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WD 2007/ 045028 PCT/ AU2006/ 001541 -1 APPARATUS FOR

| NTERFEROVETRI C SENSI NG The present invention relates
to an apparatus for interferometric sensing.
WOAEFDE There is a demand i n many i ndust r pesAUS06/001541
i nprove the sensitivity of passive sensors that 5
provide real -tine informati on about their environnent
such as those neasuring stress and strain, which can
be induced by novenment in stlructures, pressure change
and tenperature change. The traditional nethod for
sensing strain has relied on piezoelectric strain
gauges, which generate a voltage indicative of

appl i ed SM@AW&MMER@ER%@@EW&TMWQ ric-
based systens suffer froma nunber of problens,

Thﬂﬁrleéséﬁizlg%o%ﬂﬁﬂeﬁ%gcﬁgg : sﬂlﬁuﬁ' f6riaRHBfotetdo stsifEnSor s,

e signal attenuation over
cabl es, spurious signals caused by
B ROFMIhetic interference, and the expense of
hi gh- speed el ectric cabling to connect sensors in

Theé @4 dahrlyin- mihy siFReTesab ifpRve &@meﬁﬁﬁw@f of isn@swe sensors that
pi ezoel ectri c-based. nethods, can vercone by usin

g
progidn aliee nfagpafioprqb @Htth%ra?nvga@?%ém astRpse yegpHping stress and

SRR Stfich aftbe REIEQIRL bR Hhtr%@tﬁi‘e@,%resfsh&fcﬁangéfﬂna '?e fure
a far greater bandw dth than electric 15 cabling a

chasgs. ifhereaditina| eethodofmepmeing sirainbaselisdanaiezoelsetrie giFein ganges,
m%%) i até 4 Woﬁggqu&iﬁﬁtfvlﬂ oF %%he@ Gtrdifl€ m%%rvﬁrgs-scale piezoelectric-

t1sed tel econmuni cati ons equi pmeni traln

baﬁeégzﬁt@tﬁewﬁsr Gam a pembes 98 probless: nchading,the eps of dhergjezoelecttio
serél%r@t ﬂ'lé?xlzé( of BRXRERS V& & %1%.[ At tgef"z Q,Scxbleg : ?ﬁ?ous signals

atings are ¢rea urni ng
czpmd bxjelcctmatagmtw mterfmgma, smbﬂmmpensﬁ Obbgh-énﬁed ﬁlebtm@ cabling to

c&%eagseggo% H{%%P%L _UA L %gphieglglﬂggag% hPan %ig%e&hic-based

consi’s ernative 11 nes
mregforacin beeveredmg by whing echsiqeesBased pngypéical reguipmesy dipy example,

t h
<08 o SR PR LB ThL B B b e
cihiiap md is trashuoe to eleefrbmagretic dmmfermicm Optival systemaeel mmg)nstructed
of FExiRe g g acisog AP R Rienfort R « SEFE RERrogts can
bediaddin opgédl spfenonsingasietiehoibtxpenstive KibleBragg Gmtings.
reflected depends on the spacing of the lines that

Fiee il G ned e Bha s Bt Y el el b’ fhseoment

of bmcammM nﬁng)mgh-ﬁitélﬁity ahkahb@hhglﬂi the pﬂteﬂféc&smm @f alternative lines

th n W t.he tlca
of Flsh a5 7 esTFaoRv B S NPT SERS ah RHEE STPEE i sl
cbl%t’ﬁpﬁie%hw Rirror: light passing through the periodic structure is either transmitted or
reflected depending on its wavelength. The wavelengths that are reflected can be chosen

in the design of the grating: for example, the extent to which light of one wavelength (or
colour) is reflected depends on the spacing of the lines that make up the grating.

A Fibre Bragg Grating can be used as a sensor because the line spacing, and thus the
amount of reflected light at one selected wavelength, changes with the optical length of the
fibre, which in turn changes with mechanical strain or temperature.
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WO 2007/ 045028 PCT/ AU2006/ 001541 -2 Fi bre Bragg

Grati ngs have been proposed as ultra-sensitive static
and dynam c strain detectors for a variety of
wordohwakd2ens, such as underwater acoustic ar payau2006/001541
sensors, enbedded nonitoring of smart structures. in
civil and aerospace industries, ultrasonic

hydr ophones for nedi cal sensing, subnmari ne

survei |l ance and seisnic sendors for 5 geophysi ca
surveys. The benefits over the piezoelectric strain
It§ensors include their smaller cross-sectional area,

Kibre; Bragg Grafings iheye bepn progesed ras Aijkza-seasiive lstatie and dynamic strain

dRielofDIRd § Yvaki o?laSﬁﬁcragg%g U64H Gs underwater acoustic amray sensors,

interference-seénsitive hazardous envi ronnent
caphefded ampwiipsing |of smpdstrichmes. impeivid aind serespace dindusyries  altrasonic

H98rop RIS Sy zh%fl&'i r QAGHE snﬁ)ﬂ%nﬂ? tha.}ken%é e"bsﬁ:gxg sensors for

usi ng standard, conmmo communi cat
geephiypinal rstlIVGEaThﬁybﬁmeﬁlB mmrrthﬂ picwslevis etrdif sévase dhchrde their smaller

ofR008IN " A PR BEANP MOMERE )y, B’ Mt Rl for

wer e per Dy S Farn
elemrenagngm |1ntnrf¢remdefsmmts& hmbaamdnns eamﬂ@hneitalcqipﬁdamns In

WBEhELRhSBAe B59 557 SN ISl AP 2ol ot

usinp stawdkd, chamodiisdd) tal@bmefunichits® eg@naeg B8y @fshstrations were

Uni,t ed, St at es, pat ent. appl i cation nunber 2001/ 0013934
18 SLEREEA i TR BIPT BSR O FERE s 0 RS e BTl by strain

and enoeitan dAS mtérfd@eﬂorpféblnﬁ@ies HREHREmMBRoPRRGEdaRa, Vanous signal
interfer c%f %gbeforrredln optica

PR en% ech) g Splsries iR CBPIOyeh gl dmatically
hﬁb@ﬁ&iﬁ@ﬁdﬁbl&ﬁ@foﬁﬁ@e&éﬁ@m@@ﬁﬁhﬁg interferometers have

an optical path differenCe approximately equal to the

Rk 5o Foibn b RAQH, duer A IG5 clsplopasnen Interferometsc
suing] wgiefushg 4 etoadbund d“&cﬁeddegtm Surdy ariegensif ﬁt@ﬁergﬁeters

S B G RO B COMEES. b AGEH AEpe Pspmisin o

phat hnﬂo&tﬁl@bh Bl {HoesEeRg Metrfefinfide RTET &Y oﬁﬁéﬁltﬁm cﬁﬁ’erence
interferometer and this can used

t he .mat ched
aRR 8%18135’%& Rual fq, e optippl; Bath giffesence in dhy m&tf:b@ij u‘é@zfqometer An
optivab iterfebendd §ifat W et dhﬁ‘érent \B@Jelé'ﬁgﬂﬁ% reﬁh% dat? Iﬁ'(ﬁiébtrdg by each of the

accurate_control of n{ eren
S geRiFTicHEnetEh s E?@halﬁ e@ﬂ‘@r é!ﬂ@ js mepnese@ta@mcérthe (diffyrence

bEIVEBIE KiROoreAUSth ‘Te Iﬂ%ﬁ‘xeﬁ}ﬁﬁgs iﬂ?&fe.frgrﬁ rt Qﬁ {hglf &f ﬁl@cﬁatched

|nterferorreter I Mprovi ng
inter&spmetpiomd this eamlvnmﬁ Qﬁ a meagercmentsigngl. f’]?hamanphmcm isdingifed by a

n\éﬁg&le gf; Iéi?hgl%lu%? J}%fp@; g@%vrlﬁeé Sag&?f%; %@9‘]}3& % psth length

difference between the sensing and reference interferometer; (if) reducing acoustic noise

arising from the reference interferometer; and (iif) i improving the limited strain resolution

and dynamic range arising from the use of white light.

Another approach is described by G. Gagliardi et al in Optics Expréss, Volume 13, No. 7
where radio-frequency modulation techniqueé are used to interrogate Fibre Bragg Grating
structures. Strain measurements are made by obtaining a measure of the changes in Bragg
wavelength from laser radiation reflected by the grating. This approach is limited by a



wher e radi o-frequency nodul ati on techni ques are used
to interrogate Fibre Bragg Grating structures. Strain
nmeasurenents are nmade by obtaining a neasure of the
changes in Bragg 30 wavel ength from | aser radiation
reflected by the grating. This approach is linited by
a -3 nunber of difficulties, including. (i) the

radi o- frequency nodul ati on nﬁgds to be very high
conpared to the sensitive bdndwi dth of the Fibre Bragg
Grating; and (ii) the achievable. sensitivity is poor
as the frequency discrimnation and strain

-di SedYesof rdifﬁéulﬂga Ofchiding: (3 tie Quidio-fdqauney modslationieéde tb Us ety high
sensi ti andw. dt A . i icvahle
SRR . B8 LAl tndBlio Bl E???ﬁ?ﬁ?;r e,si“é‘_%{ s ) Rbicras
pr ewiideE inpeonppie dequeney Giscrimipgiion (SErimiggiay P‘Eé? oror
C O£EHal 15 liRBedbyBle\$brditivé bindFidih bftEd Kbk Brgs Gudignal node
| aser sources to each provide radiation at a

LoghRmpaeei ng plurality of selected wavel engths, and
at [east one nodulator to frequency or phase nodul ate

LG ofoidled shVASR prévideh U Bbpaiadis & interforoment
o R A Bt e
Gr emFingy sorpRrisiog a Rlwaitypf sigglp-langityding) raods Jaser g0 each provide
| Nto@afier £ aRb:espontlig ploralite sholketd wavklongtivcandeidedstane gpodulator
ragdiation’ ' el QMU 9Bt
t o% %3%#%?%%‘8% gm‘ghr?{glriﬁ ergﬁngn gJ? lMi;e?'lzfllns.rn' Bi::ed gﬁnlw%a o G;t
Wouisalerogictgrs fprmad e Berer Cragnes yditon g PRECH) SRty sig tnteriorometer
O nbafégf RégdIERIc@s thp afobulbeirgdidion atrvale ofthe gid phuelity of wavelengths to
deanAUL LR % (iHGTRY hilafuda BpcfPbithial gl BapendbhiOR s
&pr uce a correspondi ng Iurallt¥ of neaﬁHL%WﬁE%ﬁm
si gereesmpndinginterforpreleripyth IoBgh: SR 96 T PR PR P RAYE B BP e
r e%@rw ot isipiy bRl podice i ScorrBRGERE QY GFmysgement signals
A ' EY GitdefeOmettds] | now be
13ed F%ggaﬁggﬁgP§§E§ﬁﬁ§£m%?§gxanple and with reference
to i L gs in which, FIG | is a
SCWW\B;\?%EO Vﬁ%&%%ner al arrangenent of an
interferometrc, sensor. 20¢ ' fﬂﬂg FBlakn d with
dr zﬁﬂbﬁg’“&ft’ %ﬁ#we'%%_?"n%%f_‘ 3 b%:be ﬂé’rgr‘é%ot%eéﬁ on g‘f ani:\'l'a el
appefcmcqsﬂhwonimmfdmiﬂﬂg&% ensing. FIG 3ais a
schematic drawing of the timng of a Fibre Bragg
G Firigs FxbayatiPdrwing ofltert gondral ermaenespt of ) ingerfeypmgtuc sgasor.
schematic drawi ng of an exanple ultraviol et exposure
207 GiG) B ibl8achomatiodravieg of anXEpdinisntel Bplgepiation of sryapparetus for

- FaBr YRSl oking! ferometer (FFP).

