- 1 - METHODS AND SYSTEMS FOR FREQUENCY STABI LI SATI ON OF MULTI PLE LASERS
FIELD 5 : The descri bed enbodi nents relate to nethods and systens for
frequency stabilisation of multiple |asers. BACKGROUND 10 In sone | aser
stabilisation systens, fluctuations in the |aser's central optical
frequency are determ ned and counteracted using-a reference interferoneter
(which acts as a frequency reference, with one or nore reference
frequencies). Laser tuning is achieved by tuning the interferoneter's
reference frequency. Wiile this is addgquate for a single |aser source, 15
mul ti pl exing many | asers to their own frequency reference and concurrently
provi di ng i ndependent tunability of each laser is inconvenient and costly.
It is desired yeTathsaANDEYSNEVSEGR PREVUIDNCNETABILISAVEONA®s or

limtati ons associ at ed W th eX|st|ng f{ﬁggency stabilisation systens
for lasers, or to at | east proJWH%ﬂgPhg E alternative. SUMVARY In

accordance with the present invention, there is provided a nethod for

‘stabilising a 25 plurality -of output frequencies of a corresponding
plurality X L aser beams, having different central frequenci-es, including:
s .
: The described embodiments relate to methods and systems for frequency stabilisation of
multiple lasers.
BACKGROUND

10 -
In some laser stabilisation systems,'ﬂuctuatiorlls in the laser's central optical frequency are
determined and counterac-:ted using a reference interferometex (which acts as a frequency
reference, with one or more reference frequencies). Laser tuning is achieved by tuning the
interferometér‘s reference frequency. While this is adequate for a single laser soinfce,

15 multiplexing many lasers to their own frequency reference and concurrently proﬁding

indepcndent tunability of each laser is inconvenient antli costly.

It is desired to address’ or ameliorate one or more disadvantages or limitations assomated
with existing frequency stablhsatlon systems for lasers, or to at least prov1de a useful

' ‘20 alternative.
SUMMARY

In accordance with the present invention, there is provided a method for stabilising a _
25 plurality of oufliaut frequencies of a corresponding plurality of laser beams, having different -
central frequencies, inéluding'
directing the plurality of laser beams into an optical frequency to radio-frequency
phase converter that defines a shared ﬁequency reference;
generating, usmg the converter, a plurality of optical output signals concspondmg
30- to the plurality of laser beams and representative of frequency fluctuations betw_een the

respective central frequencies and the shared frequency reference;



directing the plurality of laser beans into an optical frequency to

radi o-frequency phase converter that defines a shared frequency reference;
generating, using the converter, a plurality of optical output signals
corresponding 30 to the plurality of |aser beans and representative of
frequency fluctuations between the respective central frequencies and the

shared frequency reference; - 2 - generating a plurality of
el ectrical output signals, corresponding to the plurality of |aser beans,
using the plurality of optical signals2- determining a plurality of

radi o-frequency phases corresponding to the plurality of electrical output
signals; 5generating fromthe determ ned plurality of radio-frequency

phases a correseAastiat fhtiiRbf &lb’ctﬂéal bepaaakis siogambading th thapuwditodf t he
respective frequency fluctéitlon directing the plurality of
feedback shephReans Wsing e PRENERIEPHG! JEWSEI i ty of wavel ength control lers of

the |aser beangeldminBUCRuhif ? of Fa@RURREYny Pﬂ@desledde@mdtmk té the phasiay obeans;
10nodul at i ng t he frequency of a portion of each |aser beamin the

conver t er , elpeitend owpuipigealdul ati on signal, to generate a nodul ation in each

opti cal out put S &Qfﬁ#%’fr@}ﬁ‘%qut@%ﬁé@élhﬁwm1@fr&ﬁeﬁdy%bse@Hb@ﬂésp&h@@' to

determ ne t he ra | 0-fTrequency phase of each el ectri c% ouf put si gnal
wher ei n t hplutditwefifeasbadksignpls indecativr Hhthsr ressei s iArDrY ?tlé?t‘oni’S The present

| nvention” al so.Rr oyl s ﬁrag}&%ﬁégdﬁwksfgm@wmrﬂaq)oadﬁg@r@dmwf of out put

frequenci es of ‘a car s on lurality of |aser beans, having different
central fregudaigitesntpines Qfdherﬂgser hepmsie reguge the @@ﬂ}@wﬁltcwa%ml%ther &Flency
phase conv%rter that defines a shar ed

10 modulating the frequency of a portion of each laser beam in the converter, based on
| | a modulation signal, to generate a modulation in each optical output signal; and
demodulating each elecirical output s1gna1 to determine the radio-frequency phase
of each electrical output signal,

" wherein the converter 1s in the form'of an 1nterfcrometer

15

The present mventmn also provxdes a system for stabilising a plurality of output -
frequencies of a correspondmg plurality of laser beams, baving different central.
. frequencies, including:
an optical frequency to radlo-frequency phase converter that defines a shared-

20 frequency reference, for generatmg a plurality of optical output signals correqundmg to
the plurality of laser beams and representative of frequency fluctuations between the-
respective central frequenciesland the shared frec.iuency reference;

a plurallty of photodetectors for generating a phurality of electrical output signals,
con*espondmg to the plurality of laser beams, using the plurality of optical SIgnals,

25 a plurality of phase-responsive devices for generating, from 2 plurality of radio-
frequency phases of the electrical output signals, a corresponding plurality of féedbackl
sipnals indicative of the respective frequency fluctuations; and

a plurahty of feedback circuits for directing the plurahty of feedback signalstoa -
corresponding plurahty of wavelength controllers of thellaser _beams to reduce the' '

30 frequency fluctuations of the laser beams, "

" the convetter including a modulator for modulating the frequency of a portton of each laser



20 frequency reference, for generating a plurality of optical output
signals corresponding to the plurality of |aser beans and representative of
frequency fluctuati ons between the respective central frequencies and the
shared frequency reference; a plurality of photodetectors for
generating a phirality of electrical output signals, corresponding to the
plurality of |aser beans, using the plurality of optical signals; 25 a
plurality of phase-responsive devices for generating, froma plurality of
radi o-frequency phases of the electri-8al output signals, a corresponding
plurality of feedback signals indicative of the respective frequency
fluctuations; and ' a plurality of feedback cfrcuits for directing the
pl ural i ty vefm fnapsloagkta] gnal & 4 modulation sigsp.on denegatph modblrtion iofaskavel engt h

controllers of the ]aser pe req yetuations of
the | aser OB@&H%“P‘Fﬁ@“%ﬁ‘?fg?’fa}g%a?%r(’?fmﬂflﬁe deé"cﬁﬁ?fg‘f({é?%aél o%%XlaIO al'ating the
frequency gefodilfRE kh@el@iric@B&itput @g@ﬂ to deteiﬂmmebmdnorfrdqhmcg phme of each based on
a nodul ation signal, to genera%g ﬂli’Fctg in eacp&p%t&lg out put

signal , asbcestpupihEsnals 8‘”3859‘?%%% PR BHEBE I at or for
denndul$t|ng each electrical output-signal.to deternlne t he radi o-frequency

phase of each electrical output signal; wherein the converter is in the

form of any, BtReh Gfemieilso providet BeyRieRe Rbqisavenilibntial sfa gueliydés a system
for frequency stabilisation of a plurality of |aser beans, including:
an opt|caﬂwmr@aﬁ@néﬁu¢ﬁgradlo frequency- phase converter, that defines a

shared fr equen%&( opRhERE RS0y tfoqadlgﬁe@feﬁéy isobeite thityiefifes natired f r equency
(RF) signals 10 representative of freq uencci)/ fluct uaéil:gélgB f ‘the respective

| aser bearfssquency refaem foa spnsrriing 3 PR fredio-Graysnes
generagyn %;E}h&ﬁﬁu% S qRedch AR AARNEET 8 BERLSVe 1aRE beams;

a corresponding plurahty of phase—responswe devices for gencratmg phase 31gnals

hsi ve devices for

from the RF signals; and
a cotresponding plurality of feedback loops for controlling the respectlve

frequencies of the laser beams, using the phase signals, to reduce the frequency

15 fluctuations, A
the converter including a modulator for modulatlng the frequency of a portion of each laser

beam in the converter, based on a modulation signal, to generate the RF signals, and each
phase-responsive device including a demodulator for dsmodulating each RF 31gnal to

generate cach phase signal, wherein the converter is in the form of an mterferometer

20
The present invention also provides a method for frequericy stabilisation of a plarality of

~ laser beams, including:
_generating a oorrespondlng plurahty of rad10~frequency (RF) signals representauve
.of frequency 1 fluctuations in the respectlve laser beams uging a shared frcquency reference
25" defined by an interferometer;
generatmg a corresponding plurahty of phase signals from the RF mgnals and
~ controlling the respective frequencies of the laser beams, using the phase s1gnals to

reduce the frequency fluctuations;



~a corresponding plurality of feedback |oops for controlling the respective
frequenci es of the | aser beans, using the phase signals, to reduce the
frequency 15 fluctuations, the converter including a nodul ator for

nodul ating the frequency of a portion of each | aser beamin the converter,
based on a nodul ation signal, to generate the RF signals, and each
phase-responsi ve device including a denodul ator for denodul ati ng each RF
signal to generate each phase signal, wherein the converter is in the form
of an interferonmeter. 20 The present -BAventi on al so provi des a nethod for
equency stabilisation of a plurality of |aser beans, including:

generating a corresponding plurality of radio-frequency (RF) signals
represent ati ve nfdufatiggihe freyuehéyiattamiticons each lishebenmsp éetinedetoamer, beans
using a shared freq reference 2 .ned by an interferoneter;
-gener at i ng®%°® %ﬁ%@@%@ﬁﬂgﬁﬁ"%ﬁﬁﬁ????@gﬁgﬁ g %%gnals fromthe RF signals:
and control | i n@giebulitRgRetRIVagid etganeic@achyhatetpnkser beans, using the
phase signals, to reduce the frequency fluctuations; - 3A nodul ati ng
the frequency of a portion of each |aser ‘beamin the interferoneter, based

on a nDduI t] t RF signals; and denodul ati ng each
RF S|gnl é&géﬁhgé }g&ggiu pulgéﬁgiﬁgﬁs 5 BRI EF DESCRI PTI-ON OF THE
DRAW NGS Enbodi nents are hereinafter descri bed, by vvay of exanpl e only,

with reference _to the accqu%h yi.ng ramnn? m@ ot to scale,
wher ei n: Embodiments are hereinafter escrlbed y way of example only, w1t h reference Lo the

accompanymg drawings, which are not to scale, wherein:

Figure 1 is a schematic diagram of a laser sysiem including a stabilisation system;

10 Figure 2 is a schematic diagram of an interferometer in the stabilisation éystem; and
Figure 3 is a graph of signal amplitude at an output of the interferometer;
Figure 4 is a plot of a measured rﬁodulation signal and a measured modulated
output of the interferometer; - o
Flgure 5 is block diagram of the laser system, mcludmg a feedback ﬁlter of the

15 stabilisation system; ‘
Figure 6 is a flowchart of a metﬁod performed bfy the stabilisation system;
Figure 7 is 2 plot of measured noise spectra in the laser system, showing a
reduction in noise due to operation of the stabilisation system;
Figure 8is a plot of measured n01se spcct:ra in the laser system, showmg a

© 200 simultaneous reduction in noise in a plurallty of lasers due to operanon of the

stabilisation system and



Figure 1 is a schematic diagramof a |aser systemincluding a stabilisation
system 10Figure 2 is a schematic diagramof an interferoneter in the
stabilisation system and Figure 3 is a graph of signal anplitude at an
output of the interferoneter; Figure 4 is a plot of a neasured nodul ati on
si gnal and WOA¥44#ABEd nodul at ed out put of the interfer BREAER009/006547

Figure 5 is block diagramof the | aser system including a feedback filter'
of the 15stabilisation system Figure 6 is a flowhart of a method
performed by the stabilisation systemgFigure 7 is a plot of nmeasured noise
spectra in the |laser system showi ng a reduction in noise due to operation
of the stabilisation system Figure 8 is a plot of neasured noi se spectra
in the laser syghem iShQWMAGicRigRal I EARE KRN RduGhl o slbilfigice 1n a
plurality of |lasers due to operation of the stabilisation system and WO
2009/ 132398PCT/SAHE®B09/ 000547 - 4 - Figure 9 is a schematic diagramof a
sensor systemincluding the stabilisation system DETAILED DESCRI PTI ON 5

DETAILED DESCRIPTION

A stabilised laser system 100, shown in Fig. 1, includes a plurality of lasers 102 each
generating an optical beam with a characteristic central optical frequency (or wavelength),
a wavelength tuning and stabilisation system 104 for concurrently, or simultaneously,
stabilising (or "suppressing") fluctuations in the characteristic central frequencies of the
10 lasers 102, while still providing tuning control of these central frequencies. The
stabilisation provides a reduction in the frequency noise of the lasers 102 down to infra-

sonic frequencies, ¢.g. down to less than about 1 Hz.

System Components

15
In the stabilised laser system 100, the lasers 102 are arranged in a laser array 106, and each
laser 102 is coupled to the stabilisation system 104 using a single—mbde optical fibre 108.
The lasers 102 include a plurality of lasers referred to as laser 1024, laser 102B, laser
102C, etc., which form the laser array 106. (In this description, the numeral '102' may

20  refer to one or more of the lasers 102 in the array, whereas the alphanumeric indices 1024,
102B, etc refer to only one of the plurality of lasers 102.) The optical fibres 108 from the
laser array 106 are connected to an optical multiplexer (MUX) 110 which multiplexes the
component optical beams from the lasers 102, each tuned to a multiplexer channel, into a
single-mode optical input fibre 112. The central frequencies of the lasers 102 are selected

25 to correspond to the multiplexer channels, which are selected to be as close as possible
while still providing negligible optical cross-tatk between the channels and sufficient
channel passband for any sensors associated with the channels, e.g. based on frequency
sidelobes of Fabry-Perot interferometers used as sensors in an array sensing application
(described as an example with reference to Fig, 9 below), and any drift or change of the

30 interferometer frequency based on environmental changes (due to temperature).



A stabilised | aser system 100, shown in Fig. 1, includes a plurality of

| asers 102 each generating an optical beamw th a characteristic central
optical frequency (or wavel ength), a wavel ength tuning and stabilisation
system 104 for concurrently, or sinultaneously, stabilising (or

"suppr essi Y 4PuBEWat i ons in-the characteristic centrBET/APAYMGE7Tes of t he
10 | asers 102, while still providing tuning control of these central
frequenci es. The stabilisation provides a reduction in the frequency noise
of the lasers 102 down to infrasonic fgequencies, e.g. down to |ess than
about 1 Hz. System Conponents 15 In the stabilised | aser system 100, the

| asers 102 are arranged in a |laser array 106, and each laser 102 is coupl ed

to the st abpdiosakiigh FualSMLRA bidhd0cduph R @Mﬁcaegﬁﬁ&hﬁwmﬂl% The

| asers 102 include a plurality of | asers referred to as |aser 102A, | aser
102B, | aseiprli@ions, egdnterrogstion opiinahsentees, farther desprileg below. Sema of Hiedight

descri P Oftind BBPMRNRbm: BOBcoPRYy 8041 B § 2 0P RERERIOLA P | aSeT s

102 in the array ereas the a ric rndices refer to

only one o’farmlh@ﬂprhumtaws?‘)omteﬂf@rsmﬁsr inQlR: fpriT hde gitroduied Mabh-&slnfﬂ% fromthe
| aser akr t exer (MJX) 110 which
mul tipl éxgéteg{é’gm%%ﬁg\g gﬁgoa%tglugecalﬁgsé%%&%ﬁ H\th“(ﬁasers 102, each tuned to
a multi pI exer channel , |nto a si ngl e-node opti cal |nput fibre 112. The

central f. the. ers e se S to the
mul tipl exefh%éﬁglcfr%ellgc u%l cH’par Ch 157 pl(%tfgrdbefa%' SBﬁ% K lfn&fgea?n %g%&grs’?gp% whil e
still prova xhnngathégigtﬂgarbi P200)pﬂwlc1ablu¢hers(asaeduaﬂobpbetméﬂmtot eOMh M eddsarand

suf fici ent nne nd for Sensor,s associ W annel s,
ol bacac Bt P Bl AR D Br i B b Y Rae S Rl ERrl M A e nt he
se PS or $0i nis anthalohg yatheaptingmaisl)i Eah gmﬂ?c{rﬁﬁmiﬁhﬁmﬁﬁ?laﬂamdaj&mhemw th
reference to. Fi n rltorcaneo t 30

interfer on’b‘f ’é‘f’“t%fbéﬁh@rfé ?V%E?é%gayéﬁ éﬁ% PR ARt 8& ﬁlﬂ’é‘ apda

t enper at ur @h-arV\Gbrii0R) Mhhe?39 8PEbAARNG 940854l pover - TM)@brtxafm phgiohi ght of
t he conbi ned heans is coupled out by an optical §22o]tcjﬁl er 115 for |aser

appl i cat i oHgacheogiponsyt Beamy§dieangerphifiehpy beAddd B lfrghatidescri bed bel ow.

Sone of tk@ndougx%tsoa‘he%wrmt ?ﬂeale%éﬁHOMﬁ@ahe ﬁmglahﬁ%ﬁi@n ByedchGedritput fibre
112 into a 'e(ﬁxg{@a al anced (or "arm ength-m snmat ched”) interferoneter in

t he forfn ofhegh didriven bvge MON rivesrl 46 ay mpdqiondieavcaey Faazpyinga 4. and
used for shaliddgiRd «ih dASH Sectidic clock 144 (e.g. a clock defined as a component

of a field-programmable gaté array (FPGA) chip that defines a fundamental loop rate that
is used to generate digital sinusoidal signals at frequencies tied fo the loop rate, each
sinusoidal signal being defined based on a corresponding phase tamp driving a sinusoidal

20 look-up table within the loop).

The long-arm portion and the modulated short-arm portion of each beam are recombined in
the output coupler 124 and directed, via a single-mode output {ibre 126, to an optical de-
multiplexer (DEMUX) 128, which divides (or "splits") the multiplexed component beam

25 portions info physically separated beams based on their wavelengths. The component
beams are separated in wavelength space by their channel wavelengths, which correspond
to the central wavelengths of the lasers 102. Each separated beam is directed by an optical
fibre 130 to a photodetector (PD) 132, i.e. each PD 132 detects a beam from a
corresponding laser 102 (e.g. the PD 132A detects the beam originally generated by the

30 laser 102A; the PD 132B detects the beam originally generated by the laser 102B; etc).
From the detected beams, the PDs 132 generate a plurality of PD signals that are directed,



