10

15

20

25

APPARATUS FOR | NTERFEROVETRI C SENSI NG The present
invention relates to an apparatus for interferonetric
WG eougioniy28 BACKGROUND There is a demand i n manyPCT/AU2006/001541
i ndustries to inprove the sensitivity of passive
sensors that provide real-tinme informati on about their
envi ronnent such as those neasuring stress and strain,
whi ch can be induced by novément in structures,
pressure change and tenperature change. The
traditional nethod for sensing strain has relied on
pi ezoel ectric strain gauges, which generate a voltage
i ndi cat i WpP{RATVS PORINFERFEROMEARIC SENSINGa! €
pi ezoel ectricbased systens suffer froma nunber of
probl ens, including the cost of the pi ezoel ectric
The peasensiaventipre relatostosm apparatie Aeighisrieraractys genaing.
attenuatlon over |ong cables, spurious signals caused
BA#?KGﬁi pemagnet i ¢ interference and the expense of
speed el ectric cabling to connect sensors in
Iarger arrays. A nunber of the problens of the
Theypi is zoddnexir incminzs bulusteich bl mprave e sansitivprefipastied sepsors that

t echnj ques ased 0 cal equi nt.. For exanpl e,
provi - B8 SnroRR it ghonl gty ROURETTRSH £ fios SRR gess and
straift, Which She 8k %dd@@d‘ gyintvBmbhiain sub@tdsi fresaié thgdAAd kdmperature

immune to el ectrondgnetic interference. Optica

changgs ﬂ"énﬁradtétﬁnﬁgn@bqa@ @gmsg@g strain h@)@pbegomgtezoelecmc strain gauges,
Whl(‘%b% s%?%%%?@a 8 8‘[1 e 0 ap Ltetg 2 3|,11§ g?i&v%n} large 9&19 plezoelectrlc-

basededysteny uffer ﬁempe Iii&tn‘b@r Eﬁ bﬂ’oblersagﬁ:hGi@g thegsost Ef ﬂreeplezoelectnc
Bragg Gratings are created.by burning |e\MH|n)a

sensgesy flisciee %thee%eﬁsoaﬁ ohg SiendlegffRBHRtIGH Otﬁst I palflsy sRUrIOUS Slgnals
iy l.Lr.awi

ot LT U T 00T pRPLARER cating

conneef sasoisvia larpdexrrayhi dhniusber & thg grgblans . thé\ pBrzaglgetric-based

rating is a highly. col qur ective mrror:. ligh
met o e oRo B DI RS e oA L i For example,
sensbfsacrzlﬁ'%fchl%ec% wig h@aﬁﬁbl@eﬂﬁﬁﬁ iha8a 84} drésterVMEWRIID AN electric
e wavel engths th are reflected can be chosen in
cablmgeandesmgnum tqdh@tr@mgnﬁgp infetferease n@pecal tSYﬁéeme‘sanémconﬂmcted
of i 1r(1]eé<8ensavse gﬁln{l‘hogltlsseg ge/Yﬁ co?mgurghzﬂlqhg gﬁ%{lﬁeﬁ Sltra ﬁgésﬁﬁetn?e%ts can
be n@idatih Gﬂtcapsﬁtdhisalsﬂfga@&tﬁél@ﬁmmem IbibraBrgdg &Bat&hgsens or
because the |ine spacing, and thus the anount of

fl l'i ght at qn '
Flbrg:v,%rﬁge&c @%ggslt ggrg Zgreaateél?t@b[e W?gthg C{eggnt\{r\?g %l peeptgélc pa‘?tgr%% ong a segment

of optical fibre using high-intensity ultraviolet light; the pattern consists of alternative lines

of high and low refractive 1ndex Wthh is a Bragg grating. A Bragg grating is a highly
colour-selective mirror: light passmg 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 spacmg 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 waveiength, changes with the optical length of the

fibre, which in turn changes with mechanical strain or temperature.
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fibre, which in turn changes w th mechanical strain or
tenperature. Fi bre Bragg Grati ngs have been proposed as
wakara4®ensi ti ve static and dynam c strain detBCT/an2006/001541
for a variety of applications, such as underwater
acoustic array sensors, enbedded nonitoring of smart
structures . in civil and aerospace industries,
ul trasoni ¢ hydrophones for medi cal sensi ng, snbnarine
surveillance and seisnm c sensors for geophysica
surveys. The benefits over the piezoelectric strain
Fibese Bseges Gratiriga dave Heen sopdsedras cultdsersgiiei gatid aad @ynamic strain

th calahi]ity to.l earrays dthelr
det%%&ﬁ% ey A ‘F@ ob) aé?é’élf’%w&éﬁ St 2 nPsTuRtE @B0ustif s iEA, sensors,
emBetided AAAHRBE EMN3th 4@ ERBILRAS. ﬁpéllvilcﬁfd' 84383pakd 1ﬁ‘&{ﬂh§ésoﬂgrasomc
opti cal sensor arrays can be renotel i nt'errogat ed

hydémhoaaq Ifpr raediead) mmgusquhglagngmm lange nanstliseisseel, sensors for

L Y R AT T —

cromsebhmagr ateagtheine kealgtdlityurtoedarBy Sirfiydl, Nadddtheir suitability for
erat ure. int errogatl on techni ques becane nore

electptmearic dp Creneer1eoive| Yila hagsydaves ernignEeatah capplieations.  In
addftfdnn %?tn%dl ds%néd?cﬁ% ecglﬁhﬁéﬂ? e{n%fwgg%adﬁl ef)t?(ﬂllg mult1plexed

dramati cal I npr i on-o sen
usng:ﬂimdasd cqumtoddlsSﬂ aebeommumnau(ms rhuipaichn rEarﬂwdmﬁonstratlons were

bas{iEGR SRAMGEY 1S S ARG AL et (B EVEHES S6Th BB abeg by sean

andSempeRtire. NAE ikt SSLA tScHi el teddmd fok® E%Eﬁn'gsticgtee PYAcGHs signal

fibre Bragg Gatings. A matched interfer
proeeseingiang astiph é@@gwdgllad@ng aeltmdsewsre repiplgyed, which dramatically

impk Ve LHONRGH S MaNS Ay RhbeRl path difference

the mat ched mterferorreter An optical ‘interference
Unigidg iStdtesatpaentdiabpkcacinh mnbére Bm 0013984t dikdIesés t & Glnterfﬁrometnc

M e I T T .
whibh EAEbERERP ]I YRR fibR B}Q%é @ﬁc{tm@?t R #ﬁgt@ﬂéd"l %&%&Hﬁeter contains a
at -of mat o

sensi |nterferoneter
phawmﬁ&&mér thendensings inmrfetomeataedheve an neptiial epmelnt difference

appﬁ)xg}‘igtgm ?ciuétg to Qlﬁg?)ﬁtgqhall]gasath( fi eté%%F 216 tﬁa n‘gl}ppa{néerferometer An

opticalrihtetereate 51@1@11 Re4 Glfféi&ﬁtvtfhvgleﬁéﬁrlﬁf REGmBE 1YL 8eltBeby each of the
sen3|n% and reference interferoneter; (ii) reducing
sensipd yRieHeromsise akach ijedforomet Bﬂ@nﬁleﬁere@msentatlve of the difference

betvkdrh ed'pﬁgﬁt éh d@i%gh O thd <Y, anthgedgggtSHaFﬁ etﬁ% %ft {hc matched

resol utron mC range
intefhiiotreetdriagth this can be used as a measurement signal. This approach is limited by a

number of difficulties; including: (i) achieving accurate control of the path length
difference between the sensing and referexllcve‘ interferometer; (ii) reducing acoustic noise
arising from the reference interferometer; and (iii) improving the limited strain resolution
and dynamic range arising from the use of Whitej light.

T

Another approach is described by G. Gaghardl et al in Optics Express, Volume 13, No. 7
where radio-frequency modulation techniques 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



Anot her approach is described by G Gagliardi et al in

Optics Express, Volune 13, No. 7 where radio-frequency
wore@alatzon techni ques are used to interrogat ePEI/ADZ006/001541

Bragg Grating structures. Ssrain neasurenents are made

by obtaim ng a neasure of the changes in Bragg

wavel ength fromlaser radiation reflected by the

grating. This approach is limted by anunber of

difficulties, including: (i) the radio-frequency

nodul ati on needs to be very high conpared to the

sensitive bandwi dth of the Fibre Bragg G ating; and

(rumbet dfatifichltiey aklvdingefisthe radiokfyequsnoyamrduletion heeds to be very high

fr R [ L i nat i ' i scrini ion of

(REREREY off SRS AR, G Bbi Sty e, DO o vt

alnditirétyFs pper Brthe fre@eatyi digurinBSuMvARYd Azgio rdiicrigingtionef the etror

A6 104ieRb RS Unch O BRLO BRYHIRSAL, dRRRLRL U For

interferonetri ¢ Sensing, conprising a pluraltty of

%égﬁle-longitudinal node | aser sources to each provide

rHMARY at a corresponding plurality of selected

wavel engt hs, and at | east one nodulator to frequency

Ohccphiiniply ond dipaticofl freseniabhivertion préviden @agipataas efor irderferometric

T i R e B0 FLATRRL Bl ag Pl povie
i rdietidnent @rvetrespoisingplurabypdneleatal waveldngthroad latiteed one modulator
r.agiat i on. f s i ,

%500 B8 5Bl L ALY UMENRPS) iy
dutegubmsicgnidimeieine Boea (Graingt iaition inte opteadifibty, each interferometer
| r r ; Feon :
)R L e OB ARty of s
ameh predige ea arclientade op orabmiited| entighli OYIPYY sigmals derondat on the

Séoﬁ*@%loﬁdiﬁé] gnité}ﬁwn}/e?er Ofith BRERCAHG RAbPmbRMBEuIRDrs td&modulate the
DESCRI PTI ON OF THE

respective I nterferoneters.

DAY NS WErssells it Brodiee tah eotTesRABAINE oMWty ofhB\gpgyesment signals

de&edtivh 8flopiehiGlath 1MEMARY 1 hesPr@IPInterARAndd:S.n 1 ef erence
to the acconpanying drawings in which: PIO 1 is a

[ i neral arrangenent of an
ﬁi@ﬁﬁ@@ﬁ%ﬁﬁwﬁ‘?@ 2 is a schematic draw ng
of an experimental inplementation of an apparatus for
i Ernlendireentmedi the invewsieni il nowibe degaibpdssalely b svastof example and with
gxg%}@n&gto%e dcBGn PP draRing@ ir Whibli:e Bragg Grating

ry-Perot Interferoneter,

FIG. 1 is a schematic drawing of the general arrangement of an interferometric sensor.