FIG. 3a is a schematic drawing of the tuning of a Fibre Bragg Grating Fabry-.Pemt
Interferometer, -

FIG, b is a schematic drawing of an example ultraviolet exposure profile used to write a
25  Fibre Bragg Grating Fabry-Perot Interferometer (FFP), L
FIG. 4 is & schematic drawing of an experimental implementation of the apparatus for
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FIG 4 is a schematic drawi ng of an experinenta

i npl ementati on of the apparatus for WO 2007/ 045028

PCT/ AU2006/ 001541 -4- interferonmetric sensing. FIG 5
Wo 20077ekegat i ¢ drawi ng of a further experi nmepEdhauroo6/001541
i npl enentation of the apparatus for interferonetric
sensing. FIG 6 is a schematic drawi ng of a further
experinmental inplenentation of the apparatus 5 for
interferonetric sensing. FIré- 7 is a gr aph of

theoretical plots for normalised Pound-Drever-Hal

error signals when a Fibre Bragg Grating Fabry-Per ot

 inferferonfetticogensing. ( FFP) of 150 MHz linewidth is

interrogated with phase nodul ati on sidebands of (a) 15

Fid1% ; s Qt@:he]@:ﬁq M¥ing %P‘[ii flrfhbr ex3RBm¥hia1 indfedidratioR of Shefapparatus

graph of a theoretical plot for the frequency
f@@&fmmwcéﬁmmﬁe error signal turning points versus
nmodul ation frequency. Both axes are normalised by

FRY& 8- a sEhéﬁaatﬁ dr§wxﬁ QF 3Rkl eﬂ:ehﬁﬁﬁfa?hﬁﬂélherﬁ%&h of We dppBratus
normal i sed peak- to peak error signal versus
fmﬂfﬁ@mﬁcﬁfw’@aency, normal i sed by Lv0,5. The inset
shows normal i sed experinental operating regines for
FI(W?I i §%%ﬁ 3¢ ﬁl%oreﬁb’ﬁ blodd 8r ¥hrinRlistd PRARADFAL:-HAR ef&l digdls when

shows experinmental scans for

a)
ar%lbllee Braggn Grm; Fﬁlﬁ}ﬁ'g?ﬁf”‘s ént@ﬁemmqt?r (&FPh 9bo linewidth is
I | '
B, AL Rt dholAd SideBinal oF (P ML 00 8, and )
3@%éged portions of experi ment al scans for (a) a
transmtted power signal, and (b) a reflected error

FE.OOH a fePdphaoftd ﬁfe@reﬁ!ai‘%ﬂat %@fhb MegheRy YeePRERN of the error signal
Interferoneter shows osci | | oscope

trping peings dpfSQ%moélﬂMﬁeﬂF@GY Rotlajaxes premormalised by Avos.
intensities during 20 | ock acquisition. The feedback

FI® @15%&1&11&%%1@15&? plofRP HRNIIRERY p@al@toéﬁﬁ@ B sigtlalversus

13 shows frequency noise of. a Fibre G ating
mdblayonvérmenmtr@rmémgdrbr &¥vo.s.( Iﬂihle)m@érshws B seduexperimental

I
gt Ry AT S ShRRpaB08 oRlis oMb Rl dborbhl plo
noi se. FIG 14 shows freque noi se of
Fip.nt G stopis capetimental spans o) n@ésﬁtvre dbbipangmipgienningd (cpg Pound-

rEL RS GAS ] oD Pyt B A o
PCT/ AU2006/ 001541 . i
FIG. 11 shows enlarged portions of experimental scans for (a) a transmitted power signal,

and (b) a reflected error signal for a Fibre Bragg Grating FaBry-Perot Interferometer (FFP),

et

FIG. 12 shows oscilloscope traces for (a) transmitted, and (b) reflected intensities during

lock acquisition. The feedback loop was engaged after approximately 5.5 seconds.

FIG. 13 shows (a) frequency noise of .a Fibre Bragg Grating Fabry-Perot Interferometer
(FI'P) sensor as measured by a dynamic signal analyser, overlaid with (b) calculated shot

noise, and (¢) measured electronic noise.

FIG. 14 shows frequency noise of a intetferometric sensor as measured by a dynamic

signal analyser, formed by a Fibre Bragg Grating Fabry-Perot Interferometer (FFP)
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-5 interrogated with a diode |laser that was (a) purely
phase nodul ated; and (b) current nodulated. FIG 15

is a schematic drawi ng of an apparatus for

WolBtHRkget ric sensing with a plurality of peeR%Sos001541
5 FIG 16 is a hardware schematic drawi ng of the
apparatus for interferonetric sensing with a

plurality of sensors. FIG- 17 is a frequency spectrum
in the presence of a parasitfc etalon, show ng the

opti mal nodul ati on frequency spacing to renove
parasitic etalon influence. FIG 18 is a schematic

interaegated with andiadplasernt (et s (npwely ephase modulatedneid@h) current

I%Muﬁﬁ plurality 10 of sensors and a single
enodul ator. FIG 19 is a schematic drawi ng of a

apparatus for. interferonetric sensing wth a
FGukisiatsghematic dramdeg of aaragparatud fylivterbivongitie sensingrwith a plurality
&ED DESCRI PTI ON OF PREFERRED EMBODI MENTS A | aser

source 100, as shown in FIG 1, conprises -a laser with
a single longitudinal node 15 at a central wavel ength
Hfal6 isgrharstvaseichematiy: digwing ¢ thgepparaiop fordeenfaemsinip lyensing with

éﬁ,!,r ol Sfseni@yel ength radiation fromthe |aser in
i requ nc§/e or phase, which results in a 'frequency-

nmodul ated (FM output 104. The EMIight beam (ie .

Hgdbi istacdepapengy speckum in dhe preseses eftacrerasitis eialm, shewipg thepptimal
s - Pel: I t . 06. The

B&ﬁ@gﬁﬁgﬁgﬁeﬁg@% tgfr%tsﬁgﬁ %@reﬁg%%@?nl )0 i s chosen

to correspond to or fall wthin the resonance, . .

Kigv & s sgelemstic drpwingof anapparatu i duprierometripispnsinggyithg plurality

AeksEN 8kl PYind1b BiASdG. central wavel ength of | aser
source or by tuning the fibre interferoneter. The

[ nterferopeter pay be_tuned through_a nunber, of | .
ﬂﬂ@c Eé\ﬁias ematic drayiing gf @ ppregauy {Qﬁﬂq%a:fer%?ta? ensingi Wil & piyrality
JfeEAR6Ys 3hd!s ndlbl PhdtSdetectdtNi Ng mechani sns for the | aser

are described below. Fibre Bragg Grating Fabry- Perot

SRR B At

optical path displacenents. Wth careful control of
A hesergoact 100, as shidwiginHIGCE somarisks ajpseo pith atsingtdhlohgimdivial mode

I M F I U TR e —
@R gth dadiatioh v tHellasef inafrdtfQeAS 0ot/ hdfe) 2dich results in a "frequency-
n?c%-ll-l/la%e%z&%?)/ gu%l'u?%%& The ¥M light beam (ie modulated radiation) is transmitted
to a Fibre Bragg Grating Fabry-Perot Interferometer (FFP) 106. The central wavelength of
the laser source 100 is chosen to correspond to or fall within the resonance wavelength of
the interferometer 106. This may be achieved by tuning the central wavelength of laser
source or by tuning the fibre interferometer. The interferometer may be tuned through a
number of mechanisms, including stress tuning, strain tuning and temperature tuning,

Tuning mechanisms for the laser are described below.

Fibre Bragg Grating Fabry-Perot Interferometers effectively multiply the phase change in a
single Fibre Bragg Grating due to fibre optical path displacements. With careful control of
the grating writing process and appropriate choice of glass material, a Fibre Bragg Grating
Fabry-Perot Interferometer (FFF) can have a finesse of well over 1000 and a linewidth of a
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-6- few MHz. The nodul ated | aser beam 104 is either
reflected fromor transmtted through the fibre
interferoneter 106 to produce an optical output
Sioeddoasobbe opti cal output signal contains aor@Apkicsed1s41
out put signal 108 that transmts information about the
optical length of the 5 interferoneter 106. The
optical output signal 108 is detected by a denodul ator
110, which is synchronised®with the nodul ator 102

t hrough a nodul ation signal 112, and a neasurenent
signal 114 is produced after denodul ati on that depends
feoriviElze optical length of the interferometer 106. The
fi bre interferoneter 106 may have a nunber of

Tﬁ% afe& Qaszy %agfq Fd%{I Ve?&@@&eé Aom meﬁfs Eﬁ{eﬁ tﬁﬁﬁgﬁ e fibre

e sensor I nexpensi ve because Tt
intaferamsater D6 Zﬁprodmel anaiptifal bu@uv\ngm Hhssopiichloautpus signafcontains

0.3.d / Kk The ui.re n I
o DGR oA SRR 108 aphy Rl FRoRihitn ab' 65 BHudP Mt of the
uimfbyomtﬁérhﬁﬁ WTkeogtical dutpug signairn 08 & detectsd bps dblasétllator 110, which

o RSEEht NP B, S MR 120

 nizhdurédint Sighal 314 BYFoduSedlERe derbedhlhion dhat dépeads orilthe loptiahlength

experi nment al alisation of the apparatus for

of the it rryg sensing, shown in FIG 2, the |laser

202 generates a beam 204 that is directed via mrrors

TRO GibfcOinfeffeiotieten 106 nﬁ@ﬂlave asachbtoofdonpklliop tygehic advantages for

refl ections, that S roaate back into
skita seasng, T SHapt T be THRATEY SHoBREREReS 3 el e sr 28
optidl ﬂ@ﬂe%&ﬁlab Q IIbv@ fos$ 6£0.B ﬂanb efler ﬁns{oh &ﬁhmmﬂljslow laser power
Ticaiencte meulee ueing s griorus hsee MU AL e
2§ BR&T iBfeRditydbise ald ConkRE kAbRE ﬁbtéqjlihééilzﬁnsles Thersessoeth aldoareadily

mrrors 220 to a. second hal f - vvano?%ﬁate 222 and | ens
sgajable {prigren aflwpticad amases gessbsadeE it engt h of opti cal

fibre 226. The incident beam E travels via an opti cal
Ik @k&be@ﬁﬁéﬁta&%&hsaﬁ@h &f the apghthefog ierfoddméttio semsﬁ:apsltownan FIG.