The Mzl 114 includes an input coupler 116 for beamsplitting, a |ong
path-length arm 118, a short path-length arm 120 whi ch incl udes an acousto
optic nmodul ator (AGVW) 122, and an out put coupler 124 for beam

reconbi nati on. gln alternative enbodi nents, the AOM 122 10 is in the |long
pat h-1 engt WaPHP148%%) Each conponent beam of the mul t i BFrERAEPONERAE in the
input fibre 112 is separated by the input coupler 116 into a |ong-arm
portion and a short-arm portion, which are of substantially equal optical
power. The short-arm portion of each .ggnponent beamis frequency-shifted by
the AOM 122. (In alternative enbodi nents, the AOM 122 frequency nodul ates
the I ong-arm portion of each beam) 15 The AOM 122 is driven by an AOM

driver 14®1aaéledm5huIcé\fmeaarsf1es%l@e@ﬁ‘esﬁeﬁ@mg HShIRY oPedttefSdnainb EseNCy si gnal
froman el ectronic clock 144 e.g. cl ock defined as a conponent of a

fiel d- pr odFsaaRIsIdeviges: wlesed a/aswmef@hﬂiﬁt%bows%pbﬁé%mﬁterm amental | oop
rate that ngiviisgsh se&ng@rbe;sqsmse%e%rtlmset@mg ﬁﬂéwﬂo@ﬁ@oﬁdﬁg1 cazequenC' es
el ng fine

tied to the | oop rate, each sinusoidal ased on a
corres pon@ﬁ‘iﬁ%ﬂ'@{b@é Slﬁ%‘rpt adpra) pwgllﬁorérqqu@meei Eto 2 GLd-0eR- Uke Joad losciiliterhi n t he

| 'oop) . sThelangs Arm pOrt (‘?Qre Qx%rﬁt@c?boﬂmﬂz(? @Jigeg 1@@ gt 2 3D AR, cg)ﬂﬂoﬂé])t B €2Ch

beam are reconbined i At ut ¢ directe
si ngl e- nodeeiyat tﬂm@loclf m@l)m@apitmaiaﬂofnffsptraodm-lﬁfb(qg pirghee FPOPEMUX) 128,

whi ch di vi.gg Iy i 5 ions into
phy5|cally S %%?% %é%%@%%g@%ﬁ%%ﬁ%%ﬁg@?ﬁgggggggﬂﬁﬁ%Pﬁ$ﬁﬁhgan@%%ént beans
are separ gtwdgale a pkmwsgmh gtdlvasfra@fehmhasdrhffﬂremd@amw%n e e} sogi hmi thavhi ch

correspon engt.hs er.s h separ at ed
bear | &t PeepalfiioHERy, TR EORMSwt pEhs BREi Gt flm BGPrRARISS. T o
each PD 18kckiédects a beamfrom a correspondlng | aser 102 (e.g. the PD 132A
detects the beamoriginally generated by the 30 | aser 102A; the PD 132B
detects the beamoriginally generated by the | aser 102B; etc). Fromthe

det ect ed hamms intheplaissida? fan esditphasd npdtatr1as hﬁe}pr@foﬂﬁﬂa&b@ﬂﬁig&s gt are
directed, ﬁ an el ectrpni c connegtars @g ho a corr ondi ng

pl ural i tyc‘Ef’l*tr‘Tl FORECHTg © g §STGB PRFEs ilegRhase & ? ‘Eimtc‘é“’%fls phase
meters 138ya§ﬁ@ahzt§0$f £RB cBRNeSRrBIRGFeSertdo 4d g@ﬁlﬂo\ébﬁmﬂe} v4gekennagt o as phase
meter 138A, etc. its own corresponding | ocal OSC|IIator (LO signal

at a 1'dcafensEs, |fﬂoat ?Sqt?rga%@r@a% waewon@iz@vlsr@% fegdbatiGummplsoisei | | ator 5

frequency ofd-@r fachfds6r B28L mz@ @oﬂ%@d @etp%éerha&w%fh@n@arﬂoﬁ@{n tﬂé@en(rﬁ g. a FPGA
conponent that receives the clock luralit of f set nodul es

141 (e.g. frﬁwepﬁe‘rofm@ecocr@maﬁr@aﬂ@yrl ﬁel 2@ é%ﬁwat% T@péeedg@a sigpalgenvodul at e
cor r espongi.ngedh 91&&%@%:\;%&%%}&11@% B EA9hREs8 08 3&?%@&11%%%% %ﬂf‘oﬁ@l‘tsl ve of

the phase differenc en t D signal an he corres i'ng LO signal.
The LO si geredsponslingde dh lserstle) wh@@klrdmga%ﬂeecfbadmuchés bﬂ()dcigrmmgﬂiglm cl ock

144. an

proporti o%ﬁ%alo ué ﬂgcr?%gf?? I%e&%c%ﬁ{ 4& 94]‘%?1%’%)9 enci eé%
correspon&eﬁ‘r@cka@ememathe'lﬁ'aqumshcmatg:mabﬁthalmpﬂm&elavadlﬁbi;y a pI ural ity of
servo controllers 148 (referred to as servo controller 148A, etc.) which 15
generate, fromthe determ ned phases, a corresponding plurality of feedback

si gnal s, Thelocal oscillator frequency of each phase meter 138 is offset from the AOM frequency
by an offset frequency generated in each corresponding offset module 141, The offset
25  causes the corresponding outputs of the phase meters 138 to change allowing the lasers

102 to be tuned, as described hereinafter.

30



one for each laser 102A, 102B, 102C, etc, representative of fluctuations in
the central frequencies of each corresponding | aser 102A, 102B, 102C, etc.
The feedback signals are directed to | aser wavel ength controllers of the

| asers 102 (e.g. to central tuning controllers corresponding to the |asers
102) via a‘%@ﬁ%ﬂWﬁF? of feedback circuits 150 (e.g. FﬁEAH%BWWQPWZO or

anal ogue el ectronics appropriate for the wavel ength controllers). Thi s
negati ve feedback acts to reduce the frequency fluctuations of the
respective lasers 102. The |ocal oscilfyator frequency of each phase neter
138 is offset fromthe AOM frequency by an offset frequency generated in
each correspondi ng of fset nodule 141. The offset 25 causes the
correspondi ng out puts of the phase neters 138 to change allow ng the | asers
102 to be tuned, as, de crrbeo herernafter - 7 - Svstem Qperation:
Frequency =X em Ongration. Hreque 86 SuppEestilb dback Loop S In operation, each

| aser 102 has its centraI output frequency vraser controlled by a | aser
drive sig the current injected into a | aser diode) fromthe

| aser's é?éﬁﬁgﬁm#@ﬁtrﬁpler. The stabilisation system 104 neasures (or
"deterngnes”) fluctuations in the output frequency iikr" of each Iaser
102; these frequency fluctuations are known as the 10 frequency noi se", or
"phase noilBeperatn, eaghhesprakiBhas ipcentTHautnab S eruenmyii: @ﬁntmlrl@dlveﬁegcr noi se are
made wi th I ci es
def i ned byd“tgﬁg‘gﬁ%gg?ftg‘?%ﬂn% ‘Ot‘”?‘ew‘tg %&/E?g%i‘%e) b ’[%%%% ‘%ﬂ&tg{ﬁ ot he AOM
122) and tcostrelenode sitbilisstiq systemi IR ineatthes (phialstermipesdy ﬂuch&ﬂ)ms il plurality

Fet or ence FOPt rﬁ%”ﬁﬁ?”ﬂ’ﬁrf%? PGBl 4OE st B3RoeRe o e o T

10. "frequency noise", or "phase noise", of each laser 102. The measurements of frequency

noise are made with reference to one of a multitude of reference frequencies Fg, defined by
the interferometer (i.e. MZI 114), the modulator (i.e. the AOM 122) and the demodulators
(i.e. within the phase meters 138). The plurality of reference frequencies Fg provide a
common, or shared, frequency reference for the plurality of lasers 102, A negative

15 feedback loop for each laser 102, each with one of the servo controllers 148, corrects the
laser drive signals from the wavelength controller of each laser 102 by an amount
compensating for the frequency noise, thereby stabilising the output frequency of each
laser 102, at least within an operational bandwidth and gain of the stabilisation system 104,
If the path length difference in the MZI 114 and the AOM 122 are substantially invariant,

20 sois the laser frequency of each laser 102 within the gain and bandwidth of the feedback
loop.

Discriminator

25 The MZI 114 is a form of "discriminator”, or an optical frequency-to- radio-frequency
(R¥) phase conversion device, or equivalently an optical wavelength-to-RF phase
conversion device, which generates an output RF signal with a phase that is indicative of
the optical frequency of an input light beam. A change in optical frequency generates a
corresponding change in RF phase. For example, the phase of the RF output signal

30 fluctuates based on fluctuations in the central frequency of the input light beam from a

corresponding laser 102. The frequency-to-RF-phase conversion in the MZI 114 is an



15 feedback | oop for each [aser 102, each with one of the servo controllers
148, corrects the |aser drive signals fromthe wavel ength controller of
each | aser 102 by an anmount conpensating for the frequency noi se, thereby
stabilising the output frequency of each |laser 102, at |east within an
operationaIWB&WHUﬁﬁﬁh and gain of the stabilisation sy8¢EAMAWA0547 t he path
| ength difference in the MZI 114 and the AOM 122 are substantially
invariant, 20 so is the laser frequency of each laser 102 within the gain
and bandwi dth of the feedback |oop. Digcrimnator 25 The MZI 114 is a form
of "discrimnator”, or an optical frequency-to- radio-frequency (RF) phase
conversion device, or equivalently an optical wavel ength-to-RF phase
conver si ONefERVdaG@Rd b dallaBe0Sr B RONAM20ME BiindFvcSdr rlé’x{gtt)ﬁ’é‘(ﬁrhrﬁ e that is
indicative of the optical frequency of an_lgput I i ght beam A Change in
optical freKaen el}tm@@ﬁ@%tawdépateeramgwmimg éhantd thys hering praepticalror
exanmpl e, the, @heRRce0iiL ﬂ'ﬁic{gfs P RikinaBrb DR« égcg’féc{i{f@}ef}%ﬁé 1r@@>§§§ ]p?ﬁle
f t I ght bea

fluctuations in the centra requency o e | nput roma

cor r espondi#itgeridserfibrparmstinelufing dheeeM 128) RhpMd @14 ond/ e diffprencn t he Mz
114 is an pawdnthehie Y dulati on of the AOM 122 and having two
arm | engt hsev(vLin zfné L%gﬂ%?ﬂﬁ%g’&%’fﬂgpﬂ%zﬁzﬁl ength, as indicated
approximately in Fig. 2, and thus having an optical path difference nAL,

Shich | . _ . . (i , Y of th
vavegui de. beplaRgh et bie AchE T Kb Tic: BE ksl B Mon Y |
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dependent on the optical frequency of the beans. This 10 si nusoi dal
dependencgciisd tafhe PREGSH path éﬁ%feé‘f&e%M‘i’ﬂéfcﬁ?ﬂ\ﬁAPannﬁmgPééft?efﬁéye@féﬁﬁ_@? which is
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15  the output of the interferometer due to the length mismatch of the interferometer is

proportional to the frequency shift J v, and inversely proportional to the interferometer

period 4 vz, 1.e. §o=218 Vigser’d iz

1f the RF frequency shift of the AOM 122 is non-zero, the phase change da is translated (or
20 ‘"carried") onio an RF carrier signal (i.e. the phase change @ is also proportional to the RF
modulation of the AOM 122), allowing the full phase information to be extracted during
demodulation. Without the AOM frequency shift, i.e. in a baseband measurement where
the AOM frequency shift is zero, any quadrature information is lost due to signal fading at
turn-around points in the interferometer ouiput, and individual tuning of the lasers 102 (via

25  the feedback loops) is not be possible or is at least less convenient.

