,
and the second input arm of the second WDM coupler is

35 connected to an ancillary coupler, the ancillary coupler
having first and second ancillary input arms, the first

anciliary input arm being connected to the sensing sigmal



signal’s in. order to determ ae: the |ocation: of the sensed, eﬂe?ﬁtUCT 2[][]3
Preferabl&EFMhEQﬁr silica wavegui des.:are connected. to the _first sili

wavegui d er or both ends in order to pr:ovide. i nEEeH&PPeras3 ead
i wavegui des and, if' applicable, add add tjonal ?delay between the
transm ssive counter- propagating, sinai.s . In. another enbodi nent the
sensi ng wavel ea%ﬂsayw&} 24 tehe Qécoﬁaeawéy ]EL gpg! frf&REUL LR PhEXLL NG
wavegui de coupler 1.s_, termnated wwth are ive mrror so as to:

operate. they SOBRASFAY tRcHAF (BRRSiRTasienal| deserberndedethatithearly, a

mrrored wavegybfgifQuk fgnde- r££108€LQUbALK! heoﬁe%éngefmeae&engws@gt put
port, of the Wavelenﬁth de_ultipl waveguj de c; oupl er.

only the sensiFaTPRe efli“’és%t‘imq‘l§°\gﬁ}?rpré¥“ér55¥9“g?h ed%?%%’?%rw?rﬁans

. -conpri ses : éo@pD@ﬁtﬂdetEMtﬁcém iﬁpetvaﬂg,tbﬁrbﬁgnsehétadcpnaf«_efIect ed
radlatlonf-romthﬁ sensm% i€$all in, .the si %dh U|de and"’
25 processi ng” MERANST 67 &~ 2RIV RY %ﬁlﬁﬁ%ﬁ?'gry ?F‘Brﬁ? € 'f)‘ﬁo d"elf’%ct or ad
anal ysi ng t he: sehgjimdg ssignak dbrteotoregi ster the sensed event s,, if the
locatingir techniquie: is, utilised..as wel3l as the 3''f sensing
techn.i.ique, preferably the detector. neans conprises: .- first and
second- phot odBrecereofertet enbpdimerbust ythe coreseny iteertibminayvidem

the countep - g OpASRRiEE 4@ SedP &@@uﬂﬁg;c,@l%aymgeagam

processi ng nmeans for- recejiving signals from first second

phot odet . ect or%a‘“%%\‘ﬁ’d‘%tri’éﬂ/sqarﬂgp’t%“%‘fﬁﬁ sd?'ﬁao’f"éle‘?P‘T:bca} ekger the

sensed events ageheieitic Ngidke, WAER MdePoidfiude?i OCT 20 3

PCT/ AUOQO' 00382 tinme delay or difference between the counter-propagating:
ign ales effected from the sane : disturbance, thus determning the

| ocati on of 't lre- psensddngvensensingasyseker ldghtesbodiceepperathegseaki aa

lwgvggu' e i S;Rre1dBhtd Id09edo.fd U E Ale tLSRENSL N0 B VAL SNGE *1&}19; the

source;

e providing a wavelength multiplexing waveguide light
splitter or coupler (single or multi moded) which
efficiently combines the sensing and communications

20 signals into one waveguide;

e providing a silica waveguide (single or multi moded) for
receiving light from the wavelength multiplexing waveguide
light splitter or coupler, the silica waveguide being }
capable of transmitting the sensing and communications

25 signals in the required manner along its length, but

3 } particularly such thai the sensing wavelength and the
waveguide characteristics satisfy the requirements of the
modalmetric sensing and locating techniques described
earlier while unaffecting the communications signal;

30 s providing a wavelength demultiplexing waveguide light
splitter or coupler (single or multi moded) which |
efficiently splits or separates the sensing and
communications signals into two output waveguide ports
while minimising optical power losses to both the

35 communications and sensing signals; and
¢ providing detector means for detecting the sensing

signal and, if required, the counter-propagating sensing



wavegu: i des are:singlenode -fibres at the sensing wavelength.. | ﬂ 7. 0cT 2003
pref erred. vepolyedogrent , : but without l|ixaitatibrx, the di Stﬁél?.lfﬁoﬁﬂosso
sensing, technique is~ based' on. a nodalnetr'ic technique utilisingthe
fusion . splicing of:' insensitive s.ing,l.eqgd_e fibre to sensitive

mM tinmode, fibre. 15 in another preferred enbodi ment, the transm ssive

counter- propag ho, ati.ng events is | oye and"
sui tabl e opti ca?éﬂdﬁw cegé?%zrare&%enp‘?f tgeéq?y tolheg o eocﬁaf%'m‘e%tgr %‘?‘9

system to det ectdeterm@iminghdie tlz'@% |delayprad ofifie ol i astnted: tthe

vavel ength  mi~lds ik ) 4 kd e 14 S0 old WAl COUPISH SR & 2 YOM
couplers. In other, enbodi nents they nay be any: suita

de-.rice, such é%"ﬁé¥2, ;.. 3x1, 4x2., etc'.. 25 In a, preferred

enbodi ment agl the optical. fibres and fibre device-s are connected by
fusion, splices. 5% @&gﬁ' enbodlnents the:optical. fibres and fibre,

devi ces may be & AMPET SlidiR dayesudsifsopte aEmeckethiteudhe
such' as nechardigalt &rilme:es uammiem QY Seﬁ.d:HeQadﬁ' &i‘diht IR Irder to
adaptors, etc. |Ln of. Qler i rétgloc]ithllvrl ‘ire sq u |.ers may: _he

replaced with &FCeMat MRaverengt h &ﬁﬁ%ﬁ@l : irt i FPRd lcable' to
c-onbining,: spidadt eiddgtirpaddidedetyi g tieenc ehe t:an@hhesleﬁba@mmmakps a.
plurai.ity,q®of r utilized in a ring topol ogy network,

f orm ng- jJHgt|§?NBESQEEh§ %t%ﬁsff WO 00/ 67400 PCTI Au_UQ' 00382 20 pass;
arrangenents for the-sensing, signal in order to extend, the sensing fibre

length'" beyondrangn6eHBY BhEBHiGERAt: the BRUSing Poeteralky BQ%;;W&%S%W de:
conpri ses at Iea ne f,orgﬁical f| bre_and/or at ;| east one opti cal

fevice. in soneCtelBEdIABRLENGED fREULIBALHSRT WREegHIEgurQuDReY St el y
conpri se an opt téﬂ:hu.ﬁhbé& wii thost ralﬂste&ddlvtal ﬁEl&]roQ' eBeAkSto opla¥B¥er tnkhe

opti cal flblr canlrnlcl dghn assrve- eg rrents al glts

| engt h. - Furt hefrore, ot he-opt rcal ~Fi Br 8%F¢58f 1vﬁc?18 g seﬁé’inf‘lga FEmefit s
along, its :,I emgrhoaﬂd vavsguidensenjdebenenhsectad tonpheseendfiuigces
which will resDQQOelength output port of the wavelength demultiplexing

waveguide coupler. |

20 If only the sensing technique is utilised, preferably the
detector means comprises:
* a photodetector for receiving the transmitted or .
reflected radiation from the sensing signal in the silica '
waveguide; and

25 e processing means for receiving signals from the

AL
.

photodetector and analysing the signals in order to

register the sensed events.

If the locating technique is utilised as well as the

30 sensing technique, preferably the detector means
comprises:
* first and second photodetectors for simultaneously
receiving the radiation from the counter-propagating
signals in the silica wavegquide; and

35 ¢ processing means for receiving signals from the first
and second photodetectors and analysing the signals in

order to register the sensed events and determining the



to a change in the desired parameter in the environnent of appl |-ﬁa§ IUCE]‘S 3
and influence the properties: and characteristics of the sensing 200
el ect r onaMRAYE40adi ati on" propagat i ng in the wavegui de- tpéiTUtlH@fOé?@?
provide an indication of the change in the paraneter.. Preferably any
suitable - ¢cWL or pulsedi single or multipl&%2=]. vvavel ength s:o.urc:e or
plurality of sources may be enployed' .. In a preferred .enbodi nent, |,
without. | im stiaki al&,layao(i:\/\ﬂ(ilffq:udmm Inahereantc Hasesurth extleprepagddiimed to
supply the opti.ca SI I n rnate argy.ange ple [light.
sources, of th&*§H %%%egrf?ng \?/ave%engstaﬁ“s di Q:‘L .ndu'?"s'e(rjg:&f%g gene=r at es

t he seensing sidgmah:mnmngatpleuﬂ@lqam}-ooi dfe; lf;e meﬁg evgtad s. - I n ot her,
enbodi ments it is possible to conbine the sensing and data transmtters
int-o one transmtting device.. The preferred, enbodi nents of the present

i nvention doff edn: a, prp-ﬁeryetﬂemnbﬂdlmnmtﬁhq isdd igla |wavesntiele [ifvacast