FIG. 2 is a schematic drawing of an experimental implementation of an apparatus for

interferometric sensing.

FIG. 3a is a schematic drawing of the tuning of a-Fibre Bragg Grating Fabry-Perot

Interferometer,

FIG, 3b is a schematic drawing of an example ultraviolet exposure profile used to write a
Fibre Bragg Grating Fabry-Perot Interferometer (FFP),

FIG, 4 is a schematic drawing of an experimental implementation of the apparatus for

SUBSTITUTE SHEET (RULE 26) RO/AU
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FIG 3b is a schematic drawi ng of an exanple

ul traviol et exposure profile used to wite a Fibre
w®Be@gy4Beat i ng Fabry-Perot Interferometer (FFPPCT/AUZ04/001541

is a schematic drawi ng of an experi nent al

i npl enentation of the apparatus forinterferonetric

sensing, FIG 5 is a schematic drawi ng of a further

experimental inplenentati on4sf the apparatus for

interferonetric sensing. FIG 6 is a schematic draw ng

of a further experinental inplenmentation of the
intedfppaeaidsensiag. i nterferonetric sensing. FIG 7 is a

graph of theoretical plots for nor rral | sed

und- Or ev nal s, vvh i bre Bra

FIG Co i f AEh Py gt o 4 i B R AR R pIETesisn opae apparatus
for inteP@MWntthc kdhsidt er rogated with phase rmdul ation

si debands of (a) 15 MHz, (b) 1500 WMHz, and (c) 300

Miz. FIG 8 is a graph of a t heor et i cal pl ot for the
FIGf 6et4e|@ﬁ1@ﬁ}naé@paamn ofurthaeexperiorental gmalementation @f the apparatus

oJo] er sus. nodul ati on frequency. Both axes are
for mrlercirliletrel%swln&vm . FIG 9 is a graph of a

theoretical plot for the normalised peak-to-peak error
FIGsT gna@prapkiof deeoravidall glots dor lfdimqllmdd%und@mvéri-ﬁzﬂﬁem siytjals when

R e K R e
t
e ko B, oSANSITPRIE ) Srhoin )

300pEzer-Hal |l error signal for a Fibre Bragg Grating
Fabry Perot Interferoneter (FFP). FIG 11 shows

e B ST BB o s
turnfrlgdsdRhts E@Fsu@m%ﬂ@lﬁﬁoﬁfr@cgﬁn@' HotmakdsAky NorfRIiSdd by Avys.

Interferoneter (FFP) |G 12 shows oscill oscope

. traces for (a) transmtted, and (b) ref]ected
FIG; ﬂﬂ%mrqphe@f athepregical gipt fattm. rsqrmuabw Prak-te-peakheren Signgp versus

ed after roxinat el
mocﬁﬁ% (?1 A qrt%ﬁlg@%ﬁ ‘E)y é“eﬁ set %r %ggl gltls%d elx%enmental
opeﬁﬁhg YedR@Eofor kWb @és%ﬁar@e%eéﬂaﬁdfm aﬁ%t@mdeashma&urlﬁdt by
a dynam c signal anal yser : overl aid with (b)
cal cul at ed shot noi se, Z nmeasur ed el egtronic

FIGp &0 showg [egperimentploseans f%dﬁ)s ction, {B) pnsission, and (c) a Pound-
Dreb @41 &Ll ForSONERBAS: @Fﬁﬁ%@%ﬁrﬁer@t QT feter (FFP).

FIG. 11 shows enlarged portions of expenmental scans for (a) a transmitted power signal,

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

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
(FFP) sensor as measured by a dynamic signal analyser, overlaid with (b) calculated shot

noise, and (c) measured electronic noise.

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

signal analyser, formed by a Fibre Bragg Grating Fabry-Perot Interferometer (FFP)
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signal analyser, formed by a Fibre Bragg G ating
Fabry-Perot Interferoneter (FFP)interrogated with a
wak@de43oaser that was (a) purely phase nodul at dT/A@inae/001541
(b) current nodulated. FIG 15 is a schematic draw ng
of an apparatus for interferonetric sensing wwth a
plurality of sensors. FIG 16 is a hardware schematic
drawi ng of the apparatus fordtrnterferometric sensi ng
with a plurality of sensors. FIG 17 is a frequency
spectrumin the presence of a parasitic etal on,
integtogafied gvithe diptle rtader rthatuivad i(@npirebyoplease yme4hﬂa:uedl gaiid (b) current
e parasitic etalon influence. FIG 18 is a
mo@@ﬁ@ﬁatic drawi ng of an apparatus for interferonetric
sensing with a plurality of sensors and a single
FIG e 506l ukséteatatic Rk dwing Hf f appa£ie fortihterfe¥oMMig s@king with plurality
apparatus for interferonetric sensing with a plurality
of §psosnsors and a singl e photodetector. DETAILED
DESCRI PTI ON OF PREFERRED EMBQDI MENTS A | aser source
G181 B8Rkl Citoging PR EDARILR RABRIIMIGR sepsng it
a plosatitpef setest ed. A nDduIator 102 nodul ates the
sel ected wavel ength radiation fromthe | aser in

r pha whjch results in a. . .
FIG. {17 00 g5 P T BRPrSGRe AL Aottt ealem Fogyieg the optimal
mo@tﬂ@ﬂi@n(ﬂr QueRApaLiag 16 A ALipaRkitcStdléRRgREkAded to a

F| bre Br agg Gating Fabry-Perot Interferoneter (FFP)
The central wavel ength of. the | aser source 100 is
FIG: H§§%ﬁ sehsmaie deaypog of ep appargtag foripterferontetic seasingayithea plurality

rferoneter 106. This may be

Ofs %?Aeve%t%n)ﬁq%gﬁﬁﬁcéﬁl g central wavel ength of | aser

source or by tuning the fibre interferoneter. The
FIG.APas ﬁeclm&itlerdralwmghﬁ' a appethtshioo irgérfaometrieesensihg with a plurality
; nmechani sns, ) ﬁ stress tuning, strain tuning and
° SFlésr%se?neﬁltalﬁ%g?B QLREe = i ng nechani sms for the |aser

are descri bed below. Fibre Bragg G ating Fabry-Perot
DETATEEDEDESERIPTION OFIPREFERRHD EMBODISIIN®SE Cchange

in a single Fibre Bragg Grating due to fibre optical

path dis Iacerrents Wth careful control of the
A lggensquiey 1% e Fipvigt By Tasempniiss @daaeamthcﬂmngl@ lgyigitudinal mode

at LRSI %(1951'1@11 th@ &nP5E sﬁéc@&g @' dﬂﬂttor 102 modulates the selected
wavelength radiation from the laser in frequency or phase, which results in a 'frequency-
modulated' (FM) output 104. The FM 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 appropnate ch01ce of glass material, a Fibre Bragg Grating

Fabry-Perot Interferometer (F FP) can have a ﬁnesse of well over 1000 and a linewidth of a
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Fabry-Perot Interferometer (FFP) can. have a finesse
of well over 1000 and a linew dth of afew MHz. The
woaalatoesl | aser beam 104 is either refl ected PEDAU2NG/001541
transmtted through the fibre interferonmeter 106 to
produce an optical output signal. The optical output
signal contains an optical output signal 108 that
transnmits information about6the optical |ength of the
interferoneter 106. The optical output signal 10 8 is
detected by a denodul ator 110, which is synchroni sed
few WitiZ) t he nodul ator 102 through a nodul ati on signal
112, and a neasurenent signal 114 is produced after
denodul ation that depends on the optical Iength of t

The inpadulated foet beam 464 isrriheri flected fiopy ef BRRIEFSd dyonely e fibre
inte %XI%E%I 1Hg?oehr08{1cﬁqﬁ{7§‘ﬁ cal 0% ﬁtyﬁ%fam ?P@%@&? adtput Elgﬁal contains

rain sensi ensor ere
an dpﬁeaip@npmtvﬁgrbﬂidﬁﬁsthaﬂ tramﬁtsumﬁ)rﬁivﬁon %Bomiplhle ochtlcﬁ]l length of the

interfpRle A0S aBBF OPIGABTUIREE L MG OIECtod R Aol 10; which
is s ot &ﬁsetd]o Wil $R fn‘iéﬂq&le{f&hMOZOIIP@JgW %.enioﬁﬁl'ahbﬁ‘gslér%rpﬁﬁ and a

aser intensity noise and renote streaner
meaaﬁurbmentpsli@mb 1 Woisgeodithé afemndsmodutatiah glat depenids pndbapptisablength

, .all-optical arrays as described hereinafter.
Ofthleﬁntﬁﬁ%’g)w il%ntal realisation of the appar at us for

interferonetric sensing, shown in FIG 2, the |aser

The 4bfe GROEEBMORT QO@Q@? RRA d ﬂ@hbér%ﬁho&@féﬂﬁ@ WhRniit hdwmnsages for
206 to an isol ator used to bl ock optical

strainefepingi obe $amaer WY Hcte wlatvely BexprnsysgRacaussaié ican tsg SMI-28
Optl% h%bkeaf(rﬁfch % Dadd lc%s‘é\%ﬁg 3mfﬁfnﬁb 2]%1@ sEﬁsoE?&lgurEé)oﬁ J1¥%aser power

arisation beam oret eam |
at thi rrmqmeem Chnidds @nimuse tegnaise femhenml, ot}hlmazssse hmniuigaiources such

216, The phase dulator is driv al enera
25 Iisgoiniepisy oMo AR BPORAHFES He GRRECIUs. o] BF FIRHgP also readily

scal;%ﬁ@tc;lg.r il?% lﬁhéé}tsa‘é@!?o? bl Rerdadfigd | ens 224, which
ocuses t eaminto a length of optical fibre 226.

The incident beam E travels via an optical circul ator
In ap 28perinendal gedisatdon eﬁ@ue teppdratus Bprinkapremetric spnying, shayy in FIG.