The arm mismatch length AL (also referred to as the length imbalance) defines the
sensitivity of the phase change de to the frequency change of the laser, as shown in the

following equation:



15 the output of the interferoneter due to the length m smatch of the
interferometer is proportional to the frequency shift Svf"" and inversely
proportional to the interferoneter period .4 vita i.e. 86,--22c5 %t/A
vile. If the RF frequency shift of the AOM 122 is non-zero, the phase
change So i%’otz?‘%{ﬂ%*g‘t ed (or 20 "carried") onto an RF cEBFFAEROYPMFE (i.e.

t he phase change So is al so proportional to the RF nodul ati on of the AOM
122), allowing the full phase information to be extracted during

denodul ati on. Wthout the AOM frequency.shift, i.e. in a baseband

measur enent where the AOM frequency shift is zero, any quadrature
information is |l ost due to signal fading at turn-around points in the
interferoneter output, and individual tuningrsof the lasers 102 (via 25 the
f eedback |oops) is not be possiit®“of®&lat—teast |ess convenient. The arm
m smatch | ength AL (also referred to as the | ength inbalance) defi{}es t he
sensitivity of the phase change So to th rrequency change of the %iser, as
shown in the follow ng equation: WO 288G SE’QQ WAH2009/ 000547 - 9 -

be, (t) cc Eo(t)EO(t - '"61) (I) ill 01)def FA@M +0 c whe Eo is the real
val ued anplitude of the electric field in each arm v is the instantaneous

frequency  he i dalabivali PR Sl B KIEGHCRGY ilack rgodul ati on, and 0
is ainitial or%lsst art gﬁase 0 1t ﬁe% W%Ierptagr%]%v’ﬁl , Where nAL is the
opti cal pamataaauﬁoﬁq fooppmy qm}_tehight,ch@,; iselfer faaginence ofﬂﬁebOMmﬁbdplatihle aspged of
light, g Vl%sa i}lili‘]igl otr Istg}?p &L:%}(tlxle%dl\%qgg.eﬁiheb erntl QSL/IC),a\}VIPeré P?E.glls el 0%3341%%6'

5 difference with n the refractive index and ¢ the speed of light, gives the time delay

introduced by the path length imbalance.

The arm mismatch length 4L (and thus the optical path difference n4L) is generally chosen
so that the interferometer period 4 vz (i.e. the periodicity of frequency variation) is

10 substantially greater than the free-running linewidth of any laser 102, e.g, at least four
times greater, or 10 times greater, For example, with a free-running laser linewidth of
about 1 MHz, a length mismatch 4L of 20 m is chosen, which gives a value for
interferometer period A vy of about 10 MHz. In general, the mismatch length AL between
the two arm lengths, L; and L, is selected to be between 1 and 20 meters, and thus the

15  interferometer period 4 vy is selected to be between about 200 MHz and 10 MHz,

Modulator

The AOM 122 provides modulation that is used to extract (or "determine") quadrature

20  information from the output of the MZJ 114, thus allowing precise measurement of the
output frequency of each laser 102. The AOM 122 modulates the portion of the beam that
is in the short arm of the MZI 114 at a modulation frequency Faon, which causes an
optical "beat note" (at a "beat frequency” or "difference frequency™) to be formed at the
output of the MZI 114 for each laser 102. The phase of the optical beat note depends on

25  the absolute laser frequency Vige, of the laser 102 and the length mismatch AL of the M2
114, Phase changes J¢ (in radians) of the beat note are proportional due to laser frequency

changes dvyger (in Hz), Le. 8¢= 27 Vi a5er /4 Vasz, a8 shown in Figure 3, where the



The arm m smatch | ength AL (and thus the optical path difference nAL) is
generally chosen so that the interferoneter period Aviviz (i.e. the
periodicity of frequency variation) is 10 substantially greater than the
free- runnln% linewi dth of any |aser 102, e.g. at least four tinmes greater,
or 10 ti mesWVYr¥atEE For exanple, with a free-runni ng PRYAP2PAWGMTdt h of
about 1 WMHz, a length msmatch AL of 20 mis chosen, which gives a val ue
for interferometer period A vkiz of about 10 MHz. In general, the m smatch
| ength AL between the two armlengths, 14/ and L2, is selected to be between
1 and 20 neters, and thus the 15 interferoneter period A viva is selected
to be between about 200 MHz and 10 MHz. Modul ator The AOM 122 provi des
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m smat ch Athaogestdwecividentative, oflﬁtvdssrsframgms' 0@@&8& pviksadi ans) of the beat note
are proportional due to |laser frequency changes (5 stasep (in Hz), i.e.

50. 22r Svui ser vne, as shown in Figure 3, where the WO
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dul at f th intensity") t tical,
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frequency chan es Si/Laser.
he AOM frequency and any further modulation frequencies (selected depending on the

application) is preferred to allow selection of only the AOM frequency Fou in the phase
15 meters 138 (i.e. other modulation frequencies can be filtered out and thus have negligible

effect for the phase meters 138).
Demodulator

20  The optical beat notes associated with the different central laser frequencies are separated
by the DEMUX 128 and converted to electronic signals by the PDs 132, To extract the
phase of each beat note, each beat signal is mixed with the corresponding local oscillator

signal in the corresponding mixer 140.

25 FEach mixer 140 (of mixers 140A, 140B, etc) operates ai a frequency that is based on
signals from both the shared corresponding LO driver 142 and the corresponding offset
141. In particular, the frequency of the each mixer 140 is defined by the sum (or
difference) of the frequencies of the LO driver 142 (which is approximately equal to the
frequencies of the clock 144 and thus the AOM éignal) and the corresponding offéet 141A,
30



The nodul ati on frequency FAom of the AOM 122, and thus the frequency of the
beat note, is typically selected to be in the range accessi ble by AOW,

i.e. 10 MHz to 200 MHz. In an 10 exanple stabilisation system 104, the
nodul ati on frequency was FAom =29 MHz, because the | asers were RF nodul at ed
at still hiYyR&P1328%uenci es for use in a laser applicaPfHAUYPWEEr r ogat i ng
a sensor array (via the optical coupler 115). A sufficient difference

bet ween the AOM frequency and any further nodul ati on frequencies (sel ected
depending on the application) is preferred to allow selection of only the
AOM frequency FAN, in the phase 15 neters 138 (i.e. other nodul ation
frequencies can be filtered out and thus have negligible effect for the

phase net eTie shdklockeihd WhiadsHoth’le ADRL Q0L Fal 1R RRLBS(RYSRERt ed Wi th
the different cegtral_ laser frequencies are separated by the DEMJX 128 and

converted TS &EeiPEHRicgsepiatipnshiphatwppk thesswo Fignalst r act t he phase of
each beat note, each beat signal is mxed wth the correspondi ng | ocal
oscillator_signal in the corresponding m xer 140. 25 Each m xer 140 (of
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(no), which ensures a determ nistic phase relationship between these two
signals. For stabilising each |laser 102 at a constant output frequency

" | aser 10t HEheamepue sPeuoll iniger [ OTR prdpofdahlltb defist-mtpB@ls phddk o@thel S Sel ected to
be equal in fregélengééto tt}g AOM nodul gt i on si%nalggg‘;tﬂFA m, Far, tuning each
| aser 102, “HSPRECEE PHEA el B SEHEICB} PESHBFIPITEP e QHiKerd g as signal is
of fset, uskd@rtbanBoKtR&PPRMR0c0RelRAling skdi@bontbRerNag e TRe fef@uency eit her

hi gher or | ower t?an t he AOM nodul ation signal's fre%trJenc FAoki , as

descri bed 19BFeKGTs 115 Prevadoymplificalian avd dnegratianor thegesdbagk el eicatidpset o t he

| nst ant anedsardRBGE fdSck kip8als ApRIPARHhR/HRERLNRSi of TRAadeRSTaNRANEOUS
phase nmeasurenent from each mxér 140 is fed (or "communicated") to each

cor r espanditavyissertholases’s opoi eaquantg viabhe servo control | ers 148 provide
anplification and integration of the feedback signal to each | aser 102, and
t hese feedback signals suppress the phase/frequency noise of the | asers
102, t hus Bdsh phaxbinicites il Bymihbe basdoh snatughip ot difitd qleetnmycsyi When Each phase

neter 138 . be. hased .on anal ogue _or digital.electronic en i npl enent ed
usi ng di gi‘@?/emee Pteegtuﬁ ‘B flgéq?l ql%gtr{n%%gqséw@%%&lgla?gqnvg%qeEﬁl?eé%sar%g\ s) are
used to canvenviertfiroombk healenaltotedidial ddweidbgbit dle phasmhaetdaBRraad tde phase
meters &38. ??9 falst , _ )
20~ digital to analogue converters (DAC's) are used to convert back to the analogue domain

afier the server controllers 148.

In an experiment, the RF modulation signal 402 was set at frequency Fson, (as shown in
Fig. 4) with an example optical beat note 404 from the MZI 114 (i.e. the fuzzier trace in
25 Fig. 4, indicative of laser frequency noise). The phase difference between the two traces in
Fig. 4 was detected by one of the phase meters 138, When the corresponding feedback
loop was closed (i.e. one of the servo controllers 148 was activated and the stabilisation
system 104 became active), the noise (i.¢. the fuzziness of the trace) of the beat note trace
404 decreased as the phase/frequency fluctuations of the corresponding laser 102 were

30 suppressed.