optical  devi CaS1k0,EARAUREHLAN 2W ttli‘xel %%@fsﬂgomelérgﬂh &ifd tdHw 1diqodes, -
phot odet . ectors,, couplers., WDM couplers, i1solators: and filters. In the

preferred. errbUGVﬁﬁ'Hﬁ-§esoP~r?hélb‘Pé§é‘l?fi ifiPsas GF t&’rﬁ/;ﬁen"s’d}gm abl e |ight
source, coupl egagBdephehodet ector 17 OCT 2003 WD 00/ 67400 PCT/ AUOO/ 0U3B2"
21 25 fibre will be: sensitive to various paraneters,. Once the light is;
| aunched back: into the singlenod& fibre fr-om- the. nultinode fibre,;
only ai: singl enmadpriesersagpembediaesht i bate s theuthd iopitagaloncomhenent s
O Lne System g keddeub0ll SRL0ME Ll daneny Haild U 2 i3fleric
| ocal i sation. "i'S achieved n,, practical applications,
hg : s.ingl entdehnifiusr utéhdgingh&hendasdons isEldwing Ictfngqs@nfétﬁtlefﬁuate
al'l . cl adding g?ﬂ?ielngdgrg?BrEOtb”E%%\éeittl% R HedP fi®RL 1 ratio. This
preferred! erredl T enbodi nent applies; for-both di.rectibas of travel of
the transm ssive counter- fibre nust remain singlenbde.d daring the
entire-period 1hr aﬁe{:hernpfhee&ragl b i et t@&&ﬂabﬁmﬂssjhﬂe dofinter-

l'aunched into thgpgggtghgnggng eg£pgy%%% leytlng events is employved,

and suitable optical devices are employed at one or both
ends of the system to detect the sigmnals. |

20 In a preferred embodiment the wavelength ’
multiplexing/demultiplexing (WDM) couplers are 2xl1 WDM
couplers. In other embodiments they may be any suitable

multi-port device, such as 2x2, 3xl, 4x2, etc.

{i) 25 In a preferred embodiment all the optical fibres and fibre
devices are connected by fusion splices. In other
embodiments the optical fibres and fibre devices may be
connected by any suitable or appropriate technique, such
as mechanical splices, connectorised leads and through-

30 adaptors, etc.

In other embodiments the WDM couplers may be replaced with
alternate wavelength filtering, conditioning, combining,

splitting or directing devices.

In other embodiments a plurality of WDM couplers are
utilised in a ring topology network, forming junction by-



fibre,” several.npdes may be excited and the m. | ti noded arrangeneﬁi7hﬁ@gémma

used wit sor and loc;ating sys;tens. In a preferr L.nent,

t he requ??%ﬂﬁggﬁﬂcal properties of the |light source are sggﬁﬁgﬁgﬁ&g?ght
may be |aunched into and propagated in.._tye siinglenode wavegui de' For:
| ocalisation, the: light : propagated in, a si ngl.enpode propagating
optical signal's . Utilisatiog of p% gerties and. characteri,stics of the
el ect r onagnet | R2FSdPEFRBTm5P55a5Fi 8 i AEPPRRINEVERET. 48 ©E8RZoF enabl es:

nonitoring: toestaké phaceenniagnfihbrdedtnygchi beyoadnene Fhmspnicathen

sensor- is notnggcessarily damaged, fractured or destroyed! !!lin order- to
nonitor and |0cate the desired paraneter. |In another enbodi nent the
mul . tinoded fibre is replaced” by -. two single noded-fibres and couplers

and the seasing;oPCELETyORNE PHOSGuLBLCLORPONREL! GePILACEPLAC! Bpe LB
met hod, according, to iRe I preféerred enbodi ment of the! Invention,
el ect romagnet i €ibaeli anfdaraptt heasenSRAgeBSiGAaYefiPEAGERAVESS-| abRcR@Ee into

an optical wavegubdemésatBIbe: thel inteht i oADERENave§UEHe ARaRme PRI CA
f:ibxe, froma light{ source,,. iugh as a, |gtalled. %%ser di ode i bre

| aser or 'O 679°TRFL%P BB/ BFABEAT1EPER WLEPPEY AEB0298058970 1 gRE SBAPEFing
di ode, and pr opagetres, shengptibelopibral canayvpgaiude. pdbeiveopti gative

wave-gui de .is fusion sp-lLliced, or. ofherw.,se connected {te rarily.or
pernanentﬁg) 1T ORET PhphY é?ﬁ1%?9g£gﬁ 3%?FE§F?&%§%guF%% §§€% %%g%ﬁbré
mul ti pl exi ng <¢aghinsphdet eensingoapements &3onggite bengthtand vbded) and

when the elecisompaper)tmbadl alionobeaehes hbesCoUnkeIhhg: o0 LLOTBaRCt i C

“Jadiation can branch out, into the_ output waveguzid.e arm of
coupl er' . Si mit®anevange in| eherdnadredi paraupher oht gthet prvironment of

comuni cat i ONSapNBVel €066 Nahd isriaemebeghinboopareiberagpti cal wavegui. de
(single or _ mult1 noded such_as, an gﬁtlca Ibre, from,a I|$$$ . source,

such as a}spigﬁgﬁ¥iﬁF??%§§E 5 f otfRe FEBFLRY 1SLPCtEPmagRQHic eFRETF RO
di ode:, an. d..pispppgeingsinl cng wireedpide atowakergby doeoviddeanopt ;i cal

wavegui de i s fusion spliced (0L oAS.LheLWRe SepUgcied. (temporarily or
per manently), T Te
Praferably any suitable CW or pulsed single or multiple
20 wavelength source or plurality of sources mﬁy be employed.
In a preferred embodiment, without limitation, a CW or
pulsed coherent laser diode is utilised to supply the
optical signal. In an alternate arrangement, multiple
light sources, of the same or varying wavelengths, may be
5') 25 used to generate the sensing signal or A plurality of
‘ sensing signals. In other embodiments it is possible to
combine the sensing and data transmitters into one

transmitting device.

30 The preferred embodiments of the present invention‘offer
the potential to utilise all-fibre, low-cost optical
devices in conjunction with laser diodes, light emitting
diodes, photodetectors, couplers, WDM couplers, isolators

and filters.

In the preferred embodiments of the present invention any
suitable light source, coupler and photodetector



second i nput arm of the- wavel ength, multiplexing coupler and V\Aﬂr‘lz U[ﬁE 2003
el ect ronnqwééhg ‘&Edi ation reaches the coupler they electromagnetic:
radi at-ion 19"k ewi se branch out into gua.de: arm of thBCEaUPIeIs2 as
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nul tipl exing coup, | br efficiently conbinés Borh the seas-ing,, and.
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anot her, until he rea t he 0 nd of the |ink. TheI .mai n
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or :.per manent }gyntheto inkey thrpatlaimode &lbwavéhﬁﬁgmedgwbﬂbakl nng,
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separ at ed _and %ﬁgfl ge%gg%\ﬁ cd%% &%ﬁ! B% %%E%? ré:%che gt ﬁfﬂo
separat e &t pufiBFfm widl Presesapréve tPhwagibpst parmmeskrshe Bacel ehgt h
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propriate el ecronics; gnal _processi ng schemes an gori t
prp:ce:ss the ’E‘lliﬁ%ﬂ“g Pr Sfﬁ"Fﬁe BROYolleFaBOSPsMORE, is syPRPAtEAeandsi r ed
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e

coupl ers |0 BLIFLLSToRO%kik et SaLASK; T, BE AL g ULLEELe (UL LoR ort
15 is achieved in this manner. In practical applications,
the ginglemode fibre should be made sufficiently long to
aFtenuate all cladding modes in order to improve the
signal-to-noise ratio. This preferred embodiment applies !
for both directions of travel of the transmissive counter-

20 propagating optical sigmals.

Utilisation of properties and characteristics of the |
electromagnetic radiation propagating in the waveguide
sensor enables monitoring to take place in a non-

§¥} 25 destructive manner. Thus, the sensor is not necessarily
damaged, fractured or destroyed in order to monitor and

locate the desired parameter.

In another embodiment the multimoded fibre is replaced by
30 two single moded fibres and couplers and the sensing

occurs on a phase interferometric principle

In the method, according to the preferred embodiment of

the invention, electromagnetic radiation at the sensing
35 wavelength is launched into an optical waveguide (single

or multi moded), such as an optical fibre, from a light

source, such as a pigtailed laser diode, fibre laser or
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second input arm of the wavelength multiplexing coupler

and when the electromagnetic radiation reaches the coupler
the electromagnetic radiation can likewise branch out into|
the same output waveguide arm of the coupler as the
20 sensing sigmal. Thus, the wavelength multiplexing coupler
efficiently combines both the sensing and communications
signals into a single output waveguide arm. If a
wavelength multiplexing coupler with two output arms is
used then the unused arm is fractured or otherwise
f“} 25 terminated to aveoid back-reflections. The output arm of
the wavelength multiplexing coupler is fusion spliced, or
otherwise connected (temporarily or permanently),'directly
to the main waveguide transmission link (single or multi
moded for the communications signal and multimoded for the
30 sensing signal). Both the communications and sensing
signals propagate along the entire length of the
waveguide, without interfering with one another, until
they reach the opposite end of the link. The main
waveguide is then fusion spliced, or otherwise connected
35 (temporarily or permanently), to the input arm of a
wavelength demultiplexing coupler and when the signals

reach the coupler they are efficiently separated aﬁa
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Fi gure 200 ®i6g#0e 2c and Figure 2d are. graphs 20 showing the results
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shows; -,the basic principle of_the id Langph§Sb¥ethe coupler.
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arrangenent ope=rating; over a singlenode optical: fibre teleconmrunication
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In a preferred embodiment all the optical fibres and fibxe
devices are connected by fusion splices. In anothgr
embodiment the optical fibres and fibre devices are

20 connected by any suitable or appropriate technique, such

as mechanical splices, connectorised leads and through-

adaptors, etc.