% Gk RO Ao G hrert A8 S0 2N 19 83 folgior 208,
u@ehcpﬂf Bl{:)él@ ?ﬁfcaprctﬂéd‘ﬂﬁgés gﬁt ﬁﬁ ’e dﬂi:@?‘lsE&)rdpﬁgdtef)h(ﬁcﬁllﬁdthb)laser

e interferomneter i on is reflec
hekierave Rag 24 hds pichrte aslest gaeav Hisagm @‘Eﬁhﬁtb&?mz‘?é"f{a aﬁ%geam s
ﬂ-eg%l&ﬂ Jn?dMIaEdQIsmfg' B Extéfidl pha¥id foluldRt DYEr STHehehase modulator is

| eCted beam Vi a focussm | ens 246, to an optica

dfernby signal ganeratorc?12; e seadslpisddienn 718 i diggstpd AR 2010
sSedRalatdeleRkie 92D ¥nd 1365 584, WA RBudRh HeAREh S 1eddtB of optical

fibre 226, The incident beam Ej travels via an optical circulator 228 and a second length
of fibre 230 to a Fibre Bragg Grating Fabry-Perot Interferometer 236 formed from two
Fibre Bragg Gratings 232 and 234.

A portion Er of the incident beam Ei is reflected by the interferometer 236; this portion Er
is reflected back along the fibre 230 via this -circulator 228 to a third length of fibre 244,
which delivers the reflected beam, via focussing lens 246, to an optical detector 248. The
reflected portion E, and thus the signal detected by the reflection photodetector 248,
depends on the reflective properties of the inte;f:crqmeter 236, which in turn depend on the
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depends on the reflective properties of 'the
interferoneter 236, which in turn depend on the WO

2007/ 045028 PCT/ AU2006/ 001541 -7 optical |ength of
woeonTiesozBer onet er. The signal detected by t ber/auzoos/001541
refl ection photodetector 248 is m xed down with a

m xer 250 to provide a neasurenent signal, or error
signal, 256, which is indic?tive of the optica

length .of the interferometéf” The m xer 250 uses a
denodul ati on signal that has a fixed phase

relationshi set. by phase shifter 252, to

°§§8’i g?nggbﬂ#e@aﬂ%?ff%wﬁ% Topgignal detestpd by t%wﬂﬁeé@nn@otodeteotor
248 M:nﬁt?& H&Q@Htﬂ atnﬁxér'ZBé & provigd:; aHe@éﬁh’é?ﬁléhY sighl] og%rrgf %gﬂal 256,

error sig Anot her’ portion of the rncident
iR ’ﬁi‘tt"lee‘?f "B?r opfial longtly ok th iaiedferometer.o i raixeedihuses a

dbﬁehﬁat% Aal A rdOL HRS | zgg@oﬁﬁﬂ% s%glﬁﬁglrgase shifier 252, to the

transm ssi on phot odet ect@

Stgéaltﬁfféerétogm A Fogvrpash ﬁltfrréﬁﬂ auyibe nisqnptiontdly de filser hegBfrequency

nbf3€ figin Qg@é skt he transm ssion 10 photodetector 242
IS m Xxe vﬂrtrﬁ const ant - phase signal fromthe signal

generator 212, delivering an error signal that
Anqther partien ofithe igideridpam isrigpmbmisted by dhei intedferbmetsmthrough a second

1%%01' 13‘% inla%oaﬁalﬁg %dé 3249f toFel @ans?u.lss%o%nh[gwlto%é@&oxz 922 nﬁy a tf:?an.ner

an external -cav iode | as
suziter & fhe sigpal rﬁwneﬂ.te rafleetivinghhtodétedtint 248, the shgaa:l ﬁom thi rahamission

fs te
rhoBER A is BBEPHTE' Sfen e S b8 B AR CocBolitf 21,
dplanering a errereigneletiatdndictss rﬂnmpmaalémgdﬂﬁ&ﬁb lilfﬁ:rﬁafdma;terWBtﬁ h
a tuning range of approxinmately 0.40 nm The central

If %@W%@gt e qgsef 5@2 hﬁg%{ e%:ogxt r 2y ?&Hﬂgg 1Y% with a

ectric ucer
ff(cpzsrjesumﬁt@dw dinpwisiéy 0|ft .‘sMHz o blytrmhariglewglth hef hppsermately

Sl SR B 53S0 P35 i i ke mey
bpicenttsd aé@ppmm&dsu asmlsm mﬂgammmg‘ tahge &f ﬁﬂzdmatenymo nm.
ﬂe E&eraf' geléc%g@av% en: llgé%r Ebﬂ may g? hflngg ” &3 proﬂage toa

requency ran e appr oXi
ppeag@leqng: trmsdmg fPZt'ID én ﬁpﬂaseaitseifs thembyp cha&@&g thehhsdr&:ﬁﬁty length.

FRE P L RY T BEbh AL R it s Phab Specifp, tat the

pte;o&ltumd eamamhaspehgﬁe omnam@mﬂv iR 6 tunBiy @@ Spploximately
w _Focus 4003 hase rmdu%}ator 216 nga/ e driven
0 REFEORP, toq BRI Gh APOGRAEHELY o Ohlzo, AQ dessing
tliralyghaﬂhs @p@dabi@oli&)rtﬁos th® Gedér ﬁtﬂzﬁ'ishtlléﬁt Rhy B gtgﬁéte(f & ve@gbal by the
above.

ﬁlge de # ti I ectrom CS, di scusse
SO SPBir 110cisrorp Being megnted % 15 MO Y d rwomRL phase modlator

286, ﬁhﬁéﬂa&pleeenﬂe@%cﬁsmo% aThd ?ﬁa@é Rloftti@lol 866 may be driven by a radio
ﬁpoI ari t| on-j ndependent opti cal
equency (RF) signal generator 212, wh1 may also provide the local oscillator signal for

the demodulation electronics, as discussed above. The modulated laser beam 218 may be

coupled with an- aspheric lens 224 info a fibre-pigtailed polarisation-independent optical
circulator 228, spliced to a Fibre Bragg Grating Fabry-Perot Interferometer (FFP) 236. To
test the functionality of the system, the FFP-may be held between a pair of magnetic
clamps (not shown), with one of the clamps in turn mounted on a translation stage, thus
enabling the Bragg wavelength to be stretch-tuned to within the wavelength range of the
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circulator 228, spliced to a Fibre Bragg G ating
Fabry-Perot Interferoneter (FFP) 236. To test the
functionality of the system the FFP nay be held
Wwotzeszemnsoas pai r of magnetic clanps (not showpdT/AUGRIDEI001541
one of the clanps in turn nounted on a translation
stage, thus 30 enabling the Bragg wavel ength to be
stretch-tuned to within the_wavel ength range of the WD
2007/ 045028 PCT/ AU2006/ 001581 -8 laser. Fi gure 3a
schematically shows the tuning of 'the FFP 236. A

grating separation L. is def,ine a he_singl e pas
lagers Eigpye\Ae sghymatigplly shows the ?:fgf{l&%%é] 2?%&@%%?&5 Separation L is
defﬂﬁ@& hme @in o ef?e%&ve gp%al pIﬂﬁ_eﬁgQE BERMRGELE rs@ggge@ﬁﬁn@ﬁmors

e tune el ther _increasin

2¥e %éasngre&onamﬂreﬁ@qlawy ofcthe G pan e a@eg é%(s@%lelt fsreasing or
déc?eagﬂg grhgﬁ%rﬁmfeﬁs%qﬂ %n&aemay@a'dleereeoéne@ eén%@S@eqhehcy while &

ncre e resonance centre requency Thi s tunlng
deseeasdoim. Jeirkcates dhe resenanceusebles frequenesy sThis fatingieandpe effected in a

stretehi . ' o) r R
3£ a0 ach Rl i SO Rl U e
leAgtRiobubinBrbgggmpreatingidye fbingy - Per ot | nt er f er onet er may

be formed by a pair of nomnally matched 13.5 dB

191@%1‘%@% gﬂgc' f&ﬁ{?&% %&ﬂ@&ﬁl}% %éy ﬁe/‘i'o ‘Blj’ a]péJr'Hg‘nommally

ong, nm apar t cat
m;atuhsb 12.6 IdBr Bragg vgratingadR pmmatelMWMa@ dp )\ lorg, spaced

osur.e l fi
1RGP R i B Pbeioh SO ity it 4 Rl ol
emmdurélproﬁltﬂeﬂong"ﬁle Bapibrof thetfibeevis iilustratedd@cfslﬁr 8b,yrhefei A sl 3 mm, B
W EEP

1s2ﬁ)y1p‘neaalasffe1 #oemglr' téﬁ'ﬁ‘g&%r Célatge UFQ ﬁyg@ﬂes%&wgesﬁsﬁed { wnte the

FFR ashiiwagen diosed sEllEd 28 the larte Whe rBragg gp:acmdgs aayobe w’cﬁten in
|G 2, hoth the transmtted Et and

h%f’@é‘@@%gﬂ@n&g@aﬁg‘ﬁ BPOPEIO% o | i mat ed back into free

space with aspheric | enses and then focussed' onto

Wxﬂm'e:fetemectooFB} 2,4Bothrth|e 2Bsmitteds Fe ctnil Vieflectede & tsignialshmay be

C r oXi
el PRpfR ARG b g no RO R T len oot ot iodetetors
243 adi 148, ekpariivdy,eadnyitipelecsinic tendwidthosf appfokinmttdy a0 dHz The
resi du k refl ections from. he | 1 ' ce
ohSiph 5P Blor 28 T s iR 2rt P Pe B 0 el Dy parpsic ealon
eﬁﬁcﬂs &ﬂcgﬁ @?Si@@h?gg&ﬁgecfdn%)&onﬁ&e bdhpiaangéa$h¢ré.t g‘He widiv-frequency
se,shifte ef ore.being used to own the
R borilBHe oo Siznel seprrRior 2L S bt Besp Spifid rircifRat Sfiner 252
tefked bl REd PhaRlowkithd ddcirdBid sigasl ﬂaﬂh 1hp kdflecee gort.
experimental Iy by maximsing the error signal, thus

'1&9 iqc@ﬂn%sc&a’iog gﬁaﬂe gﬁg}:ryi’sgqga!y_tgeoop%mlseg e}rigetﬁn?emt.aﬂy by max1mlsmg the

error signal, thus providing a maximum signal-to-noise ratio for the system. Alternatively,

dual-channel in-phase and quadrature detectors may be used to automatically optimise the
phase. The optimum phase concerns the radip-frequency local oscillator phase that goes
into the mixer in order to generate the error-signal., There are two mechanisms that can
generate an error signal depending on the ratio of the modulator frequency (v,) to the full-
width half-maximum bandwidth (Avys) of the Fibre Bragg Grating Fabry-Perot