20 digital to anal ogue converters (DAC s) are used to convert back to the
anal ogue domain after the server controllers 148. In an experinent, the RF
nodul ati on signal 402 was set at frequency FAOA6 (as shown in Fig. 4) with
an exanpl e optical beat note 404 fromthe M1 114 (i.e. the fuzzier trace
in 25 Fig. WOXMAB® i ve of |aser frequency noise). ThBCHAHZWIHIOF47er ence
between the two traces in Fig. 4 was detected by one of the phase neters
138. When the correspondi ng feedback | oop was closed (i.e. one of the servo
controllers 148 was activated and the.gt.abilisation system 104 becane
active), the noise (i.e. the fuzziness of the trace) of the beat note trace
404 decreased as the phase/frequency fluctuations of the correspondi ng

| aser 102 $eveCabrappressed. - 12 - Servo Controller Each servo
controller 148 is used to suppress |aser phase/frequency fluctuations and
to tune its corresponding | aser 102. Each servo controller 148 includes a

condi t i oni Bghls@b BorPRser f48lid ed (d-RbYreRQser phabOgORRLY Hichh&dns Q&m and a
driver low pass filter (LPF) 512, as shown in Figuré 5. Each feedback
filter 501MPHES ¢Raesrordiag laser 102 Bagh serimpasroRen 4 éncidene pordifisivglew or

digital 5 Fois ﬁlltéii(gi’lf)aslozfﬁﬁ%%ﬁﬁér%ﬁ%ﬁ@%%rive@%g&yﬁltémﬁi?ﬂé als (ADC) and

di gi tal -t o-anal ogue 10 converters are used to convert &ignals from
t he anal og%h@wpé)n geredi gi tal dommi n and back again. Each ADC receives

anal ogue signals fromits correspondi ng photodetector 132, and sends a
digitised signal to its correspondi ng phase neter 138A. The filtered phase
si gnal f r oR#a feedgbatkitonfHointipges BBV sirgdinvhictomaebriies aalogue, or digital,

Proporti ongl.- |k it g e f ack filter 501 which
determ nengérfa r{jI ﬁg%gé/baglg{g%%#@ %’ of }%g'ga’ctﬁ%?%taggé@ a@%ﬁfﬁ%ﬁ%&“ﬁfﬁﬁ Each
condi t il8ni mgvérers L) kwivsel tolvenveaninld flomahe triadogohtsthe digililclamizinendi gnal

[ omeach RSG5 B el b ARol i el SRk,
of the phab®, altsendstaaligitiedamdi it boredspdodmghassmidta 1308, ThOfilt@ed the DAC. A
SRR SN R R R o RN T
units 506, 507 of the feedback filter 501 which determine a frequency response of each
15 servo controller 148, Each conditioning LPF 502 limits the bandwidth of the phase-
indicative signal from each phase meter 138 to match the loop rate of the digital feedback
filters (e.g. typically <1 MHz), and to match the bandwidth of the output of the phase
meter to the bandwidth of the PI units 506, 507 and the DAC. A selectable level of signal
gain in the feedback loop is provided by amplifiers 504 and 508 respectively arranged to
20 provide gain before and after the PI units 506, 507. Each DAC receives digital signals
from its corresponding PI units 506, 507, and sends analogue signals to its corresponding
laser driver 510. The analogue laser driver output LPF 512 ensures appropriate roll-off
towards each laser's unity gain frequency, thus avoiding unstable servo behaviour. The
driver LPF 512 provides a 1/F roll-off (i.e. frequency response) with a corner frequency at
25 10 Hz (i.e. is flat for lower frequencies). The additional filters (implemented using either
analogue or digital circuits), provided by the integrator and bypass (P1) units 506, 507, are
in series with the driver LPF 512 in each feedback loop to modify the filter response curve
and thus the response of the feedback loop. The first PI unit 506 has a 1/Froll-offto a

L

corner frequency approximately equal to the corner frequency of the driver LPF 512 (e.g.
30 10 Hz), and is then flat for higher frequencies. The second PI unit 507 has a 1/f roll-off to

a comner frequency of about 1 to 3 kHz (this corner frequency is selected to be about ten



20 provide gain before and after the Pl units 506, 507. Each DAC receives
digital signals fromits corresponding Pl units 506, 507, and sends

anal ogue signals to its corresponding | aser driver 510. The anal ogue | aser
driver output LPF 512 ensures appropriate roll-off towards each |laser's
unity gain YPaa#es thus avoi ding unstabl e servo beh&GT/AUROOIWETAr i ver
LPF 512 provides a 1/F roll-off (i.e. frequency response) with a corner
frequency at 25 10 Hz (i.e. is flat for | ower frequencies). The additional
filters (inplemented using either analjpgue or digital circuits), provided
by the integrator and bypass (Pl) units 506, 507, are in series with the
driver LPF 512 in each feedback loop to nodify the filter response curve,

and thus tings lesnonse usity ghefibariback thﬁpaf& usted@ord hé:Shuilrediinky 286 has a 1/ F
roll-off to a corner frequency a prOX|nate ¥ equal to the corner frequency

of the dr FYRIFestipp. anis then fat fgphigherifenuenginy The ampdifiers P84, SQ&ﬁrerﬁﬂgn@ﬂ
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frequency of 1,2 bout hi's corner frequenc el ected to be
about t en30kHzgThe %qm%dlf@ﬂéemh sspetse ofhe dijveydPR 512 é@iéﬁ&&umfarﬁa&tf)ﬁén
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hi gher frequenci és. The are arran to provide gain in
t he feedb&ER: |a@<b@ersméfﬁ‘rpiﬂr@ff t@ﬁ@tmﬁyggméaqmcy @@memsteh@@rl@m mately 30

506 507 has a 11 b the corner fr e second P
unit 507 (1@” fequebaies whilg sja'tﬁhtk'l-ﬂzprowdedjb)t hw ra11~ﬂ>fﬂ§rcnmﬂ Itheofnfty g@int he unity gain
frequency g &gu% approximately 30 kHz). Conbined with the gain anplifiers
504, 508 in‘t & 'f eedback | oop, high gain is provided at |ow frequenci es,
while Blability is provided by a 1/F roll-off around the unity gain

frequency g &Qm 1.80m. Poer Laser Tunability Al though the sinusoidal
f requency‘?vsp??@‘eﬁ*ﬁ*r—g#@%nat ched interferoneter may be used to | ock
a laser to discrete 'lock points' over its spectrunl(e g. using zero
Cr ossi ngs i.ch th the periqdicit he frequen
response) Ajlgiﬁ\\i\@“ tg%%‘gusﬂ‘(s%l ﬁ{mer‘iiuﬁfé’ﬁé?% NS (Of BRPTELIH mitf'ﬁ’%? é‘g’ty %F uni ng of
a plurali tuyedab ldchsedser td @B citd oblogdiad dver M@e@@‘me(elgnmﬁg £916 BBEsRgs
15 which exist with the periodicity 4vyzin the frequency response), this does not in general
allow continuous independent tuning of a plurality of lasers 102 all locked to the same

interferometer,

Using the stabilisation system 104, each laser 102 can be tuned individually and

20  continuously by including an offset (in the offset 141) in the feedback signal transmitted to
the laser 102, i.e. by offsetting o from F40u for each channel (corresponding to each
laser 102) of the electronic feedback loop. Offsetting K10 from Fyou by a set frequency
infroduces a phase ramp (i.e. a constantly increasing or decreasing phase delay) that the
feedback loop attempts to cancel by tuning the laser frequency: the offset, or the phase

25 ramp, is selected to be a cerfain offset value (which determines the rapidity of the
frequency tuning) for a certain time period (which determines the total change in laser
frequency). Once the desired laser frequency has been selected, F1o is again set to equal to
Faowm, causing the lock point to become stationary and the feedback loop fo cease tuning,
The laser frequency can be set arbitrarily within the tuning range of the laser 102,

30
During tuning, the PI units 506, 507 of the feedback filter 501 act as accumulators of RF



Using the stabilisation system 104, each |laser 102 can be tuned
individually and 20 continuously by including an offset (in the offset 141)
in the feedback signal transmtted to the laser 102, i.e. by offsetting no
from F4Chl for each channel (corresponding to each |aser 102) of the

el ectroni c YV@eW#EER oop. Offsetting no from FAol vi byPal’4BR00P/p¥eATency

i ntroduces a phase ranp (i.e. a constantly increasing or decreasing phase
del ay) that the feedback | oop attenpts to cancel by tuning the |aser
frequency: the offset, or the phase 254.anp, is selected to be a certain

of fset value (which determnes the rapidity of the frequency tuning) for a
certain tinme period (which determ nes the total change in |aser frequency).

Once the dgigiss. eWnbRsgsis Q@YU BBV DAShORSHCER] 1BRELID2 aROhEl (Bgahdr Set to
equal to FAOM  causi the | ock point to becone stationary_ and. the feedback

| oop to cefSRecliyfiental Treaweneiss e conteadn dy offsgRmg dhedRy rhashiehaseiaftietni t hin t he

tuni ng rang@idehp WheehliddlemberRd (38 integrdthdy byRtRa8eibaM@RtcMhRhRlsal | ed from
FAom the respective |asers 102 are %uned (i.e. their respective central

frequenci egcapalaes hgse q raeiptainthe peve lsger ficyothe RF phase, a phase of f set
builds yp which is 'renenbered (i.e. integrated) by the feedback system
whi ch thus accunul ates phase to maintain the new | aser frequency. The

of f set andThoeiiet anieigchpigefin Bedrendpsder ¢agh lasgehntrad Ssquegentatidie frequency can

be control &o%‘%iroﬁégi Ge. thﬁéﬂfﬂé? Yy ¥ ﬁ%em%d%a&wnh &Ll &5 ll?ﬁﬁé& afind control

|l oop (filter and contro or ‘tuning the central wavelength, as
descri bed tmitioleihior funinefthy emtred wayelpathandagspibédcteiavowish saferenago evstent at i on.