In another embodiment the sensing wavelength output port

) 25 of the WDM coupler is terminated with a reflective mirror

PN

so as to operate the sensing technique in a reflective
mode. Similarly, a mirrored fibre could be comnected to

the output port of the WDM coupler.

30 In another embodiment, the transmissive counter-
propagating signal method for locating events is employed,
and suitable optical devices are employed at one or both

ends of the system to detect the signals.

35 In other embodiments the WDM couplers may be replaced with
alternate wavelength filtering, conditioning, combining,

splitting or directing devices.
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to::extend the. 6&&3} ng fibre | en% h _beyond one conmuni cation node;
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sens.ingi signal in-order to extend the overall sensing fibre length
-across the entibrer pESEATPT9BR! BFY RS Wahkrrng@ N F.gure 16 is a view
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Preferred e”bOdhﬂﬁﬂ&éufgaéiﬁhé”&?Q&é&?;u@ﬁigggﬁé ngoggggihetric sensing
technique; . |
Figure 2a, Figure 2b, Figure 2¢ and Figure 2d are graphs

20 showing the results from the sensing arrangement shown inl

Figure 1 when a vibrational disturbance was applied to a
short section of the fibre link;
Figure 3 shows the basic principle of the waveguide
transmissive counter-propagating signal method for

25 locating events in fibre optic sensing systems;

A5
-

Figure 4 shows a combined fibre optic sensing and
communications arrangement, utilising a modalmetric
sensing technique and the ability to locate disturbances
formed by the method of Figure 3;

30 Figure 5 is a view showing a general embodiment of the
Present invention for a transmissive sensing arrangement
operating over a singlemode optical fibre
telecommunication link;

Figure 6 is a view showing a general embodiment of the

35 invention for a reflective sensing arrangement operating
over a singlemode optical fibre telecommunication link;
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l"aunched i nt origerenubt nandemfawbrse.omgr Eretdigyesnsral qahpdinento\f g|
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si ngi enode fippe. lﬁb@ﬁbﬂanbﬁorﬁadtwuydﬁﬁaﬂ(ﬂddgméxﬁgFangatlng sensing
and locating arrangement operating over a multimode
20 optical fibre telecommunication link;
Figure 12 is a view showing another general embodiment of
the invention for a single-ended counter-propagating
sensing and locating arrangement operating over a
multimode optical fibre telecommunication link;

25 Figure 13 is a view showing a further géneral embodiment

N
H 1

N’

of the invention, utilising a plurality of WDM couplers in
a singlemode optical fibre, three-node, point-to-point
network arrangement, forming a junction by-pass
arrangement for the sensing signal in order to extend the
30 sensing fibre length beyond one communication node;
Figure 14 is a view showing a further general embodiment
of the invention, utilising a plurality of WDM couplers in
a multimode optical fibre, three-node, point-to-point
network, forming a junction by-pass arrangement for the
35 sensing signal in order to extend the sensing fibre length

beyond one communication node;
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wavel engt h, was inmportant as the: responsivity of-the: ect or
iii, the co ni cat ions; ~chninnel needed to be negligible at the senS| ng

wavel engt h. ThRETAILED DESCARTFTION @ STHH AHENERAMES EMBODIMENTS

Preferred embodiments of the invention, without imposing

any limitations, will be further described with reference |
to the above mentioned drawings. The drawings and the

20 following embodiments are provided in as general a form as
possible to avoid confusion. While it may not be
specifically stated or illustrated in the following
embodiments. and drawings, in the preferred embodiments the
following features are utilised, and not intentionally

‘) 25 omitted, where appropriate:

N

. the distributed sensing technique is based on a
modalmetric technique utilising the fusion splicing of
insensitive singlemode fibre to sensitive multimode fibre;
. the transmissive counter-propagating signal method
30 for locating events is employed, where appropriate, and
suitable optical devices are employed at one or both ends
of the system to detect and process the signals; '
. further silica waveguides are connected to the main
silica waveguide communication link at either or both .ends
35 in order to provide insensitive lead waveguides and, if
applicable, to add additional delay between the

transmissive counter-propagating signals;



chosen to operate at ai wavelengt:h of 13-00. = whilst the: *rﬂec-,n%ns,
channe- 111%8%.4%%35€n- to operate~~ at either 633 nmor-, 8§@&/

ensured. that inter-clianneil crasst-alk was negligible, ﬁHgmgﬁu
der-tect-or - 4b utilized in the sensing ehamnnel would riot respond -ta

the 1300'. nm communlicati.ons s ignal. The content of ~our aforesaid

I nternational Agplligat %ltbmre 1P%U%w1%%15@%@1 ﬂé&&%@%&%@%@

is: incor por at ed intot-'his: speC| i cation by hi's- ence I gures
2a, to 2.,d shoﬂrrﬁﬁ@eme§ﬁlﬁgyfﬁﬁh1S@ﬁewu§€h§mﬁgse@@¢ah FHOCSSAGRE i n

Fkgure-i mhen as&%&bﬁglon&b.adb&%&%&&@@eéﬁﬁ%d@m@dte &HeD r2 il %%%Eb%ﬁ
of, the fibre. link ysin %gnéﬁg ver beam arrangenent. The fibre was

sinply. taped | BRGPEEH RS SWESH PERgERCR thageddiops may-Dde

shown for a:s 281ai|1n&h8!ldﬂghem)dﬁd( Shzbﬂajgﬂlteﬁﬂd.nath'é?) SH G Vekiokiel madeguﬁw f
ibrea |link be .seen, very obtglned

~~ As [i.t
in addition, th§°%:gfcﬁféﬁafé Efwg Eo DBET E@E@Eﬁéy Yt

Transf orns (FFTﬁlbreImastyrémadenthylbhed&dtdnahngfmh@uenmyrefpbhéobeamlto
pe; - 18 Mz Wth bgbly Lunkfe EingibBiodeSBatel NCohS! Cre RLAE! BLE Of the

wavegui de N transm Ssive. count€r -propa.gatiizg sign a
| ocati ng event slappnchefr éngpt the. JuAsingdey Sibmre. fThm tbechnpqéempéﬁles on

the measurement £38kel hgewgaldﬁba&somy %f betened hahweeRd hi:aRsRbsshve
counter-propagating optical fected by the, sane event: in.

tmo ended 1 f|bFébEFthéénEﬁtsegﬁlFﬁVE HBVEPréPPéngéﬁéﬁﬁteEéntlﬁﬂﬁﬂsthﬁave
| olou ﬁal siggntsiar ea&nauéaanaeushgtbaunehednglaﬁle&er ahb)tﬁ‘ EfQBigl tha
ngle light sour posi te ends ensin a i.bre or
ggf of fibres ang Eg&#ﬁﬂ gﬁ?ﬁ%slonaae?eéﬁﬂﬁ ? ?ﬁc%ng §8da
phot odet ect or : stﬁ5vémy Sensbd{Opanaﬂétepmmhnehtsaofsthe akseemtheLeadnter-
Propagating i ghalesalbhe! £¢bteChozhatl3kanaba Lia! 08n38UPE oc0RODEE  on

However, bécause ecte counter-propagating  signal's nist
conti nue= t - rave$| aghgevednhans EhdFnBapner -t hén PrdrEiFafganpldcatinesy

respective photgdet §¢hgPbsoliBeEebts sn3@1aCBH! halt LLPFRidebA¥1yOiond! £8.

dlfference bet ween t he
attenuate all cladding modes in order to improve the

signal-to-noise ratio. This preferred embodiment applies
20 for both directions of travel of the transmissive counter-
propagating optical signals where this technique is
utilised; ‘
. utilisation of properties and characteristics of the ’
electromagnetic radiation propagating in the waveguide
25 sensor enables monitoring 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;
] utilisation of all-fibre, low-cost optical devices in
30 conjunction with laser diodes, light emitting diodes,
rhotodetectors, couplers, WDM couplers, isoclators and
filters;
. the wavelength multiplexing/demultiplexing (WDM)
couplers are 2x1 WDM couplers, in other embodiments they
35 may be any suitable multi-port device, such as 2x2, 3x1,

4x2, etc.; and
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the sensed. euRponkivitgUbe 4nehawsad Ldtidiedt 41 bire @d i ¢ sensing and
communications channel needed to be negligible at the
sénsing wavelength. Thus, the communications channel was
chosen to operate at a wavelength of 1300 nm whilst the
20 sensing channel was chosen to operate at either 633 nom or
850 nm. This ensured that inter-channel crosstalk was
negligible, as the Si detector 4b utilised in the sensing }

channel would not respond to the 1300 nm communications

signal.