G?atl Fabr y- Per,ot 0 I r
2, tl}gl SeX @? ag&ae egltaI kﬁ:arsn %ﬁ {haF cg}%ﬁ?ed A&% glrngrglrs% 1fo a?{'?fs{g]l%r 208,
used L bldektoptiea refiictioss Itlﬁftlmélgh‘edthbmbdﬁ eropagss bacloimd ahe laser. A
236; this portion Er js refleécted back_ along ghe fibre

haltugyevplalet HO i ¥sedtaadiush Sbe PEIaESAionr of the Rpef Beiors fieebeam is
freqaé%y-modulated using an external phase modulator 216. The phase modulator is

driven by signal generator 212. The modulated beam 218 is directed via mirrors 220 to a
second half-waveplate 222 and lens 224, which focuses the beam into a length of optical
fibre 226. The incident beam Ei travels via an optical circulator 228 and a second length
of fibre 230 to a Fibre Bragg Grating Fabryfl?erot 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 the 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 prop'erties of the iptegf¢rqmetef 236, which in turn depend on the
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whi ch delivers the reflected beam via focussing |ens

246, to an optical detector 248. The reflected portion
w2o00a0as0ehus t he signal detected by the refl ecP€DAU2006/001541

phot odet ect or 248, depends on the reflective

properties of the interferoneter 236, which in turn

depend on theoptical length of the interferonmeter. The

signal detected by the refl "eCtion phot odetector 248 is

m xed down with a m xer 250 to provide a measurenent

signal, or error signal, 256, which is indicative of
optit:hielengthi (Ifathe Inﬁmg'mbmefert fthei smgrml fdeteote thgr the Tht&cllbn ghotodetector

250 .us duI a n that has a,fi hase
24833 ittt BT SaRas S50 PENaR: § tbAsupgRont gt h & elgragnal, 256,

whiel 1§ ididtiveé 16F thé dpﬂ\@‘&lpﬁﬁ hidfl theTinlrrrdiBoHerOC THS @txer 250 uses a
optionally to filter high-frequency noise fromthe

demmdubatiosisignal thanhes hdixep @haseorelatfonslip, son biydenase bifen 252, to the

sier B! 5% A 1" Bato Lt 28¥ PR b€ hned ety PS8 i rpauency

noiRiTipdel @Fdr@igndd2. In a manner simlar to the signal
fromthe refl ectl on phot odetector 248, the signal from

the transm ssion photodetector 242 is mxed with a

Ancibrarosinn he Ecideghbaany is Sipimited by ieg intratvesragteys thrayeh a second

HY QT r I [
s T %80 B0 1018, SRR 5PLL 581 e
s1mﬁhﬁo tRe sipined ﬂoan;t:he rQKDeZ:tlnnphdsiedetacteMI@ tieel sagmi/frbm tHe &dﬁsmlssmn
a facto estlmat | i new th of 1 Mz

r
Pho eremor.%? i iXp oorl (N ca#st% B3¢, ﬁ&@aé oy s gigpal sear:rator 212,

deli® Perfor VM GHRANRHES B FpHER ler]%ﬂ? opﬂ’l% li@@iferometer 236.
wavel ength of the |aser may be centred at

approxi matel y 1550.15 run, ‘with a tuning range of
In tp popxnivsLe BICh 24 GieniaserThi wenitheatn Sukmel-eevitedietiegen with a

ol A5 TSI ) R, IR gPP B e

300'[14:}31 @(ﬁlyex@h@l"fga Ngwtl?'cbeué WeREx 6604, t'Phd @ighlhwaelingeX@tht taser may
the factory calibration of a_New Focus Vortex 6029
be ‘:‘s%‘géiifaf éBPTPﬁlé@at?lﬁé%? &2 88 @athy  dunjeg gangs of ppRroxigately 0.40 nm.

O eﬁl I ST Wavel & Eth se 2621 H%ftuﬁéajﬁo)pgﬁﬂmhg l¥oltage to a

nm corresponds to a requency range
pieza)pknctm tnasdiger $OZ BHn. the\laser itgeds tiendpyt dhangigd thehleser cavity length.

Foraeft ihF P Ay bha NaPs FitoeV Bist G031 gbeaRey dhat the

pieRRIcoficN BRIttt Bek thaﬁfﬁom skoyHE/Ne th@s® 40%251?%3& approximately

nmodul at or 216, for exanple a New Focus hase
0.4¢rpau p@wpomﬁstm@yﬁb@emy vangeh i sapprgimatelyeiuetey (L\Fﬁtey passing

thro%I SO Ry hevﬂser ponﬁ}/saﬂ)é gla?rb%vallcl?l?stetcfj t% r&c%ll by the
0SCi OF

or “signal
half-wave plate 210 before being modulated at 15 MHz by the resonant phase modulator

216, for example a New Focus 4003. The phase modulator 216 may be driven by a radio
frequency (RF) signal generator 212, which 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 into 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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t he denodul ati on el ectronics, as discussed above. The

nodul at ed | aser beam 218 may be coupled with an
w@ephmsioes | ens 224 into a fibre-pigtailed PCT/AU2006/001541

pol ari sati on-i ndependent optical circulator 228,

spliced to a Fibre Bragg G ating Fabry-Perot

Interferoneter (FFP) 236. Tg test the functionality of

the system the FFP may be- Bel d between a pai r of

magneti c clanps (not shown), with one of the clanps in

turn nounted on a translation stage, thus enabling the
laseBrEiggre\8a\weha@ngidally shdwes Itlﬁtm@ef ile &Pt IB6W A latating heparatlon Lis

wavel ength range_of  thel aser, re 3a schemati cal

é@tlgg,mlrrors

defingdAnsthe plaslensshgtentive pptisatips gD bhesenribe Beaser
232,'-2343t ﬁﬁfg 136hatSe Elteéa%r ggdfethgaﬁ@ & %Qtthf{&izggténggxz.nﬁ aglng or

etween t g Gating mrrors
decremﬁnwherfera&qmmye of LtdeercEeR tha mesoparice rrredtrb;frequd:ﬂwr while a

i ncr.e jn or ecreasin ere an ncrease
gt g JolaSrbers (P SorAReE el HES PGy Al Mo o by effected in o

num@@x%fe@%es hﬂblﬁdlhé‘ G RS8RS Hehnd, RIORAN U] 64BpreSsing the FFP inside a
frequency. This tuning can be effected in a nunber of

lenglhagfsubing bly dinpeessing éhecihbing, heating, cooling and
conpressing the FFP inside a length of tubing by

A F%?%E g%Z(Ir}%g élit%blltyulgérrgtgnfe éAfe'r:&RétgrD%r ?or nfé%@%d Q}Qa ﬁau' of nfommally

matdhedi IKi‘S 4B Bhigghgdtidgd &R d@plBlXﬁ@zgelgr% S%QJ,See(dR 15 mm long, spaced
approxi mately each 15 mm | ong, sp acgd 10 nm

10 myp gprt, 1 ﬁlamaieéa}p@efm&é phase-Refleser NEEHEB s nf D FR Pl g ltraviolet

(0]
coREEFS APSEIRR ¢ US| PhaFSRSF Mypd rm

is 10vrer end\0 5 [53mmm OBier silti¥iakeh cxpdsu@e ipsofilss may berused to write the

ul travi ol et .expo iles e used.to wite th .
PR Epp AR BuoRD SK5Gciis el Pq. TR CRESKrFuiNg Brugly Whiten in
hyd@bedatOSMEER f@l?re%tﬂﬁvéboﬂﬁaﬁmﬁr ogenated SMF-28 fibre

wth no appdi sation th-reflerence to FIG 2, both

the transmtted Et and reflected Er signals nay

Witle geferange g BEak2i helh theetanspaied it tandargsleeted cET é?ﬂiék} may be
collﬁ{h(#edt %ﬂ i t?%é%ssggﬁ%]?ﬁﬂaﬁg %ﬁge%catlﬁrtﬁer%églégﬁcij %té%hotodetectors

respec roni ¢ ba
242 apd Q@&Irﬁ@eeﬁ\}elﬂ&amﬂmhﬂmtromb Ib@ﬁdlwidﬂﬁbfﬁdpptoﬁ&&telﬂ(l Nz, The

opﬂ%ﬁgl? sior 258 o i pa way derisel i, Bl any parasitc etalon
effeét? Le ’EJ fe@ﬂﬁalfﬂa‘eﬁ]réﬁk%uﬁﬁ’é ﬁblﬁ%ﬁé wllﬁﬁﬁﬂg Et%he%h el’he radio-frequency

| o-frequency |ocal oscillator he sig
locag esmlldmo fie 24 pignalygdnerapdradla) | Siyf b@ dhase eshp:ﬂfﬁals‘@a splhﬁet ghifter 252

befog? g‘ﬂgg qudecﬂ]npﬁgi%yv@]aﬁ%ﬁgao@bcélgg%om fhe %t?ectced pr})I

The local oscillator phase shifter 252 may be optimised experimentally by maximising 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 radio-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 (vz) to the full-
width half-maximum bandwidth (Avgs)' of the Fibre Bragg Grating Fabry-Perot

Interferometer. For low frequency v, compared to Avys, the dominant mechanism is the
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The | ocal oscillator phase shifter 252 may be
optim sed experinentally by maxi msing the error
W@ 2@nahs02¢ hus provi di ng a nmaxi mum si gnal -t 0- NOPGPAUAL06001541
for the system Alternatively, dual-channel in-phase
and quadrature detectors nmay be used to automatically
opti m se the phase. The opti mum phase concerns the
radi o-frequency | ocal oscil-9tor phase that goes into
the m xer in order to generate the error signal. There
are two nechani sns that can generate an error signa
relaiependidth @R sidvbandivith redpetite thodihbndidebahd e Guehiph flequincy v,
to the fullw dth hal f-maxi rum bandw dth (Dv.j) of the
(ie Wi ‘bt Avenadle dminarignechianismbs st phase egtatioroefetbe carriep vith respect

| gw .f d tosDv.|,.the doni nant .
to bR HATRETT The ORGSR MRS boebRBuBRT ARG Gecph oscilltor
phade§ 90 6dredsuavidyefrdth QS sesoiE@aeAnisior  hi gh frequency vm