Interferometer, For low frequency v, compared to Avgs, the dominant mechanism is the
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dual - channel i n-phase and quadrature detectors may be
used to automatically optimse the 25 phase. The
opti mum phase concerns the radi o-frequency | ocal
wociob|esns phase that goes into the m xer i pcoadsdosbRs4
generate the errornsignal. There are two nechani sns

that can generate an error signal dependi ng on the,
rati o of the nodul ator frequency (v,,,) to the full-

wi dt h half-naxinun1bandmﬁdrﬁ%(Ayo.5) of the Fibre

Bragg Grating Fabry-Perot -‘Interferonmeter. For |ow
frequency vn1co ared to Avo.s, the dom nant nechani sm

relaiive lghangingE Aids z&ﬂmsvaAtmobwtb@mﬂnand For bightfrequency vn

GEPagtana®, Ao AREohLly 5 B ol 020 g i respec
td bath dmem:mamth T‘H@ﬁb@m&ﬁ&msﬁ% t&qﬁuwgﬂgnﬁtgﬂaﬁohgjha?f (Ié6dakoscillator
ar.rj Wi t r t o, bot SI aepands The irst
SO it B L SEFORGBGPRERBI phase (1 ocal
osci |-l ator phase) .90 degrees away fromthe
The p@lnﬂsaﬁm Hepehdemce bf e Filne [BanggsGtatiog Fday e Toerfabmetee may

Fi b t I nt f ]
o W T PR R ) LS LGRS ey I oo
e@éﬁﬁieﬂdlbfﬁh@ﬁ ;mte \flslblléae-hlﬂsrhn%ﬁmfaﬁ‘)élff@d‘du%iﬁs_ alvere ChBRVEL as the
isible s S onance .f requenci es re. ... . .
vl vas Totaly an Wél{i’éﬁﬁﬁf I REpStical pupases, b Pﬁ‘vr%mﬁt illngaination
of hetgrdtiag c&reaﬁlhhg #He RBHRBSErocdsh Garkibd fe@éﬂi@d @4 1sotroplc Any non-
illum nation the grating c%eg dur, ng

deggpetpeAuedp pgﬁ%ﬁ%@%efeagﬁn%\wé xpighq’ %*aﬂ“fl%tb irgsolutigy of the

FIHRd) B UGRBAE FRGY-FAHR ThierfBdfdst &éssmt%é eisrﬂha GRD GRoded Prided
be beyond the |linewi dth resolution of the Fibre Bragg

wehavgd maessignpls fise frominpyt splarentian Wﬁ@%ﬂbﬁﬁm, as the
two nodes provided well-behaved error signals free

Al S8t bp I fo8 ddtbr@Romernie Gbnsafof Qﬁ‘dvﬁ:. iARIG 4, @iﬂ@& |ﬂ6ﬁ1 the
appar at us interferonetric. sensin shown i

apparaiys eSeEbecs BhAvENE that 3o Wavelensthe seutiollat 448 Rretrpls o cgentel
whvHEHR BN GNP Bhizl |0 A3vAERAR! SnkdIRr 60 Birdlled 1 tum by

wavel en{gth of the | aser output, and this wavel engt
feedback 40§ Epmithe degppdplgtor d40:i n turn by feedback 404 from

t he denodul ator 110: The central wavel ength of the
'ﬂh@&&fh‘aSWdI@xg&xQﬁ‘ tﬁaws&%oﬁa@auomhi ?@c R¥ntfoliad 8 RBardge the length

of the_laser cavit %le é%ﬁﬁ’f P[)ﬁ%lq%%"@i;}‘l? ociféorﬂg?ued cavity,

of S8t et B ey Ioosng

b?ﬂﬂ‘klhﬁid@ﬂe Whee irketiolCiihte? HIonfor By oS Rlcarkl I9E6 1@ ol skilled
other neans known to those skilled 20 in the art. In

“hﬁleé%perl mental realisation of the apparatus for
interferonetric sensing with feedback .

In an experimental realisation of the apparatﬁs for interferometric sensing with feedback
and wavelength control, shown in FIG. 5, the error signal from a demodulation system 502
is amplified and/or frequency-filtered by the amplifier 508, then fed back into the
wavelength controller 402, for example a piezoelectric device that tunes the cavity length
of the laser. FIG. 6 shows a further experimental realisation, where the laser output is
modulated by directly modulating' the 1&5&??5' drive current 602, rather than phase-
modulating the output externally with an external phase modulator 216.
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and wavel ength control, shown in FIG 5, the error

signal from a denodul ati on system 502 is anplified

and/ or frequency-filtered by the anplifier 508, then
Wexkobmozko2s nt o t he wavel ength control | er 402pctran2006/001541
exanpl e a piezoelectric device that tunes the cavity

l ength 25 of the laser. FIG 6 shows a further
experinental realisation, V\/gfre the | aser output is

nodul ated by directly nodulfating the laser's drive
current 602, rather than phase- nDduIatlng t he output

externally with an external a& ngw at or Bg_2r
Flzewmlee@sg rihmlmcﬁ@avceot@no g0t} ebt’ﬁﬂg ek F pggy-Ferot
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requenci e recovere

1abalts|g‘eequebuyammg laagﬁg eThtl)ﬁl' hmrd;gnaknutput infyedbask 40feis peapodional to
2T AP WP LB R g 5y e v
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coral llfb I aBe esv ﬁé(fueﬂdy dyfemiciphife dan be e lm;gstehmtge lfinil-width half-
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fﬂ‘e@ﬁeﬂbﬁ&ﬁn J &@h YeafRxcdkh of 1oMGHEe Sigak)picked a 1 the sensors
r than the ful]-w dth, ha

ran can ar larg
gﬂhﬁﬁ@t&fzemﬁeatef% g e ORBalelooR AL BE FeCeTstth Pt:@ﬁ‘g‘}%ﬁf the
d&@oéﬁ&mstémm m@e |a?es@.&-ofﬂd®0di§i%ﬁymﬂuﬂ¢ gndhﬁél @ anill be
be in excéss of 10 nals, icked u t.he

ligwited by she BB of the FEB .m@ﬂegfﬁ th (b8 2 agythey s ip g Srespuency
:Jétggrébﬁ?enuﬂ Qﬁ&%@ﬁdﬂn@tloékﬂ% &HaRits WBbe bhRoliSible effect, thus, the

dul at1 on"system 502. These are out-of-| oop si gnal S
sensar dymemiprangeiie optiaverd by maxigising|the fopkie] BagdwidE FWHM of
the FFP node width (eg 2b0 VHz) .as they are in the
tﬁ1t=, CRURRRY tetlaf@R AROWBquERtY VoGdhd) tid18iRr t3arek 06U rtg the fire
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mﬁt@mtet Hife e omps DrfverHal (PIRPFHIR Sohorkh clndBeapstispl models
F%%uﬁ’& DreviABaPRkBE Eﬁﬁm‘é%@ RitsHRPorhéHic §ern§d}li&{}%é approximated
ocking the |aser source 100 to the fire

by ranalysia o6 sreftesrspacggesonantiravins (rithiths hepdwid th OR ppgm, the Brags

%ﬁt&p%‘geﬁcﬁeﬂﬁaw Ff@%&r Bida@ t%!nd ehsth B Lf\€tors and resonator

ever ocki ng sc the interferonetric
refeavtive imdey dve napdisparsivat edlt the optical carrier frequency v, the complex

reflection response of a lossless FFP formed by two matched reflectors separated by

fovs
,.._

distance L, both with amplitude reflection coefficient r, can be expressed as

.« B r(1—exp(—if(¥)))
P =g = T an(—00)
= A(v) expli¢(v)]
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by anal ysis of a free space resonant cavity; within

t he bandw dth of concern, the Bragg reflectors used

in the FFP 236 are broadband, and both the reflectors
wodoo7essoget or  refractive index are non-di spRIBAVS06/0A1541
the optical carrier frequency v, the conmplex 25
reflection response of a |ossless FFP fornmed by two

mat ched refl ectors separateg by distance L, both with
anplitude reflection coeffT }ent r, can be expressed

as r(1 - exp(-i8(v))) F(v) .t 1.- r2 exp(-iQv)) =
A(V) agﬁé av)] W 2007/ 045028 PCT/ A1J2006/ 001541 -ii
whitve Fear Eigrrithe reflepted prbinpidentelocki¢ fiekls; 9(Yar2menyL/c 1s the round-

mSL%%éer iCa fnl\ Gl e’rof g{ﬁ% Jén%ie)y all ,lallxcfAt\ﬁ dﬁﬁe%{})%@ feg Jc}l\pely, the

ractrvei

amaplibudy( w)d @h&,e regsmect i Tel PFP thae a ﬁﬂbm:itludlelfmn‘pﬂ:ms@w}nv[)
ng ngf The FFP has a full-w dth hal f-maxi nrum (FWHM

b Wtﬁ?ﬁ‘ Y06f Ovo.5. 5 The Pound-Drever-Hall | ocking

schenme involves interrogating the FFP 236 wth the
TheﬁB@.Ind—I@rafdriI-BﬂI Ipélaseschtitlel lnfblves Mtertogating M FFR 236 with the laser

o e Bt € e ROULFERTORE SRR PR pigeteotr.
Ath e‘iec%afe@lemswathﬁ ah&swﬁéé Hﬁeﬂfngﬂn eanbe bRk P*

-1 - P(v)P*(v+) -
F*(V)P( ] SI n( |)} (1) V\,here the cross term C(vf)
63 f’é1?+) - Pr(v)F(v_) A(V)A(V+) exp{i[(v) -

&) Ll () )‘\C\F* fz LB®Y) - (W1} (2) vemvivm
d°v h while P.
ol th%gﬂg\ﬂiénil‘" %frh: Sﬁ&ééeéh. f|(1)36/r i s

set to optim se the dem)dul ated error signal. In

%h this is achieved when r d ~I vt)l tan-1 d
ere e Cross term .

E(ux) = F)F*(vy) - Fo)F(u.)
= A(V)A(vy) explild(v) — d(v4)]} :
- A@)A@-) exp{ilg(v-) - ¢()]} @

ve=vtv, and v.=v-v,; P, is the power in the carrier while P; is the power in each
sideband. The phase shift y is set to optimise the demodulated error signal. In general this
is achieved when

dv

dl {G‘(r&)ll
dv

' afsiCa]
¢ =tan "t { —E
f(v}=m2w

where m is an integer. The round-trip phase 8(v)=m2x when the carrier is resonant with
the FFP.

From equation (2), it can deduced that in the case of v, << Avgs, $(v)-0(v-) and $(v-)-(v)
are both very small, and so the expression is dominated by its real part. Conversely, when

Ve >> Avps, the sidebands are well .outside the linewidth of the FFP when the carrier is
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d {I [C(vt )] dv O(v)=nRsr 15 where mis an integer.

The round-trip phase O(v)=nRic when the carrier is

resonant with the FFP. From equation (2), it can
ghflsizhat in the case of vm << Avo.5i 4(VreHavinne/o01541

and 4(v_)-4(v) are both very small, and so the

expression is domnated by its real part. Conversely,

when Vm >> Avo,s, the sidebands are well outside the

i newidth of the FFP when th&-carrier is WO

2007/ 045028 PCT/ AU2006/ 001541 -12 near resonance. In

this case these phase=difference terns approach it/2

nédGesohice Xy iR Th@these phatewiifftatred tdmpns apoadierg? At the expression
part..