By using t%:%li?%ﬂ&o?lgknm%wrﬁ{x%ﬁgn between FLo and FAomto tune the |aser 102,
[

there is n Ion-on e extent of tuning available, i.e. there is no
dynam d0range |[imtation on the tuning, at least within the tuning

bandw dt hsof .t he | aser the Lnterfero I [ ni ng range
may be abott ugngﬁgﬁ?@ﬁgm%ﬁlﬁd&f g?tﬁ’e%’fhtoﬁgd fgcf‘”ét;g?&enr%gﬁee%%r? _1!)%?]1-2&%1%21{& | i sation
syst em 104ligitatin dnsksexeame bf theisg avad@Re i@, tareds i dymamyc reededonitdtbe on teer ence
frequency (sel ected or .defined by .t 14). W thout edi 0 tune to
a cavity o{"‘“Hﬁgf fﬁ:“@ﬁ’i %‘tm%gﬁﬁﬁw&bazéﬁﬁgﬁgg gﬁ\%ﬁg‘éw&ﬁngﬂ?ﬁ‘ﬂfﬁ&?ﬁogﬁe{ége@wmser s
The st abi | jasattindRy SiEd R QboaaPeSf dRithhdeidihhe telinkdtibmytenf | asers 102 to

the sane interferometer. The MZI 114, being a two-beaminterferoneter, has
a broad>wavel ength response, which is as wide as the response of the

optical cogpl fiklisa@fsysleR WPMabiidedReilaser 102 to an arbitrary selectable reference
frequency (selected or defined by the MZI 114), without needing to tune to a cavity or an

atomic resonance.

20  System Overation: Multiplexed Lasers

The stabilisation system 104 can stabilise the plurality of lasers 102 to the same
interferometer. The MZI 114, being a two-beam interferometer, has a broad wavelength
response, which is as wide as the response of the optical couplers, and the AOM 122 (e.g.
25  about 50 nm, or for a C-band coupler from about 1520 nm to about 1570 nm) and thus
allows the plurality of lasers 102 to be simultaneously (or "concurrently") stabilized to the

same interferometer,

30



25 about 50 urn, or for a C band coupler fromabout 1520 nmto about 1570
unm) and thus allows the plurality of lasers 102 to be sinmultaneously (or
"concurrently") stabilized to the sane interferoneter. WO

2009/ 132398PCT/ AU2009/ 000547 - 15 - System Operation: Stabilisation Method
The st abi | i%82#%8A323%Pst em 104 performs a method of | asePCHARBIPPYALT on for
each laser 102 as 5 shown in Fig. 6, which comrences with the stabilisation
system 104 receiving a plurality of |aser beans, along the optical fibres
108, each with a different central freguency iii"" controlled by the |aser
drive signal (step 602). The stabilisation system 104 generates an
interference pattern for each conponent beam which has a phase which
changes as the optical frequency /ase, changes, using a single

i nterferoneter for aII of the beans, i.e. MZI 10 114 (step 604). The
baseband i BYs @radon: Stebili q

: dethadans| ated to the RF nodul ation frequency
by shifting the frequency of one beam portion, of each beam in one arm of
the interferometer with a sinusoidal signal drivi ng the AOM 122 at a

frequency FixGrishilisaten ssm 10Amederngarmmdthddsit dssprripbilisaliondapensia eerdans wi t h
| nf or maty OEho@Jﬁ%hgg% Agt‘éjdn\'dl&ld@é witlPREkt &Hs%tnegs;ts ﬁhﬁﬁl\{w&&@éﬁ plutalttﬁ‘y

stabilisation enerates an e ect ronic ase 15 signal
measuri ng bﬁesephmzts dﬁn@the loptigat EmEeli8neeh p@lhtaelnfrfﬂrm; icergrat ﬁi@lm)’alrfd&eay 134 and

i ot veCarolgLR e 8 BB ik (L) P e e 0P Bl Bl

i ndi cative® rence erns, which
the stabil isaickemBe ﬁat&tmm&&ﬁcwsp@ehtbeﬁhﬁt ﬁhmh hs aqﬁwagelsch grngdsuethgat i ons, in

each | aser frequency via" st ep, 608) . . The tab st em
count er act SPHORETIHERRY e (ranges t”tﬁéltsi‘@t?smtef FFOE’ﬁ qr égef&@éﬁ?feh%y% e.

l'aser pfias ?142%@8%b@ehm%aﬁgﬂtdrt%ﬂfér&%etpaﬁerh aSfnsisted fd meREIngﬂalaném e. in a
negative feed de) using the servo controllers 148 (step 61

Gener at i ngfegnsney eeshifsing thefreaesacy pinnalbean pepion s pachdepa i OPHEE
gener ati Nl ehaGhr ARl FuihiM PRI ShSAhe HOMTIENR AARGLERY 1) €9 ty si gnal

at the output o e interferoneter (step 25 614). The el ectronl C |nten5|ty
signal is &iRalifer deriltipledog ﬁvenom(amt beams watbiinfpiaating abasi eachindivitiel phase of

the lnterfgalsgg ,fmgg,gb%rmxzugf %gls%)%nq qogyba éne&tésfaﬁeet@&tamt@

intensity elTvére ect oni ¢ connectors 136, with a
si nusoi t aetghdtleyfmﬁsmmgtﬂye ﬁtameﬂéﬂtdgnierfexea@tpaﬁﬁaelemﬁﬁte@ a59 134enpthe16) . 30

gain and bENRFUETE b GRR RO ed T e g DG b SR I 1 s
148A), but phie of MRF interference patterns, which the stabilisation system 104 uses to determine
changes, or fluctnations, in each laser frequency Vige, (step 608). The stabilisation system
104 counteracts the changes, or fluctuations, in each laser frequency (i.e. the laser phase
20 noise) by controlling the laser's drive signal (i.e. in a negative feedback mode) using the

servo controllers 148 (step 610).

Generating the electronic phase signal (step 606) is performed by generating an electronic
intensity signal from the optical intensity signal at the output of the interferometer (step
25  614). The electronic intensity signal is an alternating current (AC), or oscillating, signal.
The phase of the interference pattern is measured by demodulating the electronic intensity
signal, delivered via the electronic connectors 136, with a sinusoid at the frequency

Fro=F40um in each phase meter 138 (step 616).

30 The laser's frequency noise spectrum is locked to the MZI 114 within the gain and
bandwidth of each feedback loop (including each servo controller 148A), but the low



frequency conponent (i.e. including the actual central |aser frequency) can
be | ocked to another, selectable reference (e.g. a different nol ecul ar
resonance for each laser), by providing slow feedback to the frequency

of fset between FLA9 and FAOM using the offset nodul es 141. The bandw dth of
the sl ow f eWFAWK3138Hp depends on the gain of the 5 fe@EBACROPOYFIHed and
the bandwidth is typically a few Hz to all ow each |aser to foll ow sl ow
drifts in the central wavel engths of sensors, for instance, due to
tenperature. System Operation: Experinmpgnts 10 Experinents were conducted
using the stabilisation system 104 with one of the plurality of |asers 102
inthe formof a distributed feedback (DFB) di ode |aser, being a JDSU CQF
935/ 708 sefrb@sn k)@:%ﬁllf (W fnbludink HRAWLALRNE 1dsSTRhiRY) Mook g

free-running | aser frequency noi Se of the DFB di ode | aser was reduced to
about 400 HPHReleRiEe Eivenda s &tarfh@qfelﬁﬁﬁﬂﬁcu}ar #@P@a(lfferfemmh-lki)%r) bEpresenting a

noi se_supppesin @]o‘?vffeéﬁb%l; t%%@fr&ﬁx@nc? offker b d%m}P ¢ BfsetNOWN i N
Fig. 7. The stabilized nolse oor I's set rinsic [aser noise which

coul d not Be lé?fﬂﬁén@m‘@édwléfh Hyhd devefeedhack l:mp dfqunémn e gaiThéthpoi se

Suppr essi OR.&RR¢ ﬁ%ﬁﬁ%aﬁ@’iﬂe 9@@%&%8%’;&&92'&%{9%2:% alkQy & 198 1 fgélte{’val ly

noi si er |asers, nmeasur enents were

out - of - | oofiow §Tlﬁglﬂéhﬁ @@tmlmpbngtémf sexgsaisi for dtsdceader iquénaerfmrequency

reference. The vertical axis is the spectral noise in units of Hz/qgHz, and

t he hori zontal aX|s is the frequency from1l Hz up to 5 kHz. The upper trace
D153 geimpBeparupentsf t he di ode | aser when it is free running.

From 6 Hz upwards the noi se follows roughly a 1/ 4F dependence. At 10 Hz the

noi se is 10 kHz/ 411z, trailing off to 400 Hz/')Hz at high frequency. The

dom nar® peglesments iwaee:ohmcttddexsﬁ‘fg tispeabilisatonofy st d 04 plaront bithe pliditadste

For the ai BE 1098 e om0 4 rORpataah DR e Brae B of the

di ode | as e935me Beriel ®REIMD Withedineailtcoiies dhand HE MEheStadhudrigebieon System

104 suppr es sed t he, no t he AC peaks 0 a broadband noi se
[V oor | overcianse eisr aE DHTedt i ez 3 Arrbt U RERGe o e o 5

| cHz. Thi Sbahﬂ@iaﬁlbﬁmeom@ 15254 ommsprsﬁnd@g £hdlid Pk dnwidairan baler HF 0OCeSSES
in the DEB diode |laser itself. The broad resonance 706 at 20 Hz just above

t he br dadbaramtAg; 4d0 ﬁzoﬁ“rShP‘é’Bﬁ‘é@én'f J'hg sigbitigednoiss flogy s selby driripyic 1&S“JV\AD
2009/ 132398RCT)AYRAAR RROS dnpendsfoc fof BPer btk afAiBACe pi cked up by the
out-of -1 oop reference used for the nmeasurenent, i.e. was not intrinsic to
the stabilization process. The peak at 480 Hz probably represents a

mechani cal -y, %g@?%t? E;Bn%ﬁ;ﬁo%h‘&‘%wo%ﬁ&é&is Bfmgggxlﬁtg%% Qﬁo%tfbpﬁqbiaﬁvfj’ﬁmgl nguency

ref erence (use neasur enments), excited
acoust i callksers, as shown in Fig. 8. These measurements were made out-of-loop using an