(ie Vvn, " Avo.5), the dom nant nmechanismis the phase

rotatlon of the carrjer _wth respect

The gyodpsisafiers eppﬁéemp of itherE itwe Brags Pekine k @grsaPa@ﬁéﬁatf%rpmﬁtﬁr may
be t@ﬁ@&s Svifhd Q v@ﬁ)@ n;il)lLtt%t B8R e A5l 8O g@l % th (H’Bfre In one
t pen

e secon e polarlsatlon ence
expérhmerfalbeamplagy Gsile shiftvdhrigsdendat freqicacics rw:metobsemay as the

oSl S itacs 2 b BB BBl S Mol fmination
of tl?é(éi‘éﬁh% cor@ Qtuvlhg iid Pabﬁtaatténsprb&sg %apaapé“g%rctea% qedtﬁapas Any non-
were observed as th ewavep ate was rotated; th

deg¢n¢pﬂc|y alye tih parasitic bpefiiigence would podesond the hmletvtctthr W@Dblilon of the

t core during
Fibep SR AR ERb e So Ut aOpERE, FerdbeR” o B, g mmodgy provided
wel et e 3ipiald Ueeetftonp &ipas pélatisdiioh fahiérggfees. woul d be
beyond the l'inewi dth resolution of the Fibre Br agg

G ating Fabry-Peraot Interferonmeter resonance,

An gligmatbeapparasts s dnigeieronsitie sensing sbewa g s 4 ﬂéféers from the
appdraRY 43D fdp e FRUhAN RSN fcgﬁtrrﬁler%?chﬁﬁ&Qt h¥ €central

appar at us I nterferometric: Sensing, shown in
wavélenghf éfeths lﬁsreo muttlhe aqﬁpﬂnamhge]deghrqohtrdllabxsvcmmmlemat turn by

t IIe 402 controls the centra
ﬁwdﬁﬁ%yﬁ%éﬁﬁ %@% output and this wavel ength
controller is controlled in turn by feedback 404 from

Thetdegtralenm@idngthost thd Gased hsur€e 100 filay \b@\é@hﬁéﬂMb}OEhdngﬁlg the length

| aser source 100 may be controlled chan t he

of thelagerreayity.thyefrequeaey-tagkingythe faser wefqueﬁeyaal @ rf@nirplled cavity,
by %@tﬁﬁ{tg@ﬁ%ﬁﬁ{lﬁ%&%&@ ot b $030f BioGO Yy rb?'olﬂ?eq %}% g}(owﬁ) Yo glose skilled

Ive current of a’laser
in tletdder neans known to those skill ed

In an experimental realisation of the apparatus 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 las'effel drive current 602, rather than phase-

modulating the output externally with an external phase modulator 216.



10

15

20

25

in the art. In an experinmental realisation of the
apparatus for interferonetric sensing with feedback
wae@7nasoes engt h control, shown in FIG 5, the BCT/AU2006/001541

signal from a denodul ati on system 502 is anplified

and/ or frequency-filtered by. the anplifier 508, then

fed back into the wavel ength controller 402, for

exanpl e a piezoelectric devi®e that tunes the cavity

length of the laser. FIG 6 shows a further

experinmental realisation, where the |aser output is
Freqogyl dbekindytheli et bouredifioatio nigie t Ridbrd dBmmgg sGehtinge Fabry-Perot

Inter%%%r@,%%|Q%%%Wéataﬁg{yﬁ:tgsgﬁgp gaggg%%:ag irig of qcﬁé %ﬁ) 236 as it

i | t@adih -
chaelp OB 1 ted 00K BN 3R A 200 el auencis
aboz3Bemid] avist, tHeeint aspeerr@O@grtad (ifeofitedback 40d) ecppésentsechidiic signals

et b BORSSEe EHSA TR G AL B e
dyn%%)rrﬂﬁée. dhi ynarhid @angde- SARP s@fsbOwils b& Aited ionB: by ﬁﬁgﬁ@% gating

represents acoustic signals picked up the FF )
lasepg§equracy tuning rasge e Bhisesror bignali qpitput imispdbackrddddy prapgrtional to

w th. larage. nam ange. Th nam . .
e S0 R b8 5?5y T P Bl o e e
The lsB98Y inFeddbaElMCMay O tap@ed BFFGE the ihpist t6 KleoNagiaged controller 402
out put in feedback 404 |s proportional to the strai

) n
and jsiplidenyer thetlieguencp 1o fram DG tosie unkly spipdandwigét picthe feedback

oo ROy e 10 i M
maxfrooir @WEM)4F2haREP insodeaivhithds eypitaily F00eiqu2ObdyiHzange the laser
e B L4 g8 bR ot e LSpobach

abo{eﬁglel:tg{é@en%aéﬁe lﬁ%%éldgg Jtlhd viiel rlloii}ﬁt:m% laBaRAFMAN offput of the

- , is typically 100 to 200 MHz since
demptielatiors eystém Sfdebssetaraiontyof-logesignats wwl the dssgmess ragge will be

o —iigna i.cked.up.hy th r.s..above.
il oy 6 2R B ey s Rictl b PoT FRB3 5% 4y 58 i BR fequency
rangdCARTE amhitgt gdih evhetd et loeking ignaaidilvatd asplpitse effet)Zhus, the

hese are out-of-1oop signals and the dynam ¢ range
sensgy flynaseic range deeptinyisediey mawimising theeconfrpl bapdwidthat n™ (eg
200 MHz) as they. are in the frequency range above

Theugiﬂeltfé/rr 4B e€ £ ?ﬁhﬁ&%.{yn%ckﬁ? M Ofscha¥fur@ 100 to the fire
negligible eftect, thus, the sensor dynamc range is
intedpoiretes d @6 iy the@oimd-Birexgr Hadl @DH)rlotkingseliwingt fn thEhestical models

of t Lﬁuglrg[ r%@ér?lgam] k)gﬂi?lgrsgl‘rlenflg, Tk iR e(r:f/ercl)n?e hé: S sgrh r%agr B2 %proximated
by analysis of a free space resonant cavitx;:wi’;hin the bandwidth of concern, the Bragg
reflectors used in the FFP 236 are bfgédband, and both the reflectors and resonator
refractive index are non-ciispersive. At fhga optical carrier frequency v, the complex
reflection response of a lossless FFP formed by two matched reflectors separated by

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

- B, r(1-exp(—if()))
Flv) = B 1-r2exp(—if(»))
= A(v) explig(v))
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interferoneter 106 is the Pound-Drever-Hall (PDH)
| ocki ng schene. In theoretical nodels of the
w@omna4ideever - Hal | | ocki ng schene, the interfePOnaURi06/001541
sensor may be approxi mated by analysis of a free space
resonant cavity; wthin the bandwi dth of concern, the
Bragg reflectors used in the FFP 236 are broadband,
and both the reflectors andlfesonator refractive index
are non-di spersive. At the optical carrier frequency
v, the conplex reflection response of a |ossless FFP
whet@ENBE byaré e reBétheshd iatidestadchriSAEIas; T (F-20Y v LA i8 Mleround-
L, both with anplitude reflection coefficient r, can
trip [pbasexjor @ guaerialsof~refragiiver index nerapd -4(#) end /(Y)) amgi reppectively, the

e - | u =A( v LE(v) ] wh Er,.a E ate th
omnsfigfCad it et e T % et F Huflpttns Bl "Grwinvy
bandMAdéh bSASNe roundtrip phase in a material of

refractive index n; and A(v) and f(v) are,
respectively, the anplitude and phase response. The
The Aomnéd¥yreveriiidl] logkiggschend invalvesrimerteaating thealiR\2 36 Wwildfthe laser
Dv.i. The Pound-Drever-Hall .| ocki ng schene invplves
carr[ehplise g Bh mr LS e g (e S0 Pobh PG, Fiadeteotor.
AftdFRtel8Ai8 debod¥Aioniid BwWIRAS Hltéﬁhg% 18 sioBdll Bk be tededio
Wi th a photodetector. After el ectroni ¢ denodul ation
and |l owpass filtering, this signal can be reduced to
V(X &BJFR) F* (v+) - F*(u)F(vI)] cos(f ) + s[F(v)F*(v+)

- E* wr) )y (g & ere.the cross term C(u)

et TR RO e BB ESON (5 AT el (1 (1) -

f (u+y B ERHEH) C F20) 8 (L (40R) v+=v+vm and Yyov-v

; PO is the power in the carrier power

i n each sideband. The phase shift y is set to optim se
whetdhe desyothrinat ed error signal. In general this is

achi eved when where mis an integer. The round-trip

é(&r}ag%(%%)(;ﬂzgMgpﬁyfﬁ ;arriler is resonant with
= A(w)A(vy) exp{i[¢(v) — ¢(vy)]} ‘
— A()A(v-) exp{ilgp(v_) — $(¥)]} )

vi=v+v,, and v_=v-v,; P, is the power rin. 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

a[$1E ()]

=tan"1{ 9

v dl%[@(%)][
o(v)=m2x

dv

where m is an integer. The round-trip phase 6(v)=m2n when the carrier is resonant with
the FFP.