The content of our aforesaid Intermatiomal Application
Nos. PCT/AU95/00568 and PCT/AU99/01028 is incorporated

into this specification by this reference.

30 .Figures 2a, to 2d show the results from the sensing
arrangement shown in Figure 1 when a vibrational
disturbance.was applied to a short section of the fibre
link using a cantilever beam arrangement. The fibre was
simply taped longitudinally along the beam length.

35 Results are shown for a 28 km singlemode (SM) link and a
53 km multimode (MM) fibre link. As can be seen, very
good signal quality was obtained. In addition, the Fast
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optical sxgnals affected by the same event in a two-ended

10 fibre arrangement. In this novel arrangement, continuocus-
wave (CW) optical signals are simultaneocusly launched,
preferably from a single light source, into opposite ends

of a sensing optical fibre or set of fibres and

™
9

simultaneously detected by synchronised photodetectors.

15 Any sensed parameter which acts to alter the counter-
propagating signals will effect both sigmals in the same
manner. However, because the effected counter-propagating
signals must each continue travelling the remainder of the
fibre length to their respective photodetectors there is a

20 resultant time delay or time difference between the
detected signals. The time delay is directly proportional
to the location of the sensed event along the fibre length
referenced from Port 1 according to the following formula:

d . ~(vAf

Point of disturbance,,, =— =2 (1)

) ’
where d, is the total length of the optical fibre.link, At
is the resultant time delay or time difference between the
detected signals and v is the speed of the optical signal

30 given by ¢/nfiprer Where ¢ is the speed of light in a vacuum
(3x10° m/s) and N¢ibre 1S the effective refractive iﬁdex of

the optical fibre.

Similarly, the point of disturbance referenced from Port 2

35 1is given by:

. _ {
Point of disturbance,,,, 2(—439[—) (2)
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enode o 6a- fr £ It s& r
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temperature transients, etc.). In addition, non-sensitive
fibre optic delay lines may be connected to the sensing
fibre at either or both ends in order to add additional
delay between the transmissive counter-propagating signals
10 and to provide insensitive lead fibres. This may assist

engineering the technigque into a practical working system.

™

It is interesting to note that this result illustrates
that it is required to only know the length of the entire
15 fibre link, d, . and not the respective lengths of the
various sensitive and insensitive fibre regions in the
system. This information can be easily obtained at the
désign and installation stages of a project, or post-
installation by the use of an OTDR. Then, once the total |
20 length is known and the time delay, At, is measured by the'
system, it is a straight forward calculation using
Equations 1 or 2 to determine the location of the sensed

event.

25 Figure 4 shows a combined fibre optic sensing and

P
s /

communications arrangement, utilising a modalmetric
sensing technique and the ability to locate disturbances
formed by the method of Figure 3. 1In a practical
application of this technique, it will usually be

30 desirable for both launch points of the counter-
propagating signals to be at the same physical location.
One method in which this can easily'be achieved is by
using a multi-fibre cable which will effectively form a
single-ended system. In this arrangement, one singlemode

35 ° fibre 1 is utilised as the communications fibre, whilst
two fibres 2 and 3, one singlemode and one multimode, are

required to set-up the modalmetric intrusion sensor (event
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obtain the desired information.

Figure 6 is a view showing a general embodiment of the
invention for a reflective sensing arrangement operating
25 over a singlemode optical fibre telecommunication link.
{t} In the embodiment of Figure 6, according to a preferred
) arrangement of the present invention, coherent laser light
at the sensing wavelength 980 nm is launched into a 980 nm
singlemode optical fibre 6a from a pigtailed laser diode
30 with optional integrated isolator 40 and propagates along
the optical fibre 6a. The optical fibre 6a is fusion
spliced 60 to one input arm 6e of a 980 nm singlemode
coupler 44 and when the light at the sensing wavelength
reaches the coupler 44 it is branched out into the output
35 arm 6g of the coupler 44. If a wavelength multiplexing
coupler with two output arms is used then the unused arm

is fractured or otherwise terminated to avoid back-
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communications signals into a single output coupler arm
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20 5a. The output arm 5a of the wavelength multiplexing
coupler 30 is then fusion spliced 52 directly to the main
1550 nm singlemode optical fibre transmission iink 1000.
‘Both the communications and sensing signals propagate !
along the entire length of the 1550 nm singlemode optical

25 fibre transmission link 1000, without interfering with one

another, until they reach the opposite end of the link

PN
(A

1000. The 1550 nm singlemode optical fibre transmission
link 1000 is then fusion spliced 54 to the input arm 5b of
a 980/1550 nm singlemode fibre optic wavelength

30 demultiplexing coupler 32 and when the signals reach the
coupler 32 they are efficiently separated and branched out
into two separate and respective output arms 6c and 7¢ of
the coupler 32. The 1550 nm communications signal oﬁtput
arm 7¢ of the wavelength demultiplexing coupler 32 is then

35 fusion spliced 56 to a 1550 nm singlemode fibre 7d
pigtailed InGaAs detector 22. The 980 nm sensing signal
output arm 6c of the wavelength demultiplexing coupler 32
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telecommunication link. A 980 nm counter-propagating

20 sensing system 300 is used to launch a sensing signal in
one direction of the 1550 nm singlemode optical fibre
transmission link 1000 and the system 300 is suitably
time-synchronised with a second 980 nm counter-~propagating
sensing system 320 launching a sensing signal in the

25 opposite direction of the 1550 nm singlemode optical fibre

{j} transmission link 1000. Any disturbance P that acts to
- alter the counter-propagating sensing signals along link
1000 will effect both signals in the same manner.
However, because the effected counter-propagating signals

30 must each continue travelling the remainder of the fibre
length to their respective photodetectors in systems 300
and 320 there is a resultant time delay or time difference
between the detected signals. The time delay is directly
proportional to the location of the sensed event along the

35 fibre length, as described earlier. Time synchronisation
between system 300 and 320 is important in determining the

time difference between the counter-propagating signals.
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etween the detected signal The time delay is directly
20 proportional to the location of the sensed event along the
fibre length, as described earlier. Time synchronisation
in this case can be easily achieved by utilising a common

signal acquisition system.

25 Figure 9 is a view showing another general embodiment of

the present invention for a transmissive sensing

o
e’

arrangement operating over a multimode optical fibre
telecommunication link. With reference to Figure 9,
according to another preferred embodiment of the present
30 invention, coherent laser light at the sensing wavelength
1310 nm is launched into a 1310 nm singlemode optical
fibre 8a from a pigtailed laser diode with optional
integrated isolator 41 and propagates along the optical
fibre 8a. The optical fibre 8a is fusion spliced 84 to
35 one input arm 8b of a 850/1310 nm multimode fibre optic
wavelength multiplexing coupler 34 and when the light at

the sensing wavelength reaches the coupler 34 it is
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a 1310 nm si ngl é%b@re%@l@twlarﬂmntxwmmozatu% 1300, without

20 interfering with one another, until they reach the

opposite end of the link 1500. The multimode optical
fibre transmission link 1500 is then fusion spliced 82 to
the input arm 54 of a 850/1310 nm multimode fibre optic
wavelength demultiplexing coupler 36 and when the signals
25 reach the coupler 36 they are efficienﬁly separated and

branched out into two separate and respective output arms

Pt
. ;
pa—g

8¢ and 9¢ of the coupler 36. The 1310 nm sensing signal
output arm 8c of the wavelength demultiplexing coupler 36
is then fusion spliced 88 to a 1310 nm singlemode fibre 84
30 pigtailed InGaAs detector 43. Similarly, the 850 nm
communications signal ocutput arm 9¢ of the wavelength
demultiplexing coupler 36 is then fusion spliced 83 to a
multimode fibre 9d pigtailed or receptacled Si detector
27. Finally, appropriate electronics, signal processing
35 schemes and algorithms process the signals from the

Photodetectors to obtain the desired information.
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multimode fibre optic wavelength multiplexing coupler 34

20 and when the light at the sensing wavelength reaches the
coupler 34 it is branched out into the output arm 5S¢ of
the coupler 34. If a wavelength multiplexing coupler with
two output arms is used then the unused arm is fractured
or otherwise terminated to avoid back-reflections.