20  independent, calibrated and quiet frequency reference. The vertical axis is the spectral
noise in units of Hz/VHz, and the horizontal axis is the frequency from 1 Hz up to 5 kHz.
‘The upper trace 702 shows the noise spectrutn of the diode laser when it is free running.
From 6 Hz upwards the noise follows roughly a INF dependence. At 10 Hz the noise is 10
kHz/\Hz, trailing off to 400 Hz/Hz at high frequency. The dominant peaks visible in the

25  spectrum of the upper trace 702 are related to residual 50 Hz AC, and higher harmonics, on
the current driving for the diode laser. The lower trace 704 shows the noise spectrum of the
diode laser when the servo loop was closed, and the stabilisation system 104 suppressed
the noise, including the AC peaks, down to a broadband noise floor level (400 Hz/\!Hz),
which was generally flat from about 4 Hz to 5 kHz. This broadband noise floor was

30 determined by fundamental processes in the DFB diode laser itself, The broad resonance

706 at 20 Hz just above the broadband noise floor represents a mechanical vibration of a



5 In an exanple multiplexed stabilisation system 104, four DFB fibre | asers
with central frequencies separated by 100 GHz, were coupl ed sinmultaneously
to a shared (or "conmon") Mzl . Each | aser 102 had an individual servo
controller 148. The measured noi se spectra, in Fig. 8, show that there was
sufficient VOGPUUPEH bet ween adj acent channels 10 to aBRT/AYOHBHEHT
suppression of the |aser noise. The four DFB diode | asers were | ocked to
the sane MZI using optical fibre multiplexing equi prment. Three of the diode
| asers exhibited essentially the sane.{rat noise floor at a |evel of -800
Hz411z, extending in a band fromroughly 4 Hz to 5 kHz. A representative
free running noi se spectrum (shown as plot 804) for these three lasers is

subst ant i aldpls-165 RBSRA tim(@dh 8y HRGIEGE 136} q 5 ppwn as
pl ot 802). aThe ourt.hce jlode Fager (f?fomgﬂé%geirﬂcgr%ﬁ?a%nﬁggggﬁ}egghgnd

possi bl y dPPT et étngco dersiabilizetign maeess (The heakyat 40 1da probakily tepresemtiase {1 oor  at
400 Hz/ qHz meshaim r8sdnilcOin R0 @ounﬁ‘ﬁecﬁ@% Y. o%@@lo&b?ﬁ(&g@%@y FERLGERRNELNY T he

noi se spectra during operation of the multiplexe sat1on system 104,
t he noi se dns the measwieantsh ingt i bies ildatoiterexeipd emmsiieallpper ati ng i s

i ndependent of the nunber of |asers 102 which are |ocked to the MZI 114 at
20 any one tine. System Applications and | nplenentation The stabilisation
syst em 104lrcarexprapla swifiplaxed sigkitisadiop bysteat 1WnHubBEB dibomlasans with ekl fi bre 25
system in -at | Gl ~ofel Rr [ nn d Vi he coupl er 115,
such as ar frg dsg&g% sjgﬁ%g ?t‘g“g%’% @I Gl%&%%%%ﬁ%@ S%’r‘\lggﬁeé)gﬁ gonaes\sf’afaé%t(%rei smc

det ecti on &ppincdtMBhEacktseredidnpd ey intliveduelpeivoabnteadlepl 48, Thd messpyed

comruni cate..wi th fibr ensor.s .i.n _a sensor. st em 9Q0, as. sh in Fig.

50 The. et oot Fn S, Td bt vRe RRFerd 13l belRer R APEgS of ©

: aser s,10i nl auléibvmdoheuﬁbiéskibn béthe tasdGdAe. Thd ?OUEF\B diddy l:eae wehdodel o Ih €. one
aser 102A,an sensor, 902A -.18 - (with t "ith" EFPl), are shown in
Froc ot R Reip e B oA mi lexing cApenta Bies, e G0 bieraugi 11 on

| asers (of edhitded 8ss&R)ly aiedarht BawnciRRanoedts 16vel 4800 RO L edeiagrigapondi ng
plurality of sfensor in_series :ag a sensor fibre 908, The sensor array
fibre is, Paof Tomonehly 4 Z|t%ﬁ§H|Z GEPResERtatye fFog THININg NoieSPesEmdEhoswies | wher e

each sensoploi $1G) fd@Rscthive 1dsBi8s fxﬁ%ﬂt‘raﬁg rF&Iate't e tbesReBL&ke fidof Bhektrhiar
responding, to fibre strain via a suitable transducer on the ocean fl oor,

e.g. f P ofshovwzs %@0@.}( Eh%ﬂ%z{th Gipde laser (from a different manufacturer and possibly
different construction) was slightly quieter with a noise floor at 400 Hz/NHz (shown as plot

806). As shown by the plot 802 representing the noise spectra during operation of the
multiplexed stabilisation system 104, the noise remaining when the stabilisation system is
operating is independent of the number of lasers 102 which are locked to the MZI 114 at

20 any one time,

System Applications and Implementation

The stabilisation system 104 can be used in laser applications based on an optical fibre

25  system, incorporating optical fibre sensors connected via the coupler 115, such as arrays of
all-optical hydrophones and geophones in seismic detection applications. For example, the
optical coupler 115 may communicate with fibre sensors in a sensor system 900, as shown

in Fig. 9.

30 The sensor system 900, as shown in Fig. 9, includes a plurality of lasers, including the

"ith" laser 102A. Although only one channel, i.e. one laser 102A and one sensor 902A



Most of the light fromthe |laser 102A is used to lock the laser 102A to a
Fabry- Perot node of the correspondi ng FFPI -based sensor 902A, using a
Pound- Drever-Hall (PDH)-based 10 RF interrogation technique, e.g. as
described in International Patent Application Publication No.

WO 2007/ 0450989 1R3ar at us for interferometric sensi ngPCTGUTHEORSSt ral i an
Nati onal University). In PDH sensor interrogation, the | aser beamis phase-
nodul ated at a frequency FpEnf, based on a periodic signal with this
frequency froma signal generator 909A8-The correspondi ng FFPI sensor 902A
creates a neasure of its 15 strain by converting the phase nodul ati on of
the | aser beaminto an anplitude nodul ati on. The extent of this anplitude

modul at i on(vith thetigyr wng,cbr@moamexowg% mmduiﬂmeﬁ%lcmwn@ﬂeumt)m 9840A and
is driven_at Fpon t he si gnal gener at or

912A. The PDH.m
STOS? The Qfﬁ\”g rﬁﬁdlf"i’f@ﬁ@w ({%ﬁ@%ﬁ” Wiﬂn‘bﬁhf(‘?lcb?é’éelﬁ? ingFPEAte & gnal " used to

det erm ne doh%s;ﬁ)hﬂﬁg!ﬁh@d]ﬁy 6QehsBfkin kR ASRhsol BBR J08. ThSseh@rhgapapdig FFPI
via a servp 20 914A. The servo 914A i ncl udes anal ogue circuitry and/ or

digital fifF ﬁéoncséﬁtgﬂm fibrrevistompltiple sersetfuwheg cesh sprser iggludesspondi ng
| aser 1@2Aﬁbr§95]@:fr@ferott hﬁerfei'cglmterf(ﬂﬁpn f‘o@?esbtﬁﬁiﬁ{g t&ﬁgé s’tr§1anﬁ5ﬁg from the PDH
beam by the cou 115 and directed to the single frequency reference

provi ded Hpﬁr@%emthmanﬂmrmg gerdilpdeapsplartionaser - f requency- t o- RF- phase
conversion. The frequency of the AOM 122 is selected to be smaller than the

PDH nodul ation frequency FpO71 to enable RF filtering of any residual
anpl i t ude Madof deilight fam fspaser (0g&riensetdelloak therasaniiZédo byFaprydttod medé t he PDH

Pow pass 1 er e sARRE TR fsid ndh SpAA 3 s30ul POINALSul PR ST P o e
Mzl 1140 sSREjitantoghifringsadiqbs, etehas BGeribetVindni@ditions) @aﬁﬁt/ﬁmﬂlemoby a
cor - copanc MiGRURSEESaSi 1A AR OISR WAL, 1075050
2009/ 13239&&@&%@9&1&@@&@% h®PDH eernscﬁpmcrrd'gaaori |t1het leseeteami Ymphhset S t hen
used as t hrgofutla at :) re%{xe%@y %ED%,dgaSgCi( ona genodto szgnal wx?h this frequency from a
signal generator 909A. The corresponding FFPI sensor 902A creates a measure of its
15 strain by converting the phase modulation of the laser beam into an amplitude modulation.
The extent of this amplitude modulation is determined by a corresponding PDH
photodetector 910A and mixer 912A. The PDH mixer 912A is driven at Fppg by the
signal generator 909A. The output of the PDH mixer 912A provides an “error signal” used
to determine the strain and to lock the laser 102A to its corresponding FFPI via a servo
20 914A. The servo 914A includes analogue circuitry and/or digital filtering to control the

central frequency of its corresponding laser 102A.