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

Vm >> Avys, the sidebands are well outside the linewidth of the FFP when the carrier is
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t he FFP. Fron1equation (2), it can deduced that in the
case of vm" Dv0.5, f(v)-f(v+) and f(v_)-f(v) are both
waegoy/osives |, and so the expressi on i s dom nat eRIC)URM08/001541

real part. Conversely, when vw " Dv.j, the sidebands
are well outside the Iinewidth of the FFP when the
carrier isnear resonance. In this case these

phase-di fference terns appfrbadch p/2 and the expression
is domnated by its imaginary part. If the FFP

| i neshape is symmetric and the carrier is at

nea{) 1BSGHAAEK: €in tﬂfs‘ba%e‘tﬁ(eye' I%ha%lglffe@éﬂce ftdriis) f)fo\é,c]i ’n72( ad the@expression

cases, hat equation (2), hence
is d@quatedchy 1(811)nagbﬂac3opa't zHrtbe FFPI ligeshape iﬁesyugnlanc lané |t<he carrler is at

BRSO RS Brs PR R SRkl bl

) u t R
equ%ﬁtﬁyd%gﬁ)g%gn}%eng@% gt angtl)p\ge&)mé %gl?q \%lquesn@lﬂég ll(lgléélrltg%k point of the

freqﬁ’mﬂydelmoe\Femm ldghaticgny/(d), étis ickear fiptwhen thewarss aﬁrnmmla]srﬁ) (locked to
I aseSi tlpm ensij R’XY noi se to the fjrst order

resOERg b P BHEPUL VYY) 1o GRom MEFReBarH e Sfickes Higoe: when

lockedPtht Pound T INa1E Systddl BNSihind @ #RiatieRdid BEH ihRfsity noise to
additional intensity nonitor and subtraction

the Bfseorden nincwmpahieod, iarfsinge side dockinggechpiquetshpwy np Amplic inmunity

o injpasff o S Sl B8 Hob SeRi Hordlsh ARt ol el tFa SR ics.
The third curve (i.e. graph (c) of FIG 7 shows the

Thei fitieSuiRAL 81 %iaﬁh’rl@e@ iWVAEE.€7 Mibtfaes the ZheotdiiRall sMorsadnal for e case of
error Ssi s in the second curve are due to the

V! 8% 0cieh ity lmﬂ@@pgmdawm@ ergrph )0 forcthe cedscafondAvor=thavhen v

s sHFRAE S PSSR 978 HE 5 GPOL 396, 7 stoms

the BiidrRlediaiteiasd whdfaey, PARL;S2 ATHE RO shtélBEQRN GRnhisie Metebond curve
of 150 MHz, and it is interrogated using phase

are goelite e s;del:’raném ysdrsBeisg 18 WED resomaucenpphesasg izohe thigd curve the
t 5
errof %F‘ §is d Gh% e g{ﬁ%\;ﬁ ?ﬁ%‘ﬁ?ﬁ{n@ ‘é@ﬁ%e &y fc9m a%ﬁ%\/{) F@f%ﬁd@? square

SI C oun

erroh Is@half | TS plotFatuyie Rereodnafeylidvadth aﬂ"lESQJMHzp apd ésis dﬁterro gated
operation behi nd both extrenes are simlar and, bot

usm&nhpsedaoqiléat&w%%ﬂumna%lWﬁ#@@%zm%00|1\4€%|r?ﬁ@e?‘fwely

this docunent. For a g| ven resonance FWHM Avo.s, the

Thef Ea%g é/ vsef;@rzﬁ' O&Es@t%éé'elfl@ ﬁtliéglct P'&L{HdnlgreQQf abg lefzklﬁ% regime,

Pound evgr- error sjgna dependent on vm
invapipg dag]ln dmeasy E;iitrgzﬂ’i ecotvanvites. The principles of operation behind both

extremes are similar and, both will 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 depehdent on v,. It approaches asymptotic values
for both cases of v,, << Avys and v, >> Avo 5 as illustrated by the theoretical plot in FIG.

8. The plot is calculated with y optlmlsed for each vy,

On the other hand, for a given modulation frequency, the size and therefore slope of the
error signal is dependent on the FWHM bandwidth Avys. FIG. 9 shows the theoretical plot

of peak-to-peak normalised error signal size vs normalised FWHM bandwidth. The error

.
o
1
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for both cases of vm" v 0.5 and vm" Av 0 5, as

illustrated by the theoretical plot in FIG 8. The
w@bk@v/oi®2gal cul ated with y optimsed for each ROT/AO06/001541

t he other hand, for a given nodul ati on frequency, the

size and therefore slope of the error signal is

dependent on the FWHM bandwi dth Dv,5. FIG 9 shows the

theoretical plot of peak-tolpeak normalised error

signal size vs normalised FWHM bandw dt h. The

errorsi gnal size approaches zero when v,,," Dv,5, but
signak 38 egppadhchssy REo0twhen Waaavyv) et | Badhise aappamgitotic value when

shown in FIG 5, a 95 Hz voltage ranp of 2 Vp-p and
Vn>BOVED symmetry may be applied to the input of the

| aser's piezoelectric transducer to sweep the | aser

rri equenc t t S e 8 | S,

In o bl HEMFREMICAY O (BBt RS o0 VIl 3050 symmety
mayolscagpliod cohe inhit lo€ tHelasdr'apiizodle@ft aanyduta t6 sapaLthedsier carrier

shown in FIG 10. The first curve (i, raph (a) of

e, 0 )
freqpensy aqyaip s 2 HPrexeinpt &V gihbee rss&%cﬂlégn@y hehr@)cmﬂpd using a
B
curtvter @es graph gd) ahH1Ge HG shews by ékhtﬁpiersiglmhirsﬁcmd by the FFP 236, as
r 242.. The thi ve |G 10

med(jn J R G P ER AT RCHERE FA8 oo pesoend ateatt B o Shows an

exapB@dnaPRbhsnfiftéd anh%@dsﬁ&dwqyl\@trﬁl’{%ifﬁ% Ot 653242, The third
within the Bragg grating bandw dth in the first curve,

curvigi ofhF1§5. {i0eshowy apesatesparidipie exammle Drixest dowie expsymital esgror signal

ang -t i Fi nes Mode 1002 and.thg Low Finesse ... .
256,096 160 MRkt §F5 FEPUEReh R BEn e Brap i Bdyiam in me
firstt&lftve, QWK AITREHE eBR MAMELatPASS;'s; Mhd tdsonatdes ¢l He HEgh Finesse

due to the frequency dependent reflectivity of the

Modsr Hig agd dhe Ingyv paiesse Medeil@Q4ng in differing finesses at
the two resonances. Since the gratings in this exanple

.S [ he f ' ] e a.
ool AR0EL 0, 60 8sL e B WAL SRLRSEER G 0. 10
couldetse ctv)ertfe clieefiequchey hé}@h&éntgéﬂﬁbﬁs'fﬁy of the rﬁ;]ragg)gmﬁng/iﬁdiﬂ@egulting in
...0f the first resonator node confirns this. Further, by

dlff%ra}spgp?%%@s Ehien@ogFRsenagces hSMeRohp earEes inphis, expgplg Were not

oo, OGS ) ASRSLOESOSAICR, WUSPRLLR A2 1P sl of i
bandnewith waséxpeoteds the highsefintsse)fie nagowerawsith)tafdlbl firstirdsb@ator mode

ef | ect i gnal appr.oacghes. zero., The difference |
conffi B T D SRETRSE HRTRIBOLS e HeAks TRETC CHIR thp lover
finebdeOiRsdaN@S B cBM UE be MRIePR BiRE AhP&MAnOY matched. At this low-finesse
ul traviol et-induced loss in the resonator,
modea pegrbialhef thejlpser fight iy-transmitted and the reflected signal approaches zero.
The difference in transmitted intensity, compared with the under-coupled high finesse
mode, may be explained by ultraviolet-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 rb,up.d—trip number, or total storage time, which
resulted in greater total loss while circulating 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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nm spaci ng between the grating pair. The higher
finesse resonance transmtted a |ower intensity due to
WO e®7@uwat er resonator round-trip nunber, or tBCEHAU2006/001541

storage tine, which resulted in greater total |oss
while circulating wwthin the resonator. To reduce this
| oss, the ultraviolet |laser may be controlled to avoid
fibre exposure between the Hrating pair during the
resonator fabrication process. The transm ssion power
curve (second curve in FIG 10) and the reflected

The Qfahﬁﬁls&bgrl:aiwe(’ tchivied(sedohd ecuirve fl ©G.1100) drmlrthb heflédtegh error signal

(hirgsqeun T 0D 10FiBe ek Bontederance ath seREbF A 1t Rt 1d. The
FWEM %1(%;1 Y5V hel gwg(l)éﬁect%e ]trfn ng}fbep 9%1 RURS Vird0 e WOIFER. 11 is
woul 1 on the

corresp pi ezoel ectric
approxiafisely Gorus, Whichavdudd esrrgspextl Eic4 m\e ot tlmrpielzwm:tnc transducer

|
e S AR, i VL
; r
R L o
broadédr} wbdhanddas @ EWERIM ctimb e’ vﬁf)epts tvlech vmnphees enavygebandwidth of

eaks 1002 and 1004 is approximately 1. see
314 MHz| gTh fosep@&tl.oasb@wa%g% £ olVip JBERERSH negi%gé%ﬁ% d" 1004 is
Gt c FAVRIG Bfral f 9 GH
spprEinarclf 1ol B St 1Y, TOF R0 Epofding 1530 ielpl tange of 9 Gz
hendei the aamowkr mppc bad adinedsy o appﬂ')bmna/cﬂliyﬁéBOwElw aha lrofdar resonance
t he higher fi.ne de in FIG 10 is approxi mately
has%)ﬁ&?ssq'ﬁga%?’fl@é%z’hﬂg peak-to-peak tinme for its error
signal in the second curve of FIG 11 is approximtely

The 2\9,,//5'% s 28688 RRNHigNEr FiResRP B6deOin FRE.OTRks bpprbkinthtdlPi0Nt. The
frequéncy separation to Dv. ratio of approxi mately

corr€speadin@petk¢o-pedketimp oy its tewor [signat if theesssend @wna@chIG 11 is

ror signa eak-to- peak t.ine.of
PRSI RL S COTToRBE & 8 S FERT wTERg Porp BEauiay dparation
to ASL S Bfio DF })xﬁf%'fcn%o QOp@nnﬁle SRRARA, 9{3: 15@6&&55@56‘5&1&1956 has an
% roxi mat'e The error signal turning point
errofs a@ﬁiila}ﬁd'aﬁno-tpealaﬁnue of 38 55 which tds’r&spmﬂsrtode,,séAwﬁ)fdppmlmately
to each other, and agree with the values as predicte
0. 05|, nnctare:rr@r siggal fusRiag POING SRR, 10 My j ERtig pf RPBIOSHRASLY oS8, The

errog, éxlgB%l {Blfmf}él é)\éﬁ)éfﬁgqa%% (Jr]ﬁ {OOA% ﬁ Eor tge asﬁnn(g&re ta'rg close to each
othe?' Wlagfe@rwﬁﬁ‘Qh@ vahes afi fiegieRd mdrId.ss. | aAOetesd hﬁi’éw‘icﬁﬁi V,, iS
| ower one, as seen in the third curve of FIG

sufﬁbﬁ};ntlylsmaﬁ reldtiver oA ieto agpeodthgheasyfiptesalusoddhé wer limit.