25 Simultaneously, laser light at the communications

\“) wavelength 850 nm is launched into a multimode optical

fibre 9a from a pigtailed laser diode with optional
integrated isolator 25 and propagates along the optical
fibre 9a. The optical fibre 9a is fusion spliced 80 to

30 the second input axm 9b of the 850/1310 nm multimode fibre
optic wavelength multiplexing coqpler 34 and when the
light ét the communications wavelength reaches the coupler
34 it is likewise branched out into the same output arm 5c¢
of the coupler 34 as the sensing siggal. Thus, the

35 wavelength multiplexing couplef 34 efficiently combines
both the sensing and communications signals into a single

output coupler arm 5¢. The output arm 5¢ of the
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emultlplexxng coupler 36 is then fusion spliced 88 to a |

1310 nm singlemode or multimode fibre 8h terminated with a

20 reflective mirror 47. The sensing signal is ﬁhus ‘
reflected back in the opposite direction along fibres 8h,
8¢, 54, 1500, 5¢, 8b and 8g, and branched through coupler
45 to output ‘arm 8f. Thus the sensing signal propagates |
along the entire length of the multimode optical fibre

25 transmission link 1500 twice, effectively doubling
sensitivity. The output arm 8f of the coupler 45 is then
fusion spliced 89 to a 1310 nm singlemode fibre éd
pigtailed InGaAs detector 43. Finally, appropriate
electronics, signal processing schemes and algorithms

30 process the signals from the photodetectors to obtain the

desired information.

Figure 11 is a view showing another general embodiment of
the invention for a two-ended counter-propagating sensing
35 and locating arrangement, according to the method shown in
Figure 3, operating over a multimode optical fibre
telecommunication link. A 1310 am counter-propagating
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fibre | ength beydme &;rﬁefmmmiﬁg;{e@%l r:mﬁge:ouﬂttdr-gmmﬁmq cﬁsi%rl;jlrse- 13,
according to a further preferred
20 Figure 12 is a view showing another general embodiment of
the invention for a single-ended counter-propagating
sensing and locating arrangement, according to the method
shown in Figure 4, operating over a multimode optical ,
fibre telecommunication link. A single-ended 1310 nm
./”) 25 counter-propagating sensing system 450 is used to
e simultaneously launch, propagate and monitor two counter-
propagating sensing signals in the main multimode optical
fibre transmission link 1500 fusion spliced 94 to another
optical fibre (single or multi moded) in the same or
30 nearby cable 1700. Any disturbance that acts to alter the
counter-propagating sensing signals along links 1500
and/or 1700 will effect both sigﬁals in the same manner.
However, because the effected counter-propagating signals
must each continue travelling the remainder of the fibre
35 length to their respective photodetectors in system 450
there is a resultant time delay or time difference between

the detected signals. The time delay is directly
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demul ti pl exi ngwde#plopftional integrated isolator 140 and propagates along
the optical fibre 16a. The optical fibre 16a is fusion
spliced 157 to one input arm 16b of a 980/1550 nm

20 singlemode fibre optic wavelength multiplexing coupler 130

and when the light at the sensing wavelength reaches the
coupler 130 it is branched out into the output arm 15a of
the coupler 130. Simultaneously, at Communications Node 1
laser light at the communications wavelength 1550 nm is

25 launched into a 1550 nm singlemode optical fibre 17a from

SN
.

a pigtailed laser diode with optional integrated isolator
120 and propagates along the optical fibre 17a. The
optical fibre 17a is fusion spliced 150 to the second
input arm 17b of the 980/1550 nm singlemode fibre optic

30 wavelength multiplexing coupler 130 and when the light at
the communications wavelength reaches the coupler 130 it
is likewise branched out into the same ocutput arm 15a of
the coupler 130 as the sensing signal. Thus, the
wavelength multiplexing coupler 130 efficiently combines

35 ©both the sensing and communications signals into a single
output coupler arm l5a. The output arm 15a of the

wavelength multiplexing coupler 130 is then fusion spliced
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efficiently. c-onkines both the sensing' communi cat1 on

single output cSNFE*E: Pregess /he gitgirlar framitBe photddetector 122

to obtain the desired communications information. The 980
20 nm sensing signal output arm 16c of the wavelength |
demultiplexing coupler 132 is then fusion spliced 158 to a
980 nm or 1550 nm singlemode optical fibre 2001 which acts
to by-pass Communications Node 2 so that the sensing
signal contlnuous.propagatlng towards Communications Node

25 3 N3. Continuing on, the sensing signal thus propagates

PN
pe—

L along junction by-pass fibre 2001 until fibre 2001 is
fusion spliced 257 to one input arm 116b of a 580/1550 nm
singlemode fibre optic wavelength multiplexing coupler 230
and when the light at the sensing wavelength reaches the

30 coupler 230 it is branched out into the output arm 115a of
the coupler 230. Simultaneously, at Communicatiﬁns Node 2
laser light at the communications wavelength 1550 nom is
launched into a 1550 nom singlemode optical fibre 117a from
a pigtailed laser diode with optional integrated isolator

35 220 and propagates along the optical fibre 117a. The
optical fibre 117a is fusion spliced 250 to the second
input arm 117b of the 980/1550 nm singlemode fibre optic
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conmuni catiions s st em was Eel’ ating over _as mul ti m)de
15 optical fibre transmission link 2002 is then fu51on

spliced 254 to the input arm 115b of a 980/1550 nm
singlemode fibre optic wavelength demultiplexing coupler
232 and when the signals reach the coupler 232 they are
efficiently separated and branched out into two separate
20 and respective output arms 116c and 117¢c of the coupler
232. The 1550 nm communications signal output arm 117c of
the wavelength demultiplexing coupler 232 is then fusion
spliced 256 to a 1550 nm singlemode fibre 1174 pigtailed
InGaAs detector 222 at Communications Node 3. Similarly,

25 the 980 nm sensing signal output arm 1ll6c of the

PN
p—

L ’ wavelength demultiplexing coupler 232 is then fusion
spliced 258 to a 980 nm singlemode fibre 1164 pigtailed
InGaAs detector 242. Finally, appropriate electronics,
signal processing schemes and algorithms at Communications

30 Node 3 process the signals from the photodetectors to
obtain the desired information. In this method, the’
sensing signal was propagated along two optical fibre
links 2000 and 2002, while still utilising only one
transmitter 140 end and one detector 242 end.

35 At the 980 nm sensing wavelength it is possible to also

use true multimode fibre in place of the singlemode fibres
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sensin. gi, 4. anﬂlgtamdl lasati dhodsi gn&hsopltnpaal a-né-‘lewgqaé‘- ashtiRplatoupl er
arm | 5c. g[;esShT 24 BkophlecuaveheRsOthe Sptiical il nGa coupleer 134 i 5

t hen fusi ectly’t he - mai_n _nul ti node optlcal flbre

transm ssi on Lppklgés 6ibget A8ehdscEhFiRrc PN AP Sh Ry SRR &8~ |
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fusion spliced 188: to a~ nulti r
P multiplexing coupqgr 33%

wavelength reaches the coupler 134 it is branched out into
20 the output arm 15¢c of the couplexr 134. Simultaneously, at

Communications Node 1 laser light at the communications

when the light at the sensing
|

wavelength 850 nm is launched into a multimode optical
fibre 19a from a pigtailed laser diode with optional
integrated isolator 125 and propagates along the optical

25 fibre 19a. The optical fibre 19a is fusion spliced 180 to

A,
i i
5, ;
e

the second input arm 19b of the 850/1310 nm multimode
fibre optic wavelength multiplexing coupler 134 and when
_the light at the communications wavelength reaches the
coupler 134 it is likewise branched out into the same
30 output arm 15c of the coupler 134 as the sensing signal.
Thus, the wavelength multiplexing coupler 134 efficiently
combines both the sensing and communications signals into
a single output coupler arm 15c. The output arm 15¢ of
the wavelength multiplexing coupler 134 is then fusion
35 spliced 181 directly to the main multimode optical fibre
transmission link 2150. Both the communications and

sensing signals propagate along the entire length of the
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reaches the CoU eli L3hdrd s 1ld K M S out sa t put
arm 115c 7' OCTAN. WO1100/ 674WJ' % 'ecé?.‘{ aﬂ%‘e@o éf mﬁﬂ:‘?mcgde or r%f&l rEm |
singlemode optical fibre 2160 which acts to by-pass

20 Communications Node 2 so that the sensing signal
continuous propagating towards Communications Node 3.
Continuing on, the sensing sigmal thus propagates alongA
junction by-pass fibre 2160 until fibre 2160 is fusion
spliced 284 to one input arm 118b of a 850/1310 nm

25 nmultimode fibre optic wavelength multiplexing coupler 234

i:} and when the light at the sensing wavelength reaches the
coupler 234 it is branched out into the output arm 115c of
the coupler 234. Simultaneously, at Communications Node 2
laser light at the communications wavelength 850 nm is

30  launched into a multimode optical fibre 11%a from a
pigtailed laser diode with optional integrated isolator
225 and propagates along the optical fibre 119a. The
optical fibre 119a is fusion spliced 280 to the second
input arm 119b of the 850/1310 nm multimode fibre optic