1%%:1}1}1@5 b}é&i@i@%ﬁ Elgﬁuee ig@ A%X%Eet gsisgﬁgl%gicta%ﬁ the carrier is at

réb(;f{a)naé&g )ﬁtﬁ?&(\o&% é‘ﬂﬁ Va;(vf)-gtwilqidil)ﬁa? efor iboR YWaft®, tibplying that

equat | ence equatio 1), beconme zero. |
equmition (3, anidehanee shuation K )pbecame grror hahis iy thequplclpels ppigh of the
Fr i ARANEY
SERCAA) ¥ o) 42 Ry OB B iR (it o
résenaeda thetontpme Vgv)ois dquah tepen dehindefendent ofi f. Ryl Pieldense, when

e | ock t he, Pound- Dx ever - Hal | syst em,iS. | .
1okl e el il s SEhad R tar s e IR noise to
t&fh Y orddrn .maTmaaﬁb@g a frivgetsiderigeking teihnicue khaves ﬁoeiniplibig inemunity

shows, no i Cit, i nity, ta intensit i se .
R R S e S T R

el ectronics. 10 The first curve (i.e. graph (a) in

Tk Grst Gutve (iles praph €9 i AEG, FHhatretes tha ftheeratioal esiog sighal farthe case of

the case of. v,,,//vo0.5=0.1, jle.t secopd Gur Ve
o o aile i sependi i s ExapbdbLE Kr e FR6 BF Ralft ST ayben v
1V scahSedSRARD AR rBheSs of AFFPETRARE QuRE (Re. REPh (Fhef RIGL 7dhows
curve (i.e. graph (c) of FIG 7 shogws the

thevintarmediata pase ovbses \aistoe2 fbeipo satslliterfaror gignalsingdhy pacend curve
ard gl‘.?{)tosféxg NeBaddl &ﬁ&gﬁﬁ%-%d‘ﬁﬁ"fﬁ&an@; Quifdbi8s 1P HehBird curve the
si debands g t

under goi ng FFP resonance, whereas in the .
arior signdsdveta the cagice prd sideiandramersd e fors ¢ Hiagleand jalpost square
S ¢ H?bﬁg%ﬁo‘cﬁ[ﬁgﬂﬁf G edcRbdbe AinSt el &r PAAMVEELTRRH it ROMAE@ gated
err or si gnal®. e plots assune a resonance |inew dth
wing 1 se Midxinlating frequeneies Y MHzofA0 dEHz ans) 30§ Nz wspectively.
nmodul ation frequencies 15 MHz, 1500 MHz and 300 MHz

es Lvely. .The ca M, 2 S : :
N e
inirging i igls Sinesha FaryfReratt cavitivs. t iTiks . prifiiplasr ofneriepitios tghind both
&%%rrn%é Iar%nsiﬁﬁet]rl arﬁ(a, g&hﬂmﬂ be referred to as Pound-Drever-Hall locking in this

document.

For a given resonance FWHM, Avys, the frequency separation between the turning. points
of a Pound-Drever-Hall error signal is dependent on v,,. It approaches asymptotic values
for both cases of v, << Avps énd Vn 2> Avys, as illustrated by the theoretical piot in FIG.

8. The plot is calculated with y optimised for each v,

On the other hand, for a given modulation frequency, the size and therefore slope of the
error signal is dependent on the FWHM bandwidth Avps. FIG. 9 shows the theoretical plot
of peak-to-peak normalised error signal size vs normalised FWHM bandwidth. The error
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20 extrenes are simlar and, both will be referred to

as Pound-Drever-Hall locking in this docunent. For a

gi ven resonance FWHM Av0.5, the frequency separation
Wol2oeRmsckéIe turni ng-points of a Pound- Dr evepetiirboosooiss1
error signal is dependent on v,,,. It approaches
asynptotic values for both cases of Vm << Avo.5 and

vm >> Avo.5, as illustrated by the theoretical plot in
FIG 25 8. The plot is carddtated with yr optinised

for each v,,,. On the other hand, for a given

nodul ation frequency, the size and t herefore sl ope of
sighed sizer approashegnzdro iwhedensttdans boh reashesyesivapiolid telve when
Avo 5. FIG 9 shows the theoretical plot of

Vp%a{:k-"fo peak normalised error signal size vs

nor mal i sed FWHM bandwi dt h. The error WO 2007/ 045028

I]Pfﬁ'E/ apbIRONS S5 TFIG: 32 85 @Izaloltag'ezmmamfr%‘dp@mdﬁ@rﬁ@ symmetry

n Vrj ea hes as tot| val u
i g S it o R SRRAT s & g B care
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ied to e | aser i ezoel ec
B cslotePo e BB Tisef boqutest & asmprt e S6SFn SC ki dg. The first
cR&HE 3.d. D éJhC(aﬁoﬁFKF)elooéchoﬁan\éﬁ(&n plehigel sifigetad %ytﬂilﬁFFm36 as

be recor d using a dI%Ital oscl | | oscope whi

meguEsd Py thguehesion phatedrierler 28e heotironch clﬁVfo’% ?H-L* Hhghows an
ekaoiSib mgﬁdzl' &X&nﬁﬁecﬁand%e@ﬂﬂe&@th@fraﬁhﬁiswh h&to@¥tector 212, The third
exanmpl e signal reflected by the FFP 23 as . neasured

cpye 1of @I%qu BV GrPopRuopdiag examrle mixed dove e@edmentel frpg signal
286, Fi&1 Jagsoséﬂeee@ 70 FFE Y@ RnBesShaNA kne 5/2B8 ahh%@atﬁﬂﬂdth in the

maasure the transm ssi on- phot odet ec
fiedti ourve ] 9ith @nﬁmngfpeﬂt ights asdlmsa ﬂ:,eowes@@p@ﬁ dirnthe High Finesse
e e tal error signal 256.
%%Q%wﬂté%ﬂ%‘ﬁg%%t%v\)% dlér-lg&?]esonances wi thin the Bragg
grating bandwidth in the first curve, with differi ng
The alifférericgh bewaerd thaigls inessé and tos inesee sesapasce modps ghFIG. 10

LR A B2, At IOl OPOS Sl Gy, i
diffsing dfivcesesrstigs wo ﬁhc@an@ Sificecibalgtings dw dhis gxarhple were not
ag&ggelde&lﬁ%gdtﬁg %qﬁgﬁonr ﬁofzgs%t 5\1:[1 iy %ﬂetcﬁﬁgtﬁga?%gth?\r/c\gﬁﬂr@ 9f their

res eéring TI nésses
mmdﬁnm $xp<£ted;:me higbergimsser(gmarmweﬂmislﬂﬁ wéthel{fastwenogator mode

Bl BB Bt A A PSR v

fmme cremdancb IiBSSdBn gdn be closeras deingiimpedanceometched. dAhjhinfow-finesse

cFe lfléahjsf tall o?%h% gsteg 'izgms %'ansnntted and the reflected signal approaches zero.

The difference in transmitted intensity, compared vmth the under-coupled high finesse
mode, may be explained by uliraviolet-induced loss in the resonator, particularly in the 10-
mm spacing between the grating pair. The higher finesse resonance transmitted a lower
intensity due to its greater resonator round-trip number, or t.otal storage time, which
resulted in greater total loss while circulaﬁng within the resonator. To reduce this loss, the
ultraviolet laser may be controlled to avoid fibre exposure between the grating pair during

the resonator fabrication process.
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confirms this. Further, by conparing the heights of
the two peaks i.n FIG 10(a), the |lower 20 finesse
resonance is seen to be closer to being inpedance
WohehRese2dt this lowfinesse node, nearly aptpatobdieissi
| aser light is transmtted and the reflected signa
approaches zero. The difference in transmtted
intensity, conpared with the under-coupl ed high
finesse node, may be explal4red by ultraviol et-induced
loss in the resonator, particularly in the 10- nm
spaci ng between the grating pair. The higher, finesse,
Theetsowaiision tpowss pirve (deend) oy mBIG. 10 aad 8}? Talestedyerorssignal
reater. L J; =L
(RO PR 107 0 e Ut B ATRGE, it slaed B ICRAL. The
FWHM uirad iforythei pibicelectnie wansduvar ¢ean o theefitst ourvigi of Fds1l is

the. ultraviolet. | b '
ot o Do FRpoRF T e bR I oo
Fdég ?%ltz gfezée@ée&ict:ﬂiﬂsmep csliesed tO\PrRaRd/ MSCGER/V of tuning, the

06/ 001541 -14 The .t m . SSi on_power,. cury .

FVERA v DR medvould Po i VIR TP BBR i S Encsso G

' | FWEM fimE! B 6648, Viideh istieBi0Av{s Padsdth of
b@%‘%@ﬁ%ﬁ%ﬂeﬂhg% [égss%om M fime ?o_l ?’%&FI G 1&1'11@1eThe V(}lcrjl\/\v-nvl °
314 MBIzf orTheheeppiation diebiaeni thet v Jerpaice spegks | 0gphand 1004 is

| f i F16 S TRy b ob 9 GHz,
oo ol i 11, SRR )4 1§ sl oo
henca thechacemer Bofiohasa finesesr ofsipprozimately 68 Whiledhe ipadsr resonance
cald brated taq.] ided 12.5 GHz/V of tuning, the FWHAM
haf?aarfﬂ'\‘ﬁssgt R L%?{sgwrr%de woul d be 143 MHz. For

conparison, the low finesse (ie broader) resonance
Thas,AviRkEot forrtheoiighs finessetimede innPIG. &) is arprexignately 0.1, The

bandw dt h 314 Mz, T ' .
R Ak
apﬁoﬂmte?e?}gigoﬂfﬁnlw ﬁflﬁarme sigoaldinmingt Il;)lla h@gemcv akparation

range o ’ nc e..narr ower .o as a
T AYpesaid Qf@p%ram??mg%l §ﬂ'§§ Qe L@ld?ﬁ’s I65Y% diggee résonance hes an
efr&5$ %%2 .f)gakr-tg—?yi%%l@%i%k RE S Gis OfvhiBl BErPshORIE @b ¥, A% 5 a_f';iﬂ)&roxitgately

vin r the higher finesse node In

0i0$, agmnaexionsigel yurding poifteepareiiom to dyantin gf prrawximatelydli8. The

time for. jts error signal, in_the.seco un.ve_of
cirq g g BT CEPgRg 18 Avet S SR P (e ® aeh
oBleNRld AN ilE (RO vilhed hEPHANEY BEPHT. 8.1 o1t thbsel BnoAIdhg vy, is

rati o of aggrQX|nately 0.60. On the other hand, the . '
stifigiently smalktelativewdvantoapmreschihe awmpsiticaplys of the lower limit.