The peak-to-peak error signal for the higher finesse mode is larger than that of the lower
one, as seen in the third curve of FIG. 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 normalised and overlaid with the theoretical plot in
the inset of FIG. 9.
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twice that of the |lower finesse node, as predicted by

the theoretical plot in FIG 9. The error signal
w@e@RAtmpeak voltage for the high finesse nodeCTay2396/001541

neasured to be for exanple 1.4 V, while that for the

| oner finesse resonance may be 0.63 V. These two

points, for vJAvo.5 of 0.1 and 0.05, are nornmalised

and overlaid with the theoré®rcal plot in the inset of

FIG 9. Assuming an effective refractive index of 1.45,

a free spectral range of 9 G4z would yield a resonator
Asshingt an effeclite effustivé mdeby bh 45 hafre@speefrilaahge/ef 9 GHz would yield

reflection point of the gratings to be approxinmately .

a regonptor gagthet b agenmplyng tgt arpliecdive seflestion paing pf e gratings to
WoTaF 0)?9 e LS approximately 19 nV/ Hz for
be H?Rgﬂ%#agt&@? ’ |ﬁlg{s§§ﬁﬁgggf%%ﬁnq§:appr oximately 9 nV/IHz for

the | ower finesse node. The higher finesse resonance
Thei sdore qfirtbé erroesignal dbroigh rddonande Ly anproxibatdly 19 aNig forabe higher

It provides nore nsji ti r ency.and di spl acepent
fnefe B RS APBEHAY O et B ReSuttiisodk, TRS Figher finesse
resonBhdel idb PréreRstPacle for Polfd-BRGRE-MalSoslfing; |4t frovilBemore sensitive

voltage ranp fromthe signal generator may be turned
frequericy anddlisplrsemientdedrimeination thamihe dewen fimeseanodeet

voltage tuned slowy while the transmtted and

; ' i tel r ' ' ]
To LA RA B IT O AR 198, 51 RLAORRS M ona scnr
mayr bs tmastt offi drfd thh @iczbelseric FaRs@i3ér PEadffset heltdge amsad d16wly while
intensity approaches i.ts nmaxi num and the feedback
the Fre%sgimﬁaé b é%{aa@dglaﬁag@an%esaaéa GROTErOre Rt AR wseliptosey When
the 1RSUWavEIEQh i indaly &BRsht et Eﬁ%"‘ﬁho@é’n e HOhdaRl the transmitted

. oscilloscope traces of Fl . The feedback™ anplifier
inteBOY appygaches itemaxipiuy, and ke feedbachlleor may thpnl e engsgrintoecquire

with a corner f uency of 0,03 Hz., The total feedback
look” A <R et BEGRPrBres oy BF el bscfeape aces of
FIGUND.t he deibaan evbBfiéy 5U8 @k UbH e, hate ARMRIIATAS pble response
_this type would sta Io‘cked“f‘or several hours. Lock )
with araernktiresenpUPE 008aT  die ioteh &egbaals legpandy have a DC gain of

oA 08 3500 N0 L 013 g oo
wouldhstay tdoked éoraeedral Iouad dasckttermindtion ve@ild vecur ed@dhdlekgrating drifts

\1\%}@1 g%ar}ponents as descri bed above. The system noi se
outsice e ARFF PYRBITAR&F- wi t h t he cal cul at ed shot noi se 1304

and measured el ectronic noise 1306. At frequenci es
FIGAbpY &hdfhi ent c:@mild afrdfBncyt MRider @Fedit 1392, measured with the

interferometric apparatus with active feedback, with components as described above. The

system noise is shown overlaid with the calculated shot noise 1304 and measured

electronic noise 1306. At frequencies above ambient excitation, the free running

frequency noise of the laser would limit this measurement to approximately 300 Hz/\Hz.
Assuming the laser has a Lorentzian lineshape with white spectral density of frequency

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

Avp=T sz,
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frequency noise of the laser would limt this

measurenent to approximtely 300 HzL/Hz. Assum ng the
wo amen4dnas a Lorentzian |ineshape with white sperAva06/001541

density of frequency noise S/, the 3-dB Iinew dth of

the laser Dv , can be estimated by D VL = p Sf2, where

S/ has units of HzL/Hz. Thus, the broadband frequency

noi se of approximately 300-HMétE/ Hz corresponds to an

intrinsic laser |inew dth of approximtely 280 kHz,

bei ng consistent with the manufacturer's estimte of

. [ i Vi .

s g0% B WL of B IATRASe) 48 ondEU ARR0ARS il Ol

t r } . .- .
300385 VPlz BhBeREAL ¥ 88 fific HE: lngaltl6e BiBmarely 260 itz being
con¥ieée] WiligtHe nsdtuficnaery @ERARAST 300 kalzSbf fheRx&hple laser.

approxinmately 0.8 ne. At |s=1550 nm equation (3) can

be rearranged to arrive at the conversion factor de XB
Thegpponsiyey oba Brageerptingign beastmgidbg Dv i s t he

equi val ent induced grating frequency shift. Since 1 pm

I scgqui valent to 125 MHz at 1550 nm a systemw th a
_}thggiggqy hoi se floor equivalent to that shown in
Al @e 13 woul'd have a broadband strain sensitivity of

approximately 2 peL/Hz. The shaB)noise 1304 in FIG 13

was cal cul ated as follows: where V SN is the

equi.val ent, shot nojse voltage; e=1.602x10 "19 Cis th
Whef Bdt (S iEinGI AR HOBCa i HbHBI s, PHE P8It abRr 3pmplre | P of

: t iS,| ed; I-S:
i SR e M RO RUALER | 2 PRACEE PRy g
As=15 SEBAm CPMESS () Bad Bé FearrAhgedqt atrivendt tef codbision fhdier
error signal slope then gives the shot noise in units
of / YHz, which can be calculated to be 16 HzAVHz5
5&0;. onding with a limting shot-noisesensitivity of
évappOd®ecmately 100 fel/Hz (= 16 HzNHz x De/Dv ) for
t hi g gexpipbeSapparatus. The el ectronic noise 1306 is
t he dark noilke neasured at the m xer output.

. R
P

where Avp is the equivalent induced grating frequency shift. Since 1 pm is equivalent to

125 MHz at 1550 nm, a system with a high fréquency noise floor equivalent to that shown

in FIG. 13 would have a broadband strain sensitivity of approximately 2 pe/\/Hz.

The shot noise 1304 in FIG. 13 was calculated as follows:

VSN = a\/Zengc | \\/;ﬁrr—z;

where Vgy is the equivalent shot noise Voltage; e=1.602x10""° C is the electronic charge;
Vpc 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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Wthin the unity gain bandw dth of the feedback

system the sensor dynam c range depends on the | aser
W pi7o#02$ r equency tuni ng range. For an exanpl BCT/aB2006/001541

with a piezoelectric transducer tuning range of 50

GHz, the I ow frequency dynanmi c range of the system

would be limted to 330 ne (= 50 x 109 Hz x De/ Dv#).

Assuming a breaking stress-67->100 kpsi, and a Young's

nodul us of 1.02x1 04 kpsi for fused silica, the

breaking strain would be >9800 nme, which is typically

t 401 I h t RY

sensiVR"SE Aot J00ERNEY [yna Rt SRY R Tl i Yarample
apparafis! e B)écirdic AMEM Deid\ihdik abisé BRadesPRAhOMmieD ofipBt.

me (= 143x1 06 Hz x De/Dvg). Hence, for large dynamc

i r_angig applications, the preferred operating approach .
Withisuthe weitst gaiaxpandavidtheollthe Jeedback evwtrii thehseaser dynamic range
[ £ormin- . emgnt.s._a I Mo
a5 T, 0 REFLR AR LSBT S BT o
piedoBlettric. transduear tuairg rangkibfs0 GRlzehe low fisspendyodymaehit adrge of the
t he | aser _out put a |laser source is

BRI S e 3350t GRdDI Qg%fézsd;] AP c AoTEy e Juiking stress
. o 1550, 1 ! . . .
of >&§§ f(rgyf ??}gi %| yu@%s Jaa?l%[uﬁ rsqf Egbggq%ké)sfa PPE gﬁs\%g \fé cggg%; r??%aflﬂng strain

woulld®e >B860 EBYhiRE i§ ll?%e?@ﬁ’cl WeN@infigMahdeagethedadeRe Above the
plezoelec#rlc transducer, fhus changing the | aser

unity again ybandmigdth.. theheetSobrdynBnayggar@eawiony bablimitebrbyt the FWHM

nterferoneter F 236 sist pof .a pair of .
vangifh af o Fnaneinblp 03 16 (e ar g T et HRReS, 18 large dynamic
ran@PRIpPAITHs SthY FiSfeR¥A o%@ﬁtﬁné ApPIVatIP Rl B BEES xPdhd ML unity gain

apart. The selected FFP reSonance may have a
bandwidth aitdola thayifumg gidmenfgrEviaNpop measiretnente it the laser piezoelectric
trangﬁg@r 0Xi mat ely 143 MHz. Denodul ation and feedback are
€ "B%%4 above with reference to FIG 5. This error
signal 604 serves two purposes: (i) at |ow frequencies

In the<@fpadriths sHevisingPld. 6, SutisitndJulithd mey be usedPtd modilateothe laser
feed back to the l.aser 202 _to ensure the | aser_ st a¥

2 ed .
outhc REEXBPteS FclashrSauIsEe 1t i NepHfos Jonigk 6829 fynable gxternal-cavity
o 1 r i t r Bala® i .
diod¥ QU cch RTINS i Wi Hpbus 0180 B G abinBlardl 30/ GHEE tuning
rangeo lijmrvesetengthf af dbplesaymayohestened by awplyng aplobagciodhepiezoelectric

external phase npdul ation (as sh . of an.
wangei s, BRBREE TBE forekritobfreh o oo regRogritgg Jiabey-Perot
InteffefddterC FRPS M36 may consist of a pair of nominally matched 13.5 dB Bragg
gratings (R approximately 95.5%) each 15-mm long, spaced 10 mm apart. The selected

FFP resonance may have a full-width half-maximum (FWHM) linewidth of approximately
143 MHz. Demodulation and feedback are described above with reference 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 thel lja‘sér'x2‘b2 to ensure the laser stayed locked to the
centre of the FFP resonance; (ii) at higher frequencieé (>100 Hz) the error signal provides

a dynamic strain readout of the FFP 236.