35 wavelength multiplexing coupler 234 and when the light at
the communications wavelength reaches the coupler 234 it

is likewise branched out into the same output arm 115¢ of
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spI iced. 288toi is [ ti 1 n iin ihlcbee opt8dal
pi gt _ail - ed. 2%PPRTH go%for N %éng?%ZPI ,Qg%g?%grtl ate elogct rgglggstb

si gnal pr ocessEfyrecheapsmisstonl ybnkt Rﬁrgoat’-SCGﬁ‘ﬁ‘Em Usdero SRELCREd

pf acess' the SLﬂ”afk]ﬁ Leog#nhsleaosedst 860013 10 @m ehiaiimddes fdesei ppedc
i nf or mati on:

the. sensin nal as g d_al t wo
optical fibre g8veilargth166makEiPleX3pg \ﬁ%""lp& 2'%I‘SI tﬁow%%gll %ﬁon f/’gg%es
transmtterg 14;;,_gcﬁngheaagup@ag gdeseehely a4e3 eérfd.c:xlélrg:lln{e skparatgd apfew

sh.ow ng,; ye.t another general enbodi nent of t QLN otk Si-hE, A
transni ssi ve sBRapajed a?gﬁnbﬁﬁBangnﬁepg‘r Gr & %e!o \éV\W PM c’o(‘)lu%I ers in, an

optical 35 fibregei agat mmebogﬁ nbeweokp Lieay r2i3|1>'g ey &5 1 unction by

pass; arrangenents for s 0 or e e i leasater al |
sensing :fibr e‘:°mf“8'ﬂ‘6fﬁ 8?85%98%%9' %h@?ﬁﬁt P98 et

demultiplexing coupler 236 15 then fusion spliced 283 to a
20 multimode fibre 1194 pigtailed or receptacled Si detector
227 at Communications Node 3. Similarly, the‘1310 nm
sensing signal output arm 118c of the wavelength
demultiplexing coupler 236 is then fusion spliced 288 to a
multimode or 1310 nm singlemode fibre 1184 pigtailed
g’) 25  TInGaAs detector 243. Finally, appropriate electro?icsz
signal processing schemes and algorithms at Communications
Node 3 process the signals from the photodetectors to
obtain the desired information. In this method, the
sensing signal was propagated along two optical fibre
30 1links 2150 and 2170, while still utilising only one
transmitter 141 end and one detector 243 end.
Figure 15 is a view showing yet another general embodiment
of the invention, utilising a transmissive sensing
arrangement and a plurality of WDM couplers in an optical
35 fibre ring topology network, forming several junction by-
pass arrangements for the sensing signal in order to

extend the overall sensing fibre length across the entire
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76:6,, 7'6:8, unt er at i n sensi ng
system 720 si rru%tzgngggsgzasf‘yg #e]s couzﬁ?g w?)?oﬁggﬁgﬁﬁg a§§ §fnghe
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752, 754, 756, .. 758 760: .. 2 e &5%5‘?7548 Land,
junccti.on: by- Béggre 16 is’a v1ew showzng vet another general embodlment

20 of the invention, utilising a counter-propagating sensing
and locating arrangement and a plurality of WDM couplers
in an optical fibre ring topology network arrangement,
forming several junction by-pass arrangements for the
sensing signals in order to extend the overall sensing

~ 25 fibre length across the entire ring topology network. In

N
R—

this arrangement, ring topology network (RTN) nodes 700,
702, 704, 706, 708 and 710 are interconnected via optical
fibre (single or multi moded) links 800, 802, 804, 806,
808 and 810 by a logical sequence of appropriate WDM

30 couplers 750, 752, 754, 756, 758, 760, 762, 764, 766, 768,
770 and 772. Meanwhile, a counter-propagating sensing
system 720 simultaneously launches counter-propagating
sensing signals around the network fibres 800, 802, 804,
806, 808 and 810 by the same légical sequence of

35 appropriate WDM couplers 750, 752, 754, 756, 758, 760,
762, 764, 766, 768, 770 and 772 and junction by-pass
fibres (single or multi moded) 850, 852, 854, 856 and 858
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system 720,... in a simlar fashion. as -tHdt described, in detail in the
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augmented by tQ?t?%h'kiX tgopéﬂoﬁyl£@9w89H3|¥h1ﬂEnhEle51h§ obegl a=tine,
the integrity 0O Ble as well as any structure QEFEaterlal near

the cable or senmﬁﬁchnshéy@aaFeCPgtra%tBEHedW1¢H|énQFFF griAgal.
usef ul neM/feaggggesngﬁg/ohe§ﬁ§a§ertge d technology . Not. inclusive, but
indicatively the follow ng exanples illustrates the:. appli.catii.ons: in
mhlch a conbi ned conmunications and sensi ng (dual), system nmay, be-
used: Ay f i BPeLephTCONS TOAUTHE aPREPERRED SEMEODEMENTS need to be 25
moni t or ed agai NSt _and detect,.  LRfru n r kLROoef f of
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simultaneously monitor, in real-time, the integrity of the
cable, as well as any structure or material near the cable
or- to which the cable is attached. This attractive and
useful new feature should increase the demand for the

20 technology. ’
Not inclusive, but indicatively, the-fpllowing examples
illustrates the applications in which a combined
communications and sensing (dual) system may be used:
Any fibre optic communications systems which need to be

o 25 monitored against and detect intrusion, tampering or
é‘) tapping-off of information from the optical fibres, such

as: '
Singlemode or multimode information technology (IT)
networks and links

30 Singlemode local area networks (LANs)
Multimode local area networks (LANs)
Singlemode wide area networks (WANs)
Multimode wide area networks (WANs)
Short-haul telecommunications

35 Long-haul telecommunications
Private fibre optic links and networks
Public fibre optic links and networks
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net works Enbassy fibre optic links: and networks Industrial f:ib'r'e
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enforcement _ Counter-in ystcaf<p
det-ection &3 ocE%‘PBﬁSYbebFPneptmegLnky andi hetiwngkBi pel ine third party-

interference detgehsepify kosabigpeDipgiine Lgak g%@a?ﬁ“ on: & location

Public road authorites. Private road ventures: way authorities
and' freight opE?‘ﬁ?’B?%ahoﬁﬁg’H‘hﬁ%W% fbbé?a?m:sc Adpkisb redo pleitoros®3S | ng, ,

systens. - whi ch Bfig Bibré ohtldé SeshmbRicat 8bnsCOY¥LtLARI %&Eﬁnﬁre ahfAgl udi’

g: Public tel" 9 t el e: connuni cat1 ons

uo tions Private;
I nf or ma. tionr tec nlo?%%yél%’étﬁ\%‘?i’sng NRP LRt LeREr i tHcEHEdsEri al * . security

10 Public telecommunications
. Private telecommunications
. Information technology networks
{i} . National security
o Industrial security
15 . Law enforcement
. Counter-intelligence
. Physical‘perimeter security
o Intrusion detection & location
. Pipeline integrity monitoring
20 . Pipeline third party interference detection &
location
. Pipeline leak detection & location
. Public road authorities }
. Private road ventures
, ) 25 . Railway authorities and freight opérators
7 . Road transport operators

Any fibre optic sensing systems which are also utilised

for telecommunications, including:

. Public telecommunications
30 e Private telecommunications
o Information technology networks
. National security
. Industrial security
. Law enforcement
35 . Counter-intelligence
. Physical perimeter security

. Intrusion detection & location



Law enforcement Counter-intelligence Physical perineter "securi!yz 0CT 2003
I mtrusion. detection & : I< cation. ?'I T 203 WO~ 00Y67400 = Pi peline

integri:tyMMWa#ing Pipeline third party. interference deteEokiooss

| ocation 49 10 PCTI A U&/ 0038 Land. and. offshore , building &,
construction structural ipeline |eak detecti4fh.- & location integrity
nmonitoring & desig'n. W Machine perfornmance nonitoring & des.ign. Rail
stock nonitoring (Flaipehine ietegtioyn)moRbwerigeneration.

and. 2t ransm sci on colg%' - i.cal, & -industri.al plant nonitoring
& de: sxl ggn organi sat onsﬁ% .ﬁ%t'e#(gs%%‘ggegra\%‘%?f'gﬁragg?gﬁeﬁﬁ&tlr% ft enance
organ sat ions 1®edtienrroad, authorities 15 P=rivate road ventures Railway

authori ties; and freighis oneralar SaeR0ad b5 a0SPOLL gBgrators Airline
operators: _Mning conpani es Earthquake nonitoring organi sations-

Cceanogr aphPc Conparfi® St effhare Rvbkding t hi ponsthuctppni standtusadpe
of the inventijftdgyideatiditdref fecdesipy persons! skilled 215 within..

the art,,,, it ist bg_&pnderstfood that this invention is not linmted.,
to~ the particul ar e REFLOTARTT TRRPISPTIRG HfAR%AFPI e her ei nabove.
71 CCT 20M 50 m»~ Rail stock monitoring (Flat spot detection)
' . Power generation and transmission companies
! 10 e Petro-chemical & industrial plant monitoring & design
organisations
éig K Aerospace/aviation design and maintenance .
organisations '
. Public road authorities
1S5 o Private road ventures
. Railway authorities and freight operators
° Road transport operators |
. Airline operators i
] Mining companies
20 . Earthquake monitoring organisations
J Oceanographic companies
Since modifications within the spirit and scope of the
N invention may readily be effected by persons skilled
{M} 25 within the art, it is to be understood that this invention

is not limited to the particular embodiments described by

way of example hereinabove.
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THE CL Al M5 DEFI NI NG THE | NVENTI GN ARE AS FOLLOWNS 1. (Anended) An
907 et 03

wavegui de comuni cation Iink, including; the sensing aignal detecCto
signal w thout any significant | oss and without any signi fi.cant
‘conponent of the data signalll is; directesigt-a wav~egui de for conveying
signals fromone |ocation to another |oca:ti.bh;,, a, data.