peak-to-peak tinme of 38 s, whi.ch corresponds to

' /R &p&%{al(' i¥her %inPfRe nfAE iPRrRF AL (Bt @A&e lower

TF%%]%% %%?%rtr se arfaotg?geﬁlhgoermo.g r at ilo o%‘% ow.
cappscseenTht b yhigl 88ve FHEIG. 10, since v,/Avys for the higher finesse mode is

twice that of the lower finesse mode, as predicted by the theoretical plot in FIG. 9. The

error signal peak-to-peak voltage for the high finesse mode may be measured to be for
example 1.4V, while that for the lower finesse resonance may be 0.63 V. These two
points, for v,/Avys of 0.1 and 0.05, are'nbrmalised and overlaid with the theoretical plot in
the inset of FIG. 9. '



10

15

20

235

error signal turning point separation to Avo.s ratios
for the two nodes are close to each other, and agree
with the values as predicted in FIG 8. At these
wbRsWodohs, vin is 20 sufficiently small rel gétXE2006001541
Avo.s to approach the asynptotic value of the | ower
limt. The peak-to-peak error signal for the higher _
finesse node is larger than that of the |ower one, as
seen in the third curve of - & 10, since vin/Avo.5

for the higher finesse node is twce that of the

| oner finesse node, as predicted by the theoretical
Aﬁduunng an ¢FfeGtiverefidttive neiex of 1.45,griade speciial tapgp ek Gilz waatykyield

for hi f| esse a

o oGl L 1850 G TR Y B FER L Hlp KRR B 8 rafifes o
bemmatelyrm&mmﬁlﬁe&abhgrﬂme two points, for
V,,,/Av0.5 of 0.1 and 0.05, are nbrrralisedand overlaid

4 050 D5 s o 1 k10 Fr i

fiedsheembie; @nd efpradmately 9 niidlz fof thé letber fmedse amde p@h¢ higher finesse

R ot eiriedr SnPabrr G A TRERE o ERdl Re e dice

figqurhéyngrl displactfert dpcinsinandrethyn Be Tdwemfinesss mdde each
grating. The slope of the error signal through

Th ERRRE %R 17 R B 0kt 2y 9 v T Bl i L st

rﬁayrbesmﬁedmﬂ,and'ﬂﬁzapm@teemcfu'anams& De eﬁsetam:ega tanad slowly while

B EnSiEe B £kl 1P B e meanet LB ssellbagobe. When

il ek ivavelahgthis béwly febvdahtownili el choS@EFFD ARG pdak, the transmitted

initiate feedback.in the of FI t he .
iRt PP T TBAATE: G R ool oo pey T B iepc g goauire
l&f{f AnSdEmb &k@ﬂ@@h@ﬁ& piotesk Eﬂh&dﬁ@@ﬁh&ﬂﬁgﬁlfosﬁllosco e traces of

whi |l e éo tthe transm tted

FiGt lltﬁ gf*@ofu ?di?gré? amm%ﬁ 504 e 7 XAk (Y0 Sipeletiea] ole response

WG torRSCRRREendNEN0,DPBEZ] AR tolAR YRIBHRE 6o hafidRtd ¥ DC gam of
resgnant with the chosen FFP 236 peak, the transm t}tgls type

apprpeAately, 1098 9 & apibs 29in bandwsdthohprouni G He A cepmaEko
do%tdﬁ%cﬂe& &t sBRerfl MORGE HodlOrebiflitiohSvoul PSdtur When the grating drifts
exenplary result fromthis process is shown by the

ogisige e laEBNINESMEEpe traces of  FIG 12, The feedback
anplifier 508 may, for exanple, have a single real

FEG! a3r SRRANSE dhmpd h'xequ&ﬁmméer eputaagy 1962, Oxﬂéa’sutai with the
The total feedback | oop a DC gai

inprbrremeing EpajatdHEih a?vaezieedﬁwnghmfnmawaaflfﬁ%ked above. The
?{té?ﬁ' NRidOisHowh SRPRIEAWE BE daltubtddy Bt MRl HB0at 3 measured

ocked for several hours. Lock term nation would occur
elgiispnie Hwisgr 53U6ng Afr fpquencies above ambient excitation, the free running

frequency noise of the laser would limit this measurément to approximately 300 HzNHz.

Assuming the laser has a Lorentzian lineshape with white speciral density of frequency

noise Sy the 3-dB linewidth of the laser Av; can be estimated by

Avi=m sz,
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outside the laser tuning range. FIG 13 shows an
exanpl e frequency noi se spectrum 1302, neasured wth
the 20 interferonetric apparatus with active
WBahPA%es W th conponents as descri bed abovepcriRB2006/001541
system noi se is shown overlaid with the cal cul ated
shot noi se 1304 and neasured electronic noise 1306.
At frequenci es above anbi ent excitation, the free
running frequency noise ofléhe |aser would limt this
measurenent to approximately 300 Hz/VHz. Assum ng the
| aser has a Lor;gltzi an | ineshape with white spectral
8RSt s Bhits| 6CAHNPEY TSR, MRitéadBind frétRestydiditd SeMpiiximatel

v%f ?Sr'{e | aser AvL can be ‘esti mated bya%\/t =it Sf V\DWPQH 4
380ZABH RS pBET 1 UAGREII0 1ad linewldh WiapgroGinaeap 280kHS being
of Hz/'Hz. Thus, the broadband frequency noi se of
cotpsistesk it ihe i otror pejiataces 308 5Ha TSR SXsEIa IRE] nsi c
| aser linew dth of approximately 280 kHz, being
TRORSHALRIY of"é.ﬁﬁg% bRuiR B REkiRAEd By esti mate of 300 kHz
for the exanple Taser. The responsivity of a Bragg
grating can be estimated by 1 6AB = 0.78E-1 5 AB SE
(@) re 6-; dte strairn perturbation, and XB is the
g%gg wave h. For exanple, 1 Inc. of induced

tlﬁg wavel ength shift correggpnds to a strain of
approximately 0.87e. At UB=1550 nm equation (3) can
be rearranged to _arrive, at the_conversjon factor 6E AB
whers < s gho SR perigetgtioe, 1 s s BIRGE ARUPET Ay B pLope, 1 pm of
R B0 R R ol O RS drprosshitey, O REY A
NaF 15 0 o eguetiary (3D odnslee rEdrpogeddqaitivelabtie conversten fagthibown
in FIG 13 would have a broadband strain sensitivity
of apg\rBoxi mately 2 ps/qHZ. The shot noise 1304 in FIG
%@Wm culated as follows: VSN = a 2egVdc V=s
7 C

— -15 €
=6.6x10 I

where Avp is the equivalent induced .grating.ﬁ'cquency shift. Since 1pm is equivalent to
125 MHz at 1550 nm, a system with a highﬁécjuency noise floor equivalent to that shown
in FIG. 13 would have a broadband strain sensitivity of approximately 2 pe/ \/I-Iz.

The shot noise 1304 in FIG. 13 was calculated as follows:
Van = av/2egVy ' M
¢ VHz

where Vgy is the equi\falent shot noise voltage; e=1.602x10"° C is the electronic charge;
Ve is the DC output voltage of the photodetector when the system is locked; g is the

transimpedance gain of the photodetector; and o is the mixer conversion gain. The
quotient of Vgy by the error signal slope then gives the shot noise in units of Hz/\/Hz,

which can be calculated to be 16 Hz/\]Hz, corresponding with a limiting shot-noise
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15 where VSN i s the equival ent shot noise voltage;
e=1.602x10-19 Cis the electronic charge; VDCis the
DC out put vol tage of the photodetector when the system
woe2bamksds g is the transinpedance gain of POEAU2006/001541
phot odetector; and a is the m xer conversion gain. The
guotient of VSN by the error signal slope then gives

the shot noise in units of Hz/'/HZ  which can be

cal culated to be 16 Hz/411z17corresponding with a
limting shot-noise WO 2007/ 045028 PCT/ AU2006/ 001541

-17 sensitivity of approximately 100 fs/VHz (= 16 :
sdrlgtiditz of dgpsoAd®ly f T00 fehiEs: ex asTHAVEA PP asAws forThids example
el ectronic noise 1306 is the dark noi se neasured at
apraeatys Tbe cleeirqpinnoise\ipPhisihe dask neipe meagiied abihn mike oHpEE

the feedback system the sensor dynam c range depends

Wathid B LASE gai mah&ﬂidﬂf 08 QAL ReMbdcl Ndydem! ARY Senshio aﬁugm range

exanple |aser with a 5 piezoelectric transducer
depgpdfe 0B fthe dasepptioah drepusgoy teyug Fengedy RS cXample laser With a

iRt gl %gﬁggwﬁgzzﬁwwgzﬁn@é s

sysbeah wowd@n@tnstemmm.sa (B0 D00 ARpE). fAspurhing @dreaking stress

of el anes VRS mhabiy el et 8PP e pelybahe sain

woRRMR: 39380 pbWhivh $odypichlBBYbAd the fuiflg S48 OF thtylassl] Above the
range, woul d be limted by the FWHM 10 bandwi dt h of the

upifs gAY bendpidiy, thegsensor ) dynamirs rapge ywolld ceesjimyifed, by, thep FWHM
bl OF ﬂﬁ%éﬁnat& gtf)gl L@?&l‘)%x Ata}l%ta)ﬁ r§&RE, Bflarge dynamic

operati ng approa e to expand e unity gain
ramaﬂ @mplwahor@uthetp@efarrwhwemmg apprpagiewbBldrhei to-axpal the unity gain

| np u@{l Pﬁl% e ap P at a-"{dai’% ]I—'IIIPVh\}]%ISﬁ lm% % G.Ecl. FKS’IJ.Lb art %Slgéé? ﬁfezoelectrlc

trpduteaninpph may be used to.nodul ate the Iaser 15
out put An exanpl e of a Iaser source is a New Focus

X \V I
Iz ent %@%ﬂ?}génﬁl ‘Sﬁe? o otn m%db@gs%d 16 2fddulate the laser
ouppk 06011 mlwoma@lzomw agew Eﬂ’%}@ VOTI*W@QQQ\I@@WH&@ cavity

didag 1l¢ S8 Gl g Yy 8oty g% gggl ﬁeﬁtue/w hor St@%ﬁ ﬁtg» 4061z tuning

pI ezoe Tran ser
rmw e Wew@etngth of e IEebmey Be tuged By atpﬂsn@ Fuiitage Retho piezoelectric

A e
}aﬁeromemt(ETP) 6. 1089 cemidh of 5 pair bD ngmimafipowadched I8 dB Bragg
T o g TR T M
FEPReKinta ey haveld filIMridth Habfdtimadhi (BWHvVIplikeddhas kp@otmately
193 i/ﬁ-rlz bl%em(?db \tltgn %cf gec{bggkeg.rg escrt%é)d alt::ilm% w15th reerence to FIG, 5. This
error signal 604 serves two purposes: (i) at low frequencies (<20 Hz) the signal is used by
the servo amplifier to feed back to the léser 202 to ensure the laser stayed locked to the

ko’

centre of the FFP resonance; (ii) at higher frequencies (>100 Hz) the error signal provides
a dynamic strain readout of the F¥P 236.