FIG. 14 compares the frequency noise of twb 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 gxampl?_ schematic in FIG. 6) in graph (b) 1404.
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nodul ati on (as shown by way of an exanple schematic in

FIG 6) in graph (b) 1404. Using the enpirical nodel
wo e007@usas ng responsi vity descri bed above, thi BCT/AU2006/001541

frequency noi se spectral density may be converted into

equi valent fibre strain. The results in FIG 14 from

these exanple systens illustrate that external phase

nodul ati on and direct curred®-nmodul ation are both able

to yield a broadband strain sensitivity of

approximately 2 peL/Hz. Both nethods may exhibit the
Usispthe enpiricalenddel ¢ér @ratin o rdspagirdtycdeseaditiddeatioveiahisefrequency noise

in Iudln |ezoe ectric ducer, ona ce,
peqt é?%tagnayg@p Foo?ﬂm\ai%ﬁ Dbt o | DR E S @dﬁg 14 from
thes® Oéfa‘%n}ﬁ& éy@té’nfsr ﬁﬁiéﬁ"ﬁﬁ' 89t ckReéndl V‘&a@@@%@ﬁlht@dh %ﬁ@ €kt current

may Yyi'el d conparabl e broadband sensitivities. In an
modybgimatre/bothablei tntyeald ebmadbandcstmnmnmgvﬂy vhamprtimatly 2 pe/NHz.

of s 0 n FlIG 15, a ty.of nodul at ed
Boty; I@ﬁﬁpis mfwgi 1pyf Jln%lwﬁmﬁ HMRAH a‘f aucilas%?qugwr lent noise,

incli@Ye O CRRBAIEEc UsinBShic Wi B BRateh dkt VoS bRBed-loop excitation, and
%I pl eX| ng (WM nethods, into a single optical

broafdbbnda acgusik wozsei atylowf fremusaes. e Targmosmoddatiore adiemes may yield

I,Si Fibre Bragg Grating Fabry- Perot
comlpﬁfn‘g’[ ‘ﬂ@f’g?erfggmqss arranged in series along a
single Iength of optical fibre. The sensors may be

In adrappaigrd fonigterfeRatetiis Sertidii with a pLirglity oS b@Rats, ﬂQﬁBﬁin FIG. 15, a
fromtransm ssion through the | nterferorreters

plurghity; ef apoquiated @ignals frgm” gyplyraligyioft me @lsteﬁclaﬁeroﬁﬂ%eﬁs may be
conﬁﬁ&ﬂﬂgsﬁ%%leﬁéﬁ%fvﬁm Sl a%%{?ejm@anéﬁtmds’ into a single optical

tef MEt 6 S as  exp] a|n |
fibre.ntAe phenlityedfesensor <t1bmertts 662, i &chaxonqmismgeoﬁ o HihrgBragg Grating

Fab G BT [ Eroneire 256 46 Arasen it rissalone d uhglh déneth ol dutipal fibre.

Thetk\én%r?ﬁﬁ?]lﬁfarfaﬁgé@ﬁdcﬁﬁhﬁ(?ﬁé ssRANelpat §1@ndltc%mes from transmission
oper ational wavel ength.. The wavel engt h"spaci ng of the

throy gl shreainéerapraetersd asndapittedhint REG.t Apioe ahhythatthe mptiad cvtput signal

. 0. Lim:ted,b i | abl ) [ .
e 5 SR 3e AL ORE FPEOBAR 02 P
the fiBretif €esPERRR © 15{\9% dePartrtcGelebfed WdiRlenBthE R ], Q9at,l ng, as shown in

| aser beans, at a separate sel ected wavel engt h
FIGad pseachr mtﬁr%rcryn@}malsunvrr@gatsé paraabernt af eaduﬁmm enaresponding to its

and.th e, ar mbi.ned h o
opera??{lalpyvave € e gvele %Qa,cgilg ¥¥' g‘lr% eg%rﬁge] 5 ?c}e%&velengths
typibdllke may Clenbb@lt W\@ﬁ/ﬁhe [iﬁilﬂ&dd@nhfdilabl%d“h)l\/lasystems and Fibre Bragg
correspandi ng mavelength controller, and is nodul at ed
Grafige Beteydierat [ptetferometsy SERCtiE; o- frequency modul at or s
1520. The plurality of optical output

In the example shown in FIG. 15, the interrogating laser beams, each at a separate selected
wavelength, arise 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'nllbdulators 1520. The plura_lity 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 of photodetectors 1510, mixers 1512 and

phase-shifted local oscillator éignals (from the corresponding radio-frequency modulators
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signals, indicative of the optical |lengths of said

interferoneters, are directed to separate denodul ators
waisiong4aes opti cal denul ti pl exer 1508, or sim | BET/AU2006/001541

optics. The optical output signals may be denodul at ed

via a plurality of photodetectors 1510, m xers 1512

and phase-shifted |local oscillator signals (fromthe

correspondi ng radi o-frequené9-nodul at ors1520) in a

manner descri bed above for the single-interferoneter

apparatus. The denodul ated signals are | ow pass

1520) lihes edagitd ddveribed @bowd goilthe IhdGe-phe@re@@tek Oapparatus.  The
indicate the optical |lengths of the interferoneters.

dempgulated signaly g épw-mﬁb@ed énd fhecirarpignals hhbeobseiyed to indicate
f

e S SbA52 B lnd oy | 15 SRPLLML ST 8Pl

wavelthgthf eoiiradlees of i the alabérg,qtancynabliagi engh shbgme Staeh ths central

warilEPgAIdE COTOOITg AT oS! s PRS0y QeRig Scheme Such as the
PouRé- Wr%érlﬂal%cﬁﬁ&%o&e%crlﬁea%bg‘best ances 1602 between fibre
interferoneters 04 nmay be 10s to 100s of netres,

i ndi cat ed Qy the Ietters di -.-d4. In the apparatus wi t h
With rqumn@ﬁ for Cafl 65 erht.h@ rapparaﬂue withcuplardlisy of sengousnthie ehstmces 1602

o 5SS Pk g o SABRR e

d,—fgabry- Per ot etalons (ie secondary interferoneters)
formed between successive Fibre Bragg G ating
Fabry-Perot Interfergneters_along a single fibre; this

In theapggrais widh @ pkralay of synserss be modulasiondFraurnaiesare ghtanigeously
sele§ﬂe Rbe Qgﬁep Y5 a mfﬁlﬁF% o H%THE? ‘FY% r§ﬂe@ b 01@5&% F{F 3P MW econdary

emat [ In F uency
Fabﬂy?B@o( ggloh (1& ce@dadylahterferogretdrs) fonnwhb@dzed:msucbasﬁ\i\lﬂﬁbre Bragg

Grafi, FbReh Pt PR RS flope o ael, Bk dhR sttves sesitual ctalon
effebfsiZfromand lrﬁ&r@@ﬁ@ﬁ‘ Udigda@r oS © Taed aeqliSncyPldlMon88p is shown

the error _signal represents the relative Change of the
schegw@blémusFlGoU 17 mpdtﬁatmeﬁp@mncr d78adee 0 tier20 MHiz) is small

upi_n | at o)
comlg ’1{ O ﬁ1gf 9%%%&5& geﬁ'éolga rﬁr(} Flbg? gfr rﬁf g tﬁétbry-Perot
InteH&Bme@efr bée dt7ad qog flm%ew Jefaii3 ﬂlela&ﬁo&lﬁ&t%ﬁpﬁase delay is
.successive interferoneters, both sidebands, exper.i

optiper the rrog signeyerieseaty e rofmive Ghapeert e sidebands 1706, 1708 with
rcspgbtftE %5&{751!11@11 E drRandtns 'tlfé:eéggr{éﬁt ﬁtogﬁ’lgﬂﬁ{ FRfuR l? half of

hat there i's o error sl uced as’a resu
the F BB, parakighércmsbipdn déhylf dha IFSR, of rths @tathora frequumay atap@nse 1710

al |
between successive interferometers, both 51debands experience identical etalon effects.

This may eliminate differential sideband-sideband 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, Finoq, should be set to F . =?JZ—FSR or
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sensor-sensor spacings in the same fibre nust be a
fixed and an identical length apart (or sone nultiple
w@booa/oijoxed spacing) to provide a constant et aPOIAU2006/001541
frequency response 1710. This spaci ng technique
rel axes the apodi sation requirenents on each Fibre
Bragg Grating Fabry- Per ot Interferometer, and thus
al l ows cl oser sensor channel20spacing. For an etalon C
7 of FSR =, the nodul ati on frequency, Fnoic, should
be set to Fnod -FSR or 2nd 27 CF . = -- for each
nsmtted by the
chzlt-g%ggn qx;nglggﬂgh%gg l,‘qnla%e gcgqtlllggéfig:gd; aaﬁls qdﬁéfthe etalon where j is
refractive index and d is:the-spacing between sensors.
an Emergea gisvibe rsfiadivegniet ﬁhﬁbd i ﬂi&ﬂﬁa&hg:ﬁﬁéerﬁb@ﬁ@ﬁ# SFdrm given
S|n le fibre, where the spacing.is large (eg a few
spaglog s‘g*%ﬂlg?rsfsrom@wé elemanis 13 apyiRgle fibrey Whetenhe spaningbig large (eg 2
fewd f(%odferﬂ@tbﬁf tﬂé}@taré Y Rﬁdralltk% Hé utleﬁfo'nafre Bl flﬁﬁ %’16 criteria,
ferent val ue. t er nat |ve reartangl ng e
eaCB pwdhng Qlfﬁetams J7 valut. = Alternﬂrwelﬁx aaaplangingh for, tli'e spé}ﬁ)ng yields
MAz and n = 1.446, the spacing should be 4 nFmd
d SLt9pl esFef exanGloBHhES - FAQOMHﬁfa!ﬂ@t;’e %q, 44%althe9§15dcﬁi§ Sould be
theFapparatus with a plural ity of sensors, shown in
FIG 18, has a single radio-frequency phase nodul at or
multiglys o driBetrasam f rom t he WWD optics 1804 that combi ne
the plurality |laser outputs into a single fibre. This
te : d 0f. S
An gﬁmhﬁgyraesgsgﬁgﬁ%ﬂﬁee aptRfard i LhRAieP bR SBRIMANPISFIG. 18,
has appiaglat radio-feequbeneyaphdsy mcﬁddlz&seflSQﬁoddswmreﬁﬂlOﬁoﬁt the WMD optics

. fe I t hs, I3, ..., are
1803 3f lﬁﬁﬁﬁéluv@% oSt %Snt%?éwgmlfrpp IThis; tRpplpgapgpluces the
use @Pbkefall fitde aldduRAY H@&/ﬁ@o H$inBR rﬁo&ﬂi’cg} ﬁer‘%ﬂ}ré CH this apparatus, a

nodul at or 1806, for exanpl e an external phase
plumbijubéitlaser sOmicys d 862 regl epamathi seléctad)warvelengihsy &g As As, ..., are

con SR 155 W T SRRk o B s g

usirffi DEidglel phiBsl SRR oR 1§06/ rf@il da¥a ah BLE Hfa??ﬁé%trﬁ&:ﬁﬂator Only a
0, each responsive to a“separate se

smg}\gw@l[uefrgqm:npy sourge is| rgquﬂﬁdéo dpive theel modulptor 180G nEhesiadiation from
th h,t f t
e GARPL" MRNDaC LA ST FAIEHSE hon e, s o

inteBfoRA e 180Y eéa@ﬁ%ip%nm% it @ PMaRPddlGtedl Rhvolength A1, A2, Ag, .....