,transmt. t erpgd @Lplmmcﬂyﬂg,ﬁ@dq?%r Sh¥pdr ot Agﬁek'grﬁbr_lwgwgl ength into.

the : aregui de; a data -.receiver receiving a signal fromthe
wavemnui de; a sensing sig,na.ltransmtter for launching a sensing, signal’

at a second wavelagrgidediahf @peRtaliowhlequliidestorugi €858 ERLR th. e:
wavegui de; a segﬁégg~5|gnal detector for,detecting the sensing, signa

after the senrsi “‘gna. 1 has, travel | ed t hrough: the wavegui de and

fay:: dettSectin.g, onlw hﬁ@ﬁgﬁhae $6@SbBﬁvey&hgngthQlﬁhfr@ﬁOQEQates
through the s |da\@(avegto 2 e.in a paraneter of the sensing;
signal caused by a stu?Bﬁﬁggrt §lﬂﬁveQU|de to thereby alert to

tanpering with the rmaaegatdepraasdlstgﬂatorsphuﬁ&hﬂggnEaﬂétabsiyﬁﬁﬂ" t he:

wavegui de andi tggﬁ Qa%g ?g§g¥ﬁrlng geggggsg?g%3|gnal detector so
ey

t hat the S|gnal at t veleng fromthe sensing. -
signal at the second ma@eﬁaéﬁgrhcebyerhéorsrEgaaVlngsphétdin@ #rbgmnslso t hat

substanti@d | yrabl 8k thHeagdaha, signal.. wthout significant |oss and
wi t hout any S|gn|f|cant conponent" of the sensing signal is- directed to

the da~:ta receiver'. afdSSBBiRdneignp} Hrpnpmptter hEoxehawmghPng The |ink
of cl.aimL |senwﬁa@enlghae atgnakesphil hvBIEAgt HEANSE ELPEPRE | 88Sthe

g;} mavelengt?l k ag X||Fﬂ4denult|gleX|ng 35: wa reguide couple-rs 17
{ .57 3. Th&FPFhK2SPLEPEFh 11RFO FBRNRKETHLES si gnal from the
MLaVGQUIde and the sensangensmggaklén@m1aBEecseﬁSf@g dé&@wﬁﬂngrﬁm§n1tter
oo o “Lealled YySkenakler Ll plestap gl BLE LI LR T (0
li nk of clalnthrﬂhehthetW@V%@ms@ﬁgasﬁgﬁat detecting, only from the
sensing signal which propagates through the said
waveguide, a change in a parameter of the sensing sigﬁal
caused by a disturbance to the waveguide to thereby alert
20 to tampering with the waveguide; and
) signal gplitting means between the waveguide and
the data receiver and the sensing signal detector so that
the signal at the first wavelength is separated from the
sensing signal at the second wavelength by the signal
/“) 25 splitting means so that substantially all of the data
signal without significant loss and wzthout any
significant component of the sensing signal is dlrected to
the data receiver, and substantially all of the sensing
signal without any significant loss and without any
30 significant component of the data signal is directed to
the sensing sigmal detector. |

2. The link of claim 1 wherein the signal sgplitting
means comprises a wavelength multiplexing/demultiplexing
35 waveguide coupler.



transmtter and sensing signal detector are at the said one Iocat"d?u 0CT onee
and! -said another: |ocation respectively. 5. The link of claim1 wherein

the sensing signal.. transmtter and.' the sens:ingr signal detector are

| ocated both at one or the other of the-sgid.-one |ocation or the .

anot her location and wherein a reflector is provided for reflecting the

sensi ng signal 3back thropgh 1ihe yay, i fter arat.ion-.of the
- sensing signal fromthe. data _si gnai E;‘gﬁhi“h%‘geﬁé‘l %Z% i ﬁan:sgzjqnar%eaﬁfs?m
6'... The: |inkPOi¥TYeTHde aikbrtdion qons inef Isdomarl fooonpibies sensdng

reflective mredgnal. t{Huemntiadr The Ldcdikf HRNY %@%eﬂ@hg%%?insvl to 5

wherein the sensing signal_transmtter conpriSes, a counter- propagating
sensi ng si gnal™¢ %ﬁ}ﬁ’f%&)qwuﬁmlﬁ’@ coygiear tor cpaddsien ¢ hee wsigng i s

si g, na: |'s. 5i ntfot heravauetgriiale ARthg TH @leghil gapposi te directions through
the waveguide fo enabl el,thel.p ait.iqn.of any disturbance tq the wavegui.de
t:o: be : determined by the & 0 oREERITY fEe ESPREIRT §dotddbi ng
sensi ng event : YWrdnshi R end Femxchange iighalpdeaseter hsedateehed siai oot h
counter-curre i j ' (Anended) The |i'hk of claiml| wherein
t he sensing sir%}léaleigdd%%eoglt cs)d!rrgil]%Iglﬁtﬁiggél%ﬁrﬁggegso%ﬁglﬁﬁaﬁgsPSFtﬁVS&é’ssi ng the
sensing. signal tole determ ne a::change inl,ithe_ paraneter 3_ within the
signal toipdemgjfy -a disidunhgmRce, 1N [ i ndi ive.aof:

anper . i g wi th the waveed dar oe nieible BB Che BALGRLLYS Bhan
claim 1 wher eﬁ%ﬂ%%ﬁ%ﬁ%&ﬁ%ﬁenﬁpﬁgz sigeprddéstachPur aket yoghted
communi cat i on odest, orat dreasle ceherobrt BRengdes ohAcibedlipg 8rSakd data

% . TN H 1 - !
frther sat o Y ARtehi e RO, HH<RSLR, AdTREHECERE 48] REoKEdPEase™ a
further said cefdedceigvahe skasiagegtpdel batkr€pfought tng waehgahakhe
Firet node torl ihe FRITq 5. G5, PO10SCHaY| FAR"DF CFARNEIT FogRerain the
wavegui de forfg9n3d S¥nthguedenrdoprlihtindimegnsa: plu.rality: .. of
conmmuni catl on
6. The link of claim 5 wherein the reflector
comprises a reflective mirror.
20
7. (Amended)The link of any one of claims 1 to 5 whereih
the sensing signal transmitter comprises a counter-
propagating sensing signal transmitter for launchihg
counter-propagating sensing signals into- the wavequide and
{“} 25 travel in opposite directionsg through thé waveguide to
enable the position of any disturbance to the waveguide to
be determined by the difference between the time a
perturbing sensing event which causes the change in
parameter is detected in both counter-current sensing
30 signals.

8.(Amended)The link of claim 1 wherein the sensing signal
detector includes processing means for processing the
sensing signal to determine a change in the parameter

35 within the signal to identify a disturbance to the

waveguide indicative of tampering with the waveguide.



"nodes arranged along the loop,. at |east one of: the |oop havi r1 sal d
sensing signal transmtter and a said sensing signal detector. Tsé_?(]ﬁg

| srignal. conbining;; neans is provided. for directing a data si gnal from
a, data transmtter at one of. the nodes52 t0 a said data receiver at

anot her of the nodes. 12. (A ~aended) optical waveg;u,iide conmunications

link includigg; a wavengé/ 1inieof Q1 £05 M1 WAV Yo fh ST Sl £ OB 0N,
| ocation to appther | tiion;_a data transmtter for |aunching a data.