FIG. 14 compares the frequency noise of two example schemes: external phase modulation
(as shown by way of an example schematic in FIG. 5) in graph (c) 1402, and direct current
modulation (as shown by way of an example schematic in FIG. 6) in graph (b) 1404.
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error signal 604 serves two purposes: (i) at |ow
frequencies (<20 Hz) the signal is used by the servo
anplifier to feed back to the laser 202 to ensure the
wasmo7/ms@yed | ocked to the 25 centre of the kERAu2006001541
resonance; (ii) at higher frequencies (>100 Hz) the
error signal provides a dynamc strain readout of the
FFP 236. FIG 14 conpares tﬁg frequency noi se of two
exanpl e schenes: external Se nodul ation (as shown

by way of an exanple schenatlc in FIG 5) in graph (c)
[%402 and, direct current nodul ation (as shown by way

e dfe expitslanadoh ingratpg rsspmsiyityglesqribed aboyts. his) fragpeupy noise
sﬂ%@rﬂ%ﬂx@‘&ﬁ% c%@?én‘éhl%% 6430AG 4 Hbre shintSiy ggeshﬁ.?xg FIG. 14 fom

enpi ri cal or grating responsivit escri
thesto\pEamply %fswméqllﬂé fﬂlﬁts@teﬂ%emhﬂswm latipn yendagirdsb current

n‘fbﬁ@éﬁ(‘ir{ ﬁ? bbiﬂtagle &4 gleiﬂaJ lﬁ%ﬁb&{ﬁ'ﬁg | \flfyuo;{:gﬁpg@gl&%#&% 1'33'7\/Hz

t hese exa € SYyS CITE
Beilt grethmils mﬁﬁafsachliuti rtﬂea3mnc<mm:bndmts axft audw ﬁequency ambient noise,

- ' ot le to yield,a d strain

sen3|g?| Vi 1ez capp Wgﬁrﬁfeﬁ V%ﬂmﬁsfmed R FSiARYs and

brmglfbaaﬂ hmhustlc tthﬁe s ey Gegiacient S['h@ftwal!ﬁbtﬁlahb@ GlRfeY may yield
i.ncl.uding the piezoelectric transducer

°?‘%%%%§%‘8f8a%‘ﬁadf%mﬂ"6‘§%d | oop excitation, and

br oadband acoustic noise at | ow frequenm es. The two
Imutagpateiusforsioteeforemetrizysensing) whth & phipitadff sensoks) sighariel FIG. 15, a

[ n_an ar . for omet ec
oBERE o5 “abbitee ol P L BBt O b LFLEIRTT s ey be
cambidél, phing Wavblyu@]ﬁ Divisloth Mlmqﬂammmm mr.ﬁoda it WsRlglet optical

ki, o SIS LRI SR Pl WP B RS By Caring

FPabrpdemt Dﬂéﬂf@&hetelf 135/ B. arréng%l:lliﬁ Sdrieck MloAf 2 SRBRAENRN SMGHHCA fibre,
each co JEE ng @ eF| bre Bragg Gratin

5
T'&%B‘?"i"’rﬁ’%t °l onfiral pldpyiSignakeomnes Froguirsnsmission

m@nghamdwd@etér@ n@tdepiged aPFIG AlS, b4 RIcB that E{éeopiléﬂ%%p%t signal
be a ranggﬁ such that the' optl cal output 'sign

alas(e} mrpReRbeR SRgythe itegisrometars, a eiplaingdabove. Each 1nterferometer in
tHe"ﬁb?é 1s @EPORERIS HghtSt Qg%afaieesglebﬂd e lel}rﬁﬁlx; rkéc ; HC L0¥own in

he optical outplt si arises fro % or T rom
FKﬁel 55 ey m@rf@metqr ds intmrogated &y raebtambcd\nedlaﬁax:dmnespondmg to its

onsi.y
oaﬁé’cwsg ?lé dw\%‘ge\}éed ggaﬁfag)?ﬁi sepfrage séicctedgggve?engths
typivalln miay bEFaI@ut 025 nem dimitedtyr dveilabie tWDM systems and Fibre Bragg

Glrz{bﬁzﬁ'i?raﬁ) &}Ie oqInt #er% eﬁasglfgtil}i‘f radiation corresponding to .

"ona The wavel engt h spaci ng of
t he separate sel ect ed wavel engths 20 typically may be
Irethe exantple ghomm in FIGH iSetiie bytermgatingloser b, sychtaeasepantt selected

WEJaé?én%ﬂEraﬁgfg from a plurality of separate laser sources, 1504, and the beams are
combined with optical multiplexers 1506, The radiation from each laser may have a

central wavelength controlled by a correéponding wavelength controller, and is modulated
by one of a plurality of radio-frequency modulators 1520, The plurality of optical output
signals, indicative of the optical lengths of said interferometers, are. directed to separate
demodulators using an optical demultiplexer 1508, or similar optics. The optical output
signals may be demodulated via a plurality 6f photodetectors 1510, mixers 1512 and
phase-shifted local oscillator signals (from the corresponding radio-frequency modulators
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Grating Fabry-Perot Interferoneter structures. In the
exanple shown in FIG 15, the interrogating |aser

beans, each at a separate selected wavelength, arise
woovrospizeiral ity of separate | aser sources, ReP4AD2RE6h1541
the beans are conbined with optical nultiplexers

1506. The radi ation fromeach | aser nay have a 25
central wavel ength controlled by a correspondi ng

wavel ength controller, and -i12-nodul at ed by one of a
plurality of radio-frequency nodul ators 1520. The

gl urality of optical output signhals, indicative of

1530 ispei manner cdegerfhed ogboyei far ithe Siiclo-intesferomeeter anpparatus.  The

S By TS e DR 5 Ul i
thsuenbigal e.'sxtgm af shmalyeMMd l]Ihatﬂnbr\su@nah Iph)u lbalﬂsd joacm‘ to the
wRUSLATP LEGIAHER bP M 1A s SBBUE Lacld 1BBASE S T8 benta

0SCl of's rg
wapelengtf mfet;werregpondldgj in’ﬂdrf&fcﬁne%v%&é@éﬁ@ﬂ&hng scheme such as the

PCT U20 20) in a manner descri bed
Pg g(/]@re B Et]'ﬁgghﬂqﬁlﬁldgscpﬁ?dea}b@éﬁ'oneter apparatus. The

denodul at ed signals are |owpass filtered and the
Véity roferegice) traF 1. 16,18 thdbapanatd viith d pldiatityt sefsoss, tptdistales 1602

ohGOBL s T 3 s, S Bt

dl-eders, thus enabling each laser to track the centra
5 wavel ength of its corresponding interferoneter via a

B Ll Xy Sy —

sqletesdrte ibe equai té-h Gultifle of imlf the Fega[Specttal Rangd (FSR) of the secondary

t Senso ces ,1602 betwe
PPl Bt o SR0lR el el SR bl orn fcseve Fibre Bragg
Greging %bry-hﬂo&ﬁﬁﬁ&r@ﬂetéxlﬁ ezldngtzt gihgle ﬂlﬂ'e'dﬂnsh iléi)ndvgs }'rééﬁlual etalon
aatus with a ural it 'S 0 t he nodul gtion

o R0 i et teteo i B St TREY ERveto v BT shown
sdhemmd?ﬂljrﬁm piG. f. Ifahd mob@ator ﬁe?‘ﬁﬁ@ﬁl‘!(@l (eBal'OQS 20m3RY) Rfsmall
t he s ﬁ)gﬁe{: Fa‘?’%@gr ot _et onscrél e secondary
oGRSy By thee itiirEngale) e sPiree Fowgting Brbryerot
If#rfrdigerrabay 178 @dg 10U & D&Y 10MRS, eind%@'déﬁﬂdul@toﬁ 'pﬁ&le Qlelay is
fibre; this rengves residual etalon effects fromt

opHRIETD g &%?Se%afbﬁaﬁlauwmh@aer@ahrea@ands 1706, 1768 with

rsBedcBiol ABIS Bihbr, | By SR BheS ¢
ﬁdec modul at or %; equ% 17%%1%@%1)%&%% ﬂ-egu&—g‘”éim Belhalf of

ﬂ@nFaﬁR or oligher agulfiplet of diatfi b ERRe OF thef ctalen ﬁqqumcr aerpved 1710

b P
b%r? ?lggégigg (%itgfférﬁﬂlei’: o0 h¥ih ﬁ%é%rhds %@@ﬁ%lu Q@nghégﬁg effects.

This|may qlisninate differential 31deband-s1deband attenuation and ensure that there is no
error signal produced as a result of the parasitic secondary etalon. In such an apparatus, all

sensor-sensor spacings in the same fibre must be a fixed and an identical length apart (or
some multiple of a fixed spacing) to provide a constant etalon frequency response 1710.
This spacing technique relaxes the apodisation requirements on each Fibre Bragg Grating

Fabry-Perot Interferometer, and thus allows closer sensor channel spacing. For an etalon

of FSR =§%, the modulation frequency, Fyoq, should be set to F,, =—2-FSR or
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optimsed, the error signal represents the rel ative
change of the sidebands 1706, 1708 with respect to
each other. By fine-tuning the current nodul ation
woenomnsyes 1702 to be half of 20 the FSR, or achiaghménoissl
mul tiple of half the FSR, of the etal on frequency
response 1710 between successive interferoneters,
bot h si debands experience identical etal on effects.
This may elininate differemd®l sideband-sideband
attenuation and ensure that there is no error signa
produced as a result of the parasitic secondary
taLeht. r , ns: -
Bl gs e Qo B R LM el AR SRR Uplon, whero 1
i dentical, l.ength .apar 0 5.,50nme .muktiple of a fjxed,
oo f it S IPIAHRE tde SRA R (BCHBRBH bpblBgh affegs. For & eiven
spagoraRech Idibrferohbles elsBats it §iagd Ab@ahde iR@acihdR large (eg 2
f%%ﬁﬂis tiiopiﬁequirenen,s %p &gﬁh,Fibre Bra%%FC}ating, .
§ OPEFGE) | hETE Afech Blﬁféﬁlsfe edylationdregpensiss teat dya} the criteria,
SSENSHith GhaiFRent SPIERY. ATRMmaAvelR! AaRingi®f HSRhe séauin yields
t he . nodul ati on frequency, &V should be set to "od;:
=E§B£M 4 gr = 3 5t
%d 4Mm0@'a¥\?0§?%é{l§g% ggt?eg, Ee ie g %9&9915.&46, thé Ypdoidy shoflid be
reflected/transmtted by the etalon, where j is an
mpiplgeef 2.:metEest he refractive index and d is the
spaci ng between sensors. For a given spacing between
A BB E8K0 bRlieHiof o BRI HpParbfiis Wvithl IhRlify &I Rnsord) @h&wit BEFIG. 18,
spacing is large (eg a fewl| Os of neters), there are -
hgs 3 sineds radip-fordupmryuphgss Bedylater | 80fcdevanstraam Trom fhe) WiMHa opiics

1804 ¥R bodabif tR@FRrality s ofliphiis Bt B kinkle \ibrd! €This topology reduces the
Alternatively, rearranging for the spacing yiéelds d =-

yse of exterpgl phasy medulatofydawn o asingly medulaterpeniibre) Iuthis apppratus, a
o - lLii » t
phRAGE G AUt bE 18> REMAY f*él%‘ﬁée@?;"gg%? B, T e, ., e