The optical output signals, gathered through transmission or reflection, are separated into

separate channels, corresponding to the separate wavelengths, using WDM optics 1812,
then demodulated using separate mixers 1814 and separate electronic sensors 1816. In one
realisation of the apparatus, the error signals may be fed 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 signgls, arising from a plurality of interferometers in a
single optical fibre 1902, can share a sihglé pliotodetector 1904. In this apparatus, each
laser output is modulated at a different radib ﬁéqueng;y. After interrogation of each sensor

i.e. FFP), demodulation at each respective modulation frequency, with a plurality of
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t hen denodul ated using separate m xers 1814 and

separate electronic sensors 1816. In one realisation
wobkoolesoappar at us, the error signals nay be feBCbhavkoobn01541

t he wavel ength controllers of the |asers, thus

enabl i ng each laser to track the central wavel ength of

its corresponding interferoneter via a frequency

| ocki ng schenme (eg the PDH-2theme) as described above.

In a further alternative realisation of the apparatus

with a plurality of sensors, illustrated in FIG 19, a
elechbticahixeys V08 OfllovwaaxtiabligibS &lcBRsbitic 8616t signdlrifMRotation. This

plurality of mterferorreters in a single optical fibre

snnnlg@% the éﬁtegm @‘uﬁs by aypidingribe sged &xsp ef@@mbmeﬁ ape pﬂwr WDM

r

opt3PRAEERRy oFHHE HARE Tl of B WRAAAL Uho Blroftigpls may be fod

bacls anghe wavelength Rlontrdkers cufl the: Ilmrsatthmeﬂmbhﬂg each ilaser to track the
nqdulatlon fre%uency mnth plurallé%; ctronic

cental wavelengeof its Cppgpording é@?‘i AmGter asesed V& sensor
signal in isolation. This sinplifies the detection

It i® n& | 16eS apPre@diell Cth&tgtﬂeh@rnﬁ&ﬁﬂlefl@rots Bld tdveRiGPaBicABEd 3MbEve with
ot her optics_at the array output. In one

referenge tosteiapepnafanying dé@p@gahm@ beeh givsnbyrway ofrexpmpleagalpend that

o i) Rl 5 A RPS DuSoPL B Se bl BBk mance o

the ¥ppaedtengt h of its corresponding interferoneter as
described above. It is to be appreciated that the

nts of the invention described above
Thrwgft@ ﬂg% SP%@%@%@&@ FRaALIRG VeI Hgﬁ%%btg% [FoBfeye Fpquires
0

O e v et TP S AR Sprise vill b
undemtood toremply thé inchsicmpyar datad intdgder ouglepudr groviys of stated integers or
specification and the clainms which follow, unless the
StPEont ext requires otherwi se, the word 'conprise,’ and

vari ations such as 'conprises' and 'conprising, 1w ||
Thehefeusidets ta@p Pribp attrtﬁltmstsb@clﬁmloﬁss @6t, @hd ah&iladt be taken as, an

i nteger or step group .of stated |ntegers or steps.

ackmngygle @ﬁ@ﬁéﬁo@@ﬁf@%w spegastonthat ithattios agpl@EmfRagael B common
ﬂﬂﬁw not be taken as, an acknow edgment

gen&ﬁl 1?%$Hn§$8§%gbestlon t hat that prior art form
part of t he conmon general know edge in
Australia. CLAIMS 1. An apparatus for interferonetric
sensing, conprising a plurality of singlelongitudina
node | aser sources to each provide radiation at a
corresponding plurality of



sel ect ed wavel engths, and at | east one nodulator to
frequency or phase nodul ate the radiation from each
wo a®ensso2s pl ural ity of Fabry-Petot interferoneP@r/au2006/001541
fornmed by Bragg Gratings wxXtten into optical fibre,
each interferoneter being responsive to the nodul at ed
radi ation at one of the said plurality of wavel engths
to each produce a reflected or transmtted optica
out put signal dependent on the correspondi ng
interferoneter path |length; and one or nore
dempdmisat ors to denodul ate the optical output signals
and produce a corresponding plurality of neasurenent

sijgnal I
r es pec I% aFat%er Ogr gl];tree gjtrngew a%nn a cgﬁ?ﬁ{]@s% Ml'?ﬂg St & ingle-
i ipngit\aiimnl Inod\?\Mﬂeaonrcefa@heablaQ@mds a@mwn@an chmesponding plurality of
0 vel I

oA ALAEGAL Y08 ENIS nBOBELFT, WALV SAREb i e
apydiatign Jepimn sadhl lasored plmalwlyf ﬁn@Yd’fem@ll@tmﬁ@omet@m formed by Bragg
f @&Mﬁg& whiflGl Hed mwa%r@ea&pmrﬁ%mt 1o BAhg SRR bd 86 Snodulated

erm ne the sel ected wavel eng sal d |[asers.
4radmﬁwwbaanatqfsth@§wénamm anW%‘{%ﬁn&ﬁhS to i pioducs o Beflected or

Ve RkBRal BptaN bl SEna EhHESR (ﬁpﬂ@)‘éo@x@%hd@@tﬁt@@érommm path
cavity to which each correspon

f }eéatbe A8 -ong K gpore glemagul atsﬁawaf‘wgda@ ecthau %aah PRV gigpls and

3prow@rawo&e@aﬁdrmg\ﬁu@l@rwtﬁbamemohgﬁls iRdEHK© bﬁophb&ﬂ path lengths
tée cur r.ent tg each correspondi ng | aser. 6.
}fJ P LERRCUSSIEIETOMEE™S n any one of claims 3 to 5
V\,herel n the nodul ator drives an external frequency or
phase wodpbastos as claiméhinagparlathscasadi kiaredriovaahy oakover a
0
vvga\t/l + cén%tﬁtér Tt%f?zfn%%@spkﬁ?aé%ﬁfg’g%g{ %oglreh ﬁ&mn%gﬁerferometer
any one of claims 1 to 7, wherein a_selected

f PequeddyAPPaIfyLasHlampbingny gueef clpimb 4 a1 AtBihep uﬁb@iﬁg one or more

pwcilg!%ﬂl doRiRolMBRAG UERATRS the kR dSwavilen AWt GTRMALRESS as
cl ai in any one of clainms 3 to 8, wherein the

vel engt hco e n .
(e SISLAERIAE Tl B 0B B0 D SRR LBl ot
ap:pwtamls:pawl cidvity teehicineash admaspondivigdaser in ficqrendselockedc k
is generated by a selected | ow frequency range of the,

0k, eachy @95&% 9@5191&,{&9 i aap.dyl ®héin @Mveleagm cé¥roller controls
Wﬁ_@aratus as clainmed in eith er one of cl ains or 10,

g eowFEt oEadygaRsppading laser.

6. An apparatus as claimed in any on¢ of claims 3 to 5, wherein the modulator drives

an external frequency or phase modulator.

7. An apparatus as claimed in any one of claims 3 to 5, wherein the modulator drives
the wavelength controller,
8. An 5pparatus as claimed in any one of claims 1 to 7, wherein a selected high

frequency range of the or each demodulator output provides the measurement sighals.

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

SUBSTITUTE SHEET (RULE 26) RO/AU
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used to maintain each sel ected wavel ength of each
| aser source at a centre wavel ength of each
waeoowespendi ng i nterferoneter. 12. An appar at UBCEAU2006/001541
claimed in any one of clainms 1 to 11, wherein
radi ati on fromeach |aser is conbined into a single
optical fibre and the plurality of interferoneters are
di stributed along said optr@3r fibre. 13. An apparatus
as claimed in claim12, wherein a distance between
successive interferoneters is equal toc j I (4 n
conf¥6llr is WRb@ert ohFeddbecloRadhd) or bachEorrd¥pondisg 8&Rodulator.
nodul ation frequency, / is an integer, and n is the
refractive index of the optical,K fjibre. 14. An
10. apdé‘? apnssatyssasglaimeddn clgimg yW q{gmc;ine £qedbapk 19 gengraped by a selected
' | i j at the
o RS AT TahORr ALK EARPUAREL SRR TR 2] ol e
in any one of clains 1 to 13, wherein a nodul ator is
11. pr cAai dpphrdtos agakimédgecittwoone of ahins Adiraltl, evhefain theefeedback is

used 55y A0 CliE Bl CEERB ot R} SEF gpmrygavelengtn of
cacNBSE@RbondiReifiarReutators share a comon opti cal
detector. 17. An apparatus substantially as

her ei nbefore described with reference to the o
12. 5¢ Céﬁﬁgﬁ@zp}g@ ag| p@m%gl Ay g of égag%ﬂ & 11, wherein radiation from each

laser is combined into a single optical fibre and the plurality of interferometers are

distributed along said optical fibre.

13. An apparatus as claimed in claim 12, wherein a distance between successive
interferometers is equal to ¢ j / (4 n Fupoq), where ¢ is the speed of light, Fipoq is the

modulation frequency, j is an integer, and n is the refractive index of the optical fibre.

14. An apparatus as claimed in any one 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 examplés. |