signal into tHekwRe %%%?Jr‘f%acl’vﬁﬁé?%rqulﬁn‘%ﬁﬂcﬁﬁﬂ%%fﬁﬁ%m “Hulk¢9% Bxi ng

wav egui de dawl@eoﬁoupé edibdéao imelyeMmegh 'de1 ddthe veaea e deyi ce

having, a first_ou lie & ]:‘%E? second Oéja}%t army al se Slk SI nal

transnitter for-Ta nc% ?‘lg SR G Srth Yt Nty ét f4%rent to

the wavebengidid ociaitdnetraiastmtsuegnalanmtao ﬁmecd/vam&gau:dmmdmrnq ransIe St on

with the data, signal,2l t&hetawarve&m datwa}:_wré ecel ver, coupled . to
P Sie it gqﬁ‘a’l

the fi rst . out put arm recei ving a si romthe. wavegui de:
device.; 1 ? m@m@@fw saw f dilghalodis-tsacttdratt dup exbrisging he second

output arm fof o xecelying: 1&%@?6&1@ Qﬁi&%ggﬂ.%e fo.Qu -dde fl%\eegﬁl&e to

device' and icr, detecti ng , only fromthe sensing, signal I ch-
propagat es trﬁr&ﬁjg‘}P %iﬁd wavegui de, a change in a. paraneter of the
sensi ng sobgnal, indi cati ve of a disturbance, o-fr-the w a,,-eguide and

thereby alert, to tanp wi.th the vva regwdle 113:. The I|nk of claim
12 the wave- gui de devi 21( g'd'rﬂf? 05% Ve ¥herfRy e WavasHiide, Forms
gr\_g;rml tip e iazpnicoupier 1dapt' mc‘ﬁhmuig Wwfuzmllladymo]ﬂ aedigiitak isecond. .
waivegui de d i QHRI to t vegw not e r.om he first
viave. gu de dg%/ﬁ&cegs asﬁ% sdggaoln tvee,gu GE- q‘ & a\?r’heg_c’e{Ef t(f)q F%%hput
arm: and a. heetign.a it s|mm inch e ifgmadt uxrqmstmltaaetxyabm r?g sedupl edt to

the- d; jta, dd80808 tgl%aainqiett@%t%(}cond i nput arm being, coupled to the
sensing signal transmtter. so that, the data ::::signal and.the sensing

signal are
11. A said signal combining means ig provided for

directing a data signal from a data transmitter at one of
the nodes, to a said data receiver at another of the

20 nodes.

12. (Amended)An optical waveguide communication link
including;
a waveguide for conveying signals from one

25 location to another location;

p—

a data transmitter for launching a data signal
into the waveguide; |
a first wavelength multiplexing/demultiplexing
waveguide device coupled to the waveguide, the waveguide
30 device having a first output arm and a second output arm;
a sensing signal transmitter for launching‘a
sensing'signal having a wavelength different to the
wavelepgth of the data signmal into the waveguide for
transmission with the data signal along the waveguide;
35 a data receiver coupled to the first output arm
for receiving the data signal from the waveguide device;



transmtted to the second wavegui dee device for |aunching into: tiﬁb

wavegui lde,. i5. The link of claim 14 wherein the second waveguid eﬂﬂ'ﬁ:@ggg
i's coupled-to the, wsvegui deby an output arm which receives both:

the,:data ,si-gnall and. sensing signal -fs®m the second wavegui _-de

device i. 16. The link of claim_12 wherein the first wavegui.de' de.vic:e

Is c-oupled. to the vavegudiss iy alJdiillacte@3e LBabieR ebhink EQS nd
sensi ngi i si gi xa, land data . signal /-are - transmtted 30 throu the

i nput’ arm t o THEYT ™ FAESVIFS. Fhee senging pREplnkren thai m 141.
wherein the, fiaeiguiakedisviee ¢l Gor CRFRLLIAS, ondyl EkSh tWAVELERYHE
nultlpl.eX|ngG£§egH}khth§x.ln| iil(;,,DM : coupler having the input arm
and the first amd second 7?Hﬁﬁ%ﬂﬁFe§1&hFﬁﬂﬁp 5P/ saidevegegnddenpat ar m and
t he out putSa $Nar@ET 2UR pefrAinblitlelkTA¥18hies sefbBenki Bkgah1cihaisniIvwhgeein

the - second A j vige-', ccnprilses_- econd vel engt h.
nuttiplexing/é%hu?%#% g%%%bo%e " &84 P@Paﬁa9Pﬁgt§ﬁ53$¥rgﬁef§:FgThe l'i nk of
any one~ of clt@&mperipd) Wikd Waeveguiedaidenpri ses an optical fibre. wherein
20. The link of claim 18 wherein the second output armof the first DM

coupler i.s connected to a reflector to reflect the sensing signal: back
into the: waveddi-de thrdt§hliRs vOVréadpl &R, thadwenessidendevhpat ar m of

the secontl VBMnga-iuplsl dr waseGengest ﬁqlwp@axfﬁ?'y&éﬁutfﬁy@&fﬁg the
ancillary coupl er -having"first and second ancilTary input arns, the. first

ancillary inpﬁfuggﬁfbeing connected to. the sensing signal transmtter and
t he, second adgi.ll ary, ThpulliaknoietngimCoPNeEELEihOat HEcoS@NFiRegsidnal

detector so. t he. iLRg, signal reflected back, fromthe_, reflector
Ssses -t b ouetree 1% BEPIrer ARl S ESE PEeRRCR. £10R Had ot S
coupl er to th¥aveguadg Aapdrear hhet Beoun. wahegahde | davicedupritig 40 the
second angi | | @ry-qar phpapd then, 5ot . Sensj Lgn ete r.. 3011 21
(Amended) A ne#hgd to? segurina |?v§§??§§e§£§%%i%%¥'a%%gpé%f%g HRpPE ,

t appi ng- of f ofT®abgingncepPLed tof theedata transmitter and the second

input arm being coupled to the sensing signal transmitter
so that the data signal and the sensing signal are

transmitted to the gecond waveguide device for launching
20 into the waveguide. '

15. The link of claim 14 wherein the second
waveguide device is coupled to the waveguide by an output
arm which receives both the data gignal and sensing signal

{”} 25 from the second waveguide device.

16. The link of c¢laim 12 wherein the first waﬁeguide
device is coupled to the waveguide by an input arm so that
both the sensing signal and data signal are transmitted

30 through the input arm to the first waveguide device.

17. The link of claim 14 wherein the first waveguide

device comprises a first wavelength

multiplexing/demultiplexing (ﬁDM) coupler having the input
35 arm and the first and second output arms. |



-comuni cation, |inks., including providing a sensing, sy.s:temli gt'. 7 0cT 2003
source, operating at a wavelength different to the conmmuni cations sgsystem
light source,; providing a wavelength. m.Iltip'lexing wavegui de i UCT 2003
splitter or. coupler (singl; ' or multi nob4ed) which, efficiently conbines

t he sensing and conunuai cat ions signals into o_ne-wavegu.ide;. providing"

a silica waveqs i de~ (si'mgel €ird o M llalim 1735rh@Qded) thar EE6aaVi ng |ight

fromthe. mavelqp theX|nc wave' gui de i ght Iltﬁer or coupler,
the 1 7 QT 2n% § RS ESTrFdE 2S5 & ﬁ&c(‘,’gf}a F‘ge FPansnitting the
sensirig~ anahtddnmimnamﬂdamﬂmpgmadmg AWDMOVcdupJes having the first
wavehengt h~. . ve e Ilght splitte caoupler (singl’
or mml!ti nDde éﬁpsﬁﬁﬁ%s or%%%pa % 8ngeﬁé?n8uéHH£03ﬁﬂunlcatlons
si.-.gnal;s.> ihtc two out put wave-gui de ports while mnimsing optical power
losses to - bath the:: seEminiibald Qb Sn ond19eNs 89 81 gBfare

det ect| ng the sensmg si gnal et erm ne, rom e sensing osigna

whi ch: ' pr opadatee ¥avEsid W%‘Wélsxﬁévé@uppéécaﬂ-f fabparamet er of the
.sensing; signal has changed thereby indicating tanpering with the silica
m@vegrl.de ha%oﬁ t aken C%ln %%yclalm ?8 wherein the second output
10 arm of the first WDM coupler is connected to a reflector
to reflect the sensing signal back into the waveguide
) through the WDM coupler, and the second input arm of the
{T} second WDM coupler ig connected to an ancillary coupler,
the ancillary coupler having first and second ancillary
15 input arms, the first ancillary input arm being connected
to the sensing signal transmitter and the second ancillary
input arm‘being connected to the gensing signal detector
so that the sensing signal reflected back from the
reflector passes through the first WDM coupler, and
20 through the second WDM coupler to the second input arm,
through the ancillary coupler to the second ancillary arm

and then to the sensing signal detector.

21. (Amended)A method for securing live-fibres against

'} 25  tampering and tapping-off of data in Optical fibre

~

communication links, including:

providing a gensing system light source
operating at a wavelength different to the communications
system light source;

30 providing a wavelength multiplexing waveguide
light splitter or coupler (single or multi moded) which
efficiently combines the sensing and communications
signals into one waveguide;

providing a silica waveguide (single or multi

35 moded) for receiving light frdm the waveléngth

multiplexing waveguide‘lightlgplitter or couﬁler, the
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silica waveguide being capable of transmitting the sensing
and communications signals; |
providing a wavelength demultiplexing waveguide
light splitter or coupler (single or multi moded) which
splits or separates the sengsing and communications signals

into two output waveguide ports while minimising optical

power losses to both the communications and sensing

signals; and

detecting the sensing signal to determine, only
from the sensing signal which propagates through the said
waveguide, if a parameter of the sensing signal has
changed thereby indicating tampering with the sgilica

waveguide has taken place.