An- alternative realisation o
coinbingdl iwsipg IV avstengtbridivisitnoMinitiplexiak GWINM) opties] 84 sindghedulated

B GRS R Bl SRR AP ons

singkendiotfteguinsy smiree ia rejuited ® drivietiee mddulator 18661 Ty radiation from

' S e use.of, external phase ulators down to

i RE° 1010 RS20 I Y Bineft S5l M el gto o ictafly of
ipletferatieteys 1810] &RRrespoivive®D d Sharatt selesRiavdeRngEl BCALD,, .....

vel.engths, %, X2, 7,,3, ..., are conhined using .

et g‘melﬂ}% grthayed fhroyel,raRgmissigyT wHeqHo8, arg sepagied into
sopalith ahaflels,\sorRdghordSi N8 e ﬁ@&ﬂaﬁ&bav@ﬁﬂ%ﬁtlﬂ{nglm obfds 1812,
exanpl e an_external phase nodul ator. 'y a 15 single
thepemodplated Bring separgiecaixprs 18 hand sepprate elgptrapic sepgors 1816. In one

EREM A T ihe iPPRatud M &R bdhAiPRa) HOR back to the wavelength controllers
of the lasers, thus enabling each laser to track the central wavelength of its corresponding

interferometer via a frequency locking scheme (eg the PDH scheme) as described above.,

In a further alternative realisation of the apparatus with a plurality of sensors, illustrated in
FIG. 19, a plurality of optical output signals, arising from a plurality of interferometers in a
single optical fibre 1902, can share a single photodetector 1904. In this apparatus, each
laser output is modulated at a different radio frequency. After interrogation of each sensor

i.e. FFP), demodulation at each respective modulation frequency, with a plurality of
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the | asers 1802, conbined into the single optica

fibre, interrogate a plurality of interferoneters

1810, each responsive to a separate sel ected

vwavebeagzk 2,1, 12, 2.3. ..... The optical eoraDR006/001541

signal s, gathered through transm ssion or reflection,

are separated into separate channels, correspondi ng

to the separate wavel engths, .using WDM optics 1812, 20

t hen denodul at ed usi ng sepa?éfe m xers 1814 and

separate el ectronic sensors 1816. In one realisation

of the apparatus, the error signals.nay be fed back to .

eleptgonigmateantHOR, allome coiractipn of exch ppruistinscBsar signgl ig isolation. This
sfdlMeich g d%é%Eﬁbéﬂ 168 by SdidiRe the & foF SRk cBMALSRT LbiheP VDM

C
I't's correspondi I'nterteroneter via a frequency
opiisiat thy astei enteul] 3@ onheealiption efikeeppasaius he@riop signaih e be fed

] : e . Lo i
bl b T rRtenlth SEQAILY 67 BRI b D B Wk tho
cdrgral waydlengthl oftity cokesppidingihictfenopster i dpseribed aboviesi ng
froma plurality of interferoneters in a single
10 %t {8k a&:t;%&i@tc& W %b%ﬁﬁ{eﬁtsa?is {30 nGe iRt RAGHRE MHove with
1904. In I'S appar atus, each aser output Is
refergudedto die astongpatying drasvingsitavk beeh givign by 9y ofiexagiple only and that
) _ SO . = L b :
siGRiFE A0 RA A0 Py SRR IR Rhy o pRriel 1) et R o8 e of
il apparatusy of WO 2007/ 045028 PCT/ AU2006/ 001541 -21
electronic m xers 1908, allows extraction of each
L . ol atd i . e _
TR 1B R Heolib AR ol L AP Rllol] At Pl Seguires
othstwise, dhe wendtidompriseredd yyatiagiony\ich ap jsoinpsesitand leomarising,' will be
I j [ f. r I,
o o 8 SRstoR 3l S bl oF BRI Bt il ers or
sgps.t he. | asers, thus enabling each laser to track the
5 central wavel ength of its correspondi ng
I A

B s Eele R oot 4 BEECERRKTS pbf ph ke be tlcen s, an
adlowwlédgednadroany fin lof swgpksionrtbas tha nriee ad dewnpan pf thy common

i Vv . given by way of exanple only and
@%@%Mﬁ%@gﬁ %éﬁpﬁg%%mand addi ti onal conponents may be
provi ded to enhance the perfornmance of the apparatus.
.10 Throughout this specification and the clains which
follow, unless the context requires otherw se, the
word' conprise,' and variations such as 'conprises' and
"conprising," will be understood to inply the
i nclusion of a stated integer or step, or group of
stated integers or steps. The reference to any prior
art in this specification is not, and should not be
taken as, an




15 acknow edgnent or any form of suggestion that that
prior art formpart of the common general know edge
in Australia. -22- CLAIM5S 1. An apparatus for -
interferonet'ric sensing, conprising a plurality of
.single- |ongitudi-nal node | aser sources to each
provi de radi ation at a corregponding plurality of

sel ect ed wavel engths, and at | east one nodulator to
frequency or phase nodulate the 5 radiation from each
| aser; a plurality of Fabry-Perot interferoneters
focsM®y Bragg G atings witten into optical fibre,
each interferoneter being:-responsive to the nodul at ed
ragi at'i g agparefi efopﬁm&iaﬁmﬁmic Chefiingl abmpriginpfa plauality eofgsiiele-
O e TR0 s Sl LESUEH Rl B0 LBl oy o
ouPﬁﬂ aﬁ%

he correspondi n
i nedseed mm&‘hs: s B ey . oo S BGHED 75 Pl modlat the

He i na&&% Sach Qasele AR 6f FdbEy-Tepit int@fercnitesUbmsit (p drage
an roduce a.c n -
%gﬂp R gxf g?a.g ﬁl% RN %r@egon& \JB&L% &%or%fve to the odulated

Feative o path | en ths
of raliatonr tﬁsrp)e@lf |tlwesa!dnl’lw\ifé|°§n@t’%?"§‘h 2’ caely PERIPSS 4 ffected o

Cl @irliRfted BpfchPbuipul sighd) Qfeﬁn&bne 3% lthel @fespogingr iocerfoanctdy epath

. tuned of
S ORGP F 5T BRIRPa A 06F TR Wm{ﬁé o
148. pﬁMapmﬂbﬂl&nﬂﬂm@i@fmmﬂmﬁﬁWW@fm&f aptpl ppth [gpaths
2, of tl leletiivh AEkedingt@s.one or nore 15 wavel ength
controllers to, detern1ne the sel ected wavel engt hs of.

- sad | agelsary F?@élﬁhtlswﬁ&mﬂaak RRelsciuivs Gdndi D over a
Wher ei n eacﬁ'mave e

|
ex raspppiwa B‘é%“"’é“é °fp8° og%aglﬂgm%ges ondi ‘r%‘ eter:

| aser is freque -1 ocked. 5. p I

i n3cl ai AR @pammﬁdweéa%wm&mc%% R P 05y oL Ffbe
15 ORlatdingth cérOlIGH o decibio tigrtlod veeadnethorf M@bﬁ?ﬁd i ng

| aser. 20 6. An apparatus-as clainmed in any one of

cl i M5 Znhppalitus WhakiRbdintclim apehetelt cach wavelpesth copirpller includes
ext er nal fre uen 4amaaratus
as "8 F’H?‘?Pé ap 1 t%)(o \%{1 P&! %%gm 15 ﬁzque&d?

one o 3°'to 5, wherein the

"modul at d t.h | © con
o e ireraie a7 Y AR ST ehar oh LR edhofcomols

mhemﬁkNeam@GWevMB@Mngﬁmm2%“¥requency range of the or
each denodul at or out put provi des the neasuremeo%Jll
81 gal s AnQppaduus appemed iosmaane of dHimp3|to in WagRm Hf Eogator drives

cI%mggmﬁﬂ%gmﬁmwwpﬁmﬁgﬂ%@mggrmavelength

7. " Anapparaius as claimed in any one of claims 3 to §, wherein the modulator drives
the wavelength controllér,
8. . An apparatus as claimed in any one of claims 1 to 7, wherein a selected h:gh

25 frequency range of the or each demodulator output provides the measurcment signals.

9, An apparatus as claimed in any bnc of claims 3 to 8, wherein the wavelength



10

13

20

WO 2007/ 045028 PCT/ AU2006/ 001541 23 controller is
dependent on feedback fromthe, or each, correspondi ng
denodul ator. 10. An apparatus as claimed in claim?9,

“3509}0550%16 feedback is generated by a sel ecp@faulodiiborss1
requency range of the, or each, corresponding

denodul ator output. 11. An apparatus as clained in
either one. of clainms 9 or 10, wherein the feedback is
5 used to maintain each sek@gted wavel ength of each

| aser source at a centre wavel ength of each
corresponding interferoneter. 12. An apparatus as

céiitRilemS dépanduny opfeediatk G-baithe ofedeh, chirespohding demodulator.
radi ation fromeach |aser is-conbined into a single

ptical fibre and the pluralifty i N r
18P 1 &F pepeerficas e P O iV R, O OGRS By Flfooted
1P REjushdySaRte of il oBdich, Rogdspomtidg2denwdatatir outpuidi st ance

bet ween successive interferoneters is equal to c j

/
4 n, Frrud wher.e. C ,i,S the s [ , rlrags :
lﬁmdu‘f\ﬁtap tfl%. gsq?}%lﬁgg’m-jeiﬂ?eé: ) ggf gl?egseé 09 2@1, dw]&; 1 tl#%fggcﬁ%ck is
ubcf th avdintMa ehcli@iecrll wavelemgih of édchflader sourdedat aAentre wavelength of

apparatus_.as, clained in any one of clainms 1 to 13,
e@ﬂ%é\"@?ﬁl?"?%‘é’f‘ir%?’fm?‘?ﬁm each laser is nodulated at the

sane nodul ati on frequency. 15 15. An apparatus as
12) ai narhpparaanys cainedfin ehyadref tlatns 18 1 hiwderinradiation from each

nodul atqr. is. provi ded f.or gach_lLaser ,sourc |

1Sa hecramed, i aosnels dpliph B3¢ At AEE wyia) o Afterometers are
dispibatedtalopg shideglieMayre. 16. An apparatus as clained in
claim 15, wherein the denpdul ators share a conmmon

ptigal detector., 20 .17. Al app S, S ' Y, .
lﬁtar e PROIRPETES 55 tpinfsd i, flep ?g’f %%%%eat 0 % hg%'tv?éeh su@&jsswe
imedaopenisi i gqodani ngé (GndFak), swtarept és the speed of light, Fieq is the

modulation frequency, j is an integer, and 7 is the réfractive index of the optical fibre.

14, An apparatus as claimed in any oﬁe of claims 1 to 13, wherein radiation from each

laser is modulated at the same modulation frequency.

15.  An apparatus as claimed in any one of claims 1 to 13, wherein a modulator is
provided for each laser source and radiation from each laser is modulated at a different

modulation frequency.

16.  An apparatus as claimed in claim 15, wherein the demodulators share a common

optical detector,

17.  An apparatus substantially as hereinbefore described with reference to the

accompanying drawings and/or examples.