Some of the light from the laser 102A is separated from the PDH beam by the coupler 115
and directed to the single frequency reference provided by the MZI 114, which performs

25 the laser-frequency-to-RF-phase conversion. The frequency of the AOM 122 is selected to
be smaller than the PDH modulation frequency Fppy to enable RF filtering of any residual
amplitude modulation at Fppy (generated as an unused by-product of the PDH phase
modulation process) in the stabilisation feedback loop, using a low-pass filter (LPF) 916A
for each laser 102A. The converted light from the MZI 114 is demultiplexed by the

30  DeMux 128, and detected by a corresponding photodetector 918A. Each photodetector

signal is low-pass filtered by the LPF 916A to remove the residual amplitude modulation



frequency noi se stabilisation in each individual |aser 102A via phase
nmeasur enent and feedback in each correspondi ng servo 914A. Each servo 914A
i ncludes digital or anal ogue el ectronics equivalent to the phase neter 138A
and the servo controller 148A. 5 | ndependent tuning of each | aser using a
further fec¥BAtRIEAY control |oop, such as the PDH | ooBCHAYRMPB¥E Tabove,
allows the laser to follow slowdrift in the optical wavelength of its
correspondi ng sensor (e.g. the FFPI sensor 902A). The further feedback and
control |oop, such as the PDH | oop, map be at a | ower frequency (e.g. bel ow
1 Hz) than a signal 10 bandw dth related to the sensor (which, for exanple,
may be | ess than 500 Hz for an accel eroneter), thereby providing an "open

| oop” measaRpRThedilicdd sidnd] is ﬁleﬁ%eﬁ% mé%{amsatnﬁ RRIDELM sebinhl 1f khe further

f eedback apd control | oop may be hig reater than 500 Hz for the
accel er one %Q"anyﬁﬁ’ﬁetgﬁéﬂ@i”ﬁ’ﬂéfll eqshn@wumahlasqr ﬁ@@gw phrsyRaasHgmenteed osed | oop”
nmeasur errenfee&facﬁ ;nreabmc i

bandw dt h, e.g. Dn(e?;& ?%&g?ﬁ#}at@%ﬁgﬁ?&9ﬁﬂﬁfn@§ﬁ§s cgé\;faﬁaﬁ% ﬁf& éurther

f eedback aﬁEFt’@éﬁﬁ F@%“’ﬁl%fp‘@ibéhf’é%mﬂ@f b8 Agenfiteaygeveopntillgnéd84.han the required
si gnal lgandvm dth may i ncrease dynam c range and linearity, and reduce

di stortion, | asers can be multiplexed onto the sane frequency

ref erence @éﬂ?@@ W Begrad epall lesepising aniyrthey déedhasitand eondrol leoprsgelaas the r ayed

wavegui de %ﬁtlﬁdx)gieg&%& afﬂo%vmh@ lafs%xl tg]féll v& ﬁgwqﬁﬁllff ﬁlﬁ oé@cai ﬂa&e‘? nation

wWith array tec l'ogy, e s stem may ess ky,

| onger rangﬁatsanuemn@ng:mnms{e @rthar‘ﬁ%HIstram9Q2hanTbe<fusth¢rrfg=dbh<écmdomtml

t echnol ogi t
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frequency shlft i e t he , 114 1S _provi

gl at or SPHEbmete BB Robiaidelh Bion 1881 mchaReGHiaT St a0 ARGhERs o
frequency bandwldalt of the Suthby ﬁsdbadsk ki eGitrad dglpintayrtediidiat (g, g&@tei thars SO0z

enbodi nent t he ar, he 14 is for.ned optical fibre,
wound on aP ﬁg‘(eéFceieﬁB‘gFtewr%aﬁjfge ﬁk?’f‘é%lbé? 5eéqy|p§0\f5é{1%eqli 0r‘?i’n and 200 mm
this - 20measticaiRBE &istrbia. CIRSEMBIIEAINSIp dplRitsROPhighs: bra@dvﬁﬁuhye Ywigorpact but
yet V\nhgout excessive induced bend loss in the wound fib The netal spool

al so i ricr eWuEanR 2boyd pHEHZ R layingfhe fyehgr dergd W@G%‘%}ﬂ%?@“éﬁ‘f@/%?‘ danmpen

ef fects of pepehdyaipRAtRh tﬁeer%ﬂﬂ'e@tslgﬁaﬁ bMﬂW1§th'n%$n&éhsE Bﬁlahm Rhfemgneter 114,
Furthernore, stiffness of spool makes bre |l ess susceptible 5 to

acoust o- melitsariveand r@dméimmm@ |Marwﬂ@se@m b@mﬁﬁwﬂexecméo ihersame Epgieater 114 s
i sol at ed i i ment .

For exanpl SorRe b HaRlaf BERKRINE Sl 4B, LiRe B LB DO R e e ¢
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20
In combination with array technology, the system may be cheaper, lighter, less buiky,
longer range and more corrosion resistant than existing electronic technologies used in
ocean environments. This system may allow very sensitive detection of acoustic and sub-
sonic signals (geoseismic) down to a few Hertz by reducing laser frequency noise.

25

In some embodiments, the frequency shift in one arm of the MZ! 114 is provided by an
optical modulator other than the AOM 122: for example, other types of phase or frequency

modulators such as an electrooptic modulator,

30  Insome embodiments, the long arm 118 of the MZI 114 is formed by an optical fibre,

wound on a metal spool with a diameter typically between 30 mm and 200 mm; this



10 I n some enbodi ments, software-controlled Field Programmable Gate Arrays
(FPGA) incorporating RF digital m xers and phase detection are used for
phase extraction. Digital analysis and control of the clock 144, of the
phase neters 138 and of the servo controllers 148 allow the |asers 102 to
be i ndepend¥AePY/1#2itfed by injecting a digital tuning sPGHAUZROYSthe
digital control |oop for each laser (i.e. the offset 141 is digital). The
digital nature of the 15 systemallows for sinple scaling in the nunber of
sensors as well as convenient and qui ckgsoftware changi ng of gain and
bandw dth variables in the feedback | oop. Many nodifications wll be

apparent to those skilled in the art w thout departing fromthe scope
of the pregrmbtel BB Qﬂthﬁﬁth@ﬁs’ Haréi&%rylelaﬁlga%aﬁyef @it&é@@%ssfl& the
acconpanyln 20 dramnngs and defined in"the clains. - A

met hod f or X&eagiberdsiossgn shepwenng fibesy The mefat spae! a’?slﬂé%ﬁii@ﬁ%ﬁfb%*h@ﬁméﬁ@mqfespondl ng
plurality ek 1&@%% tcpﬁ@?ﬁ:ss mmr @&nﬂenfeffﬁet@efen%ﬁ&%aﬁmw@ El&eaiohd\q] udi ng:

5directing the plurali |'aser  beams into an optic requency to
radi o- f r eqeARgrigsermeier U&n%?he@nor@,waffn@epﬁhespoal @h’&ﬁ’séhf: fhre tpgesveseptide er ence;

gener at isng4o eié@ﬁs'ﬂngaﬁn QrWlﬁ'Elﬁ&l QM{ ﬂ%xlﬂrltyﬂ%fm RLicGiter 914 R %ia?édg nal s

correspondin o the ura aser eans an representative
frequency megl@tm@lbi @ﬁ@cmtlwé]é rfronh@e srewa@ng vxem@emwtal*‘orrewqm@,rthw E@I and t he

S e " R LR SRR A RASRALA R Rl e Blac B GOT T PO DU DI

signal s, correspondi ng e plura I"as using the plurality
of opti cal msthyniahlly isolating legs.

10 Insome embodiments, software-controlled Field Programmable Gate Arrays (FPGA)
incorporating RF digital mixers and phase detection are used for phase extraction. Digital
analysis and contro] of the clock 144, of the phase meters 138 and of the servo conirollers
148 allow the lasers 102 to be independently funed by injecting a digital tuning signal into
the digital control loop for each laser (i.e. the offset 141 is digital). The digital nature of the

15 system allows for simple scaling in the number of sensors as well as convenient and quick
software changing of gain and bandwidth variables in the feedback loop. .

Many modifications will be apparent to those skilled in the art without departing from the

scope of the present invention as herein described with reference to the accompanying

20 drawings and defined in the claims.



determining a plurality of radio-frequency phases corresponding to the
plurality of electrical output signals; generating fromthe
determ ned plurality of radio-frequency phases a corresponding 15 plurality
of feedback signals indicative of the respective frequency fluctuations;
directing the plurality of feedback signals to a corresponding plurality of
wavel ength controllers of the | aser beans to reduce the frequency
fluctuations of the |aser beans; nodul ating the frequency of a portion of
each | aser beamin the converter, basegion 20 a nodul ation signal, to
generate a nodul ation in each optical output signal; and denodul ati ng each
el ectrical, output signal to determ ne the radio-frequency phase of each

el ectrical gt signal, wherein the converter is in the formof an
interferometer. 25 2. A nethod as clainmed in claim1, wherein each

nmodul ation is an anplitude nodul ati on, and the nodul ated portion of each

laser beamyi s '@.xﬂetﬁécf B @RS o NGy D Bhh RIRABSRHes ofa cofxeBRubag as cl ai med

in one of clainms 1 2, wherein the shared frequency reference is defined

by a val ue pbiralifn Oéﬁﬂmr pesvep: hpviriesiifaren cotiral liruppaicsy mevdigter. - 22 - 4. A
method ag clai nﬁgedtiﬂgﬁ'le%'lﬂlﬁ% %IQ&E Géa'ﬂ'ls uk‘:@a.ﬁ BHRET RERBRY Q6 radf-RedUlfd) Zehnder

I nterferoneter as clainmed in any one"of clains Ito 4,
wher ei n t hghasdohartedthgdefitasg sbirediremerryrgdspcheam i s nodul at ed usi ng an

acousto-optic ”%gﬁélra%lg,rusing the converter, a plurality of optical output signals corfesponding
to the plurality of laser beams and representative of frequency fluctuations between the
respective central frequencies and the shared frequency reference;
10 generating a plurality of electrical output signals, corresponding to the pluraiity of
laser beams, using the plurahty of optical signals;
determining a plurality of radio-frequency phases corresponding to the plurality of
electrical output signals; '
generating from the determined plurality of radio-frequency phases a corresponding
15 - plurality of feedbaok signals indicative of the respective frequency fluctuations;
dlrectmg the plurahty of feedback signals to a corresponding plurality of
wavelength controllers of the laser beams to reduce the frequency fluctuations of the laser
beams; | '
- modulating the frequency of a portion of each Jaser beam in the converter, based on
20 amodulation signal, to generate a modulation in each optwal output signal; and:
demodulating each electrical output signal to determine the radio-frequency phase
of each elecirical output sighal, ' '

" wherein the converter is in the form of an interferometer.

25 2. A method as claimed in claim 1, wherein each modulation is an amplitude moduiétion, '

and the modulated portion of each laser beam is in a first arm of the interferometer.

3. A method as claimed in one of claims 1 or 2, wherein the shared frequency feference is

defined by a value of an arm iength mismatch of the interferometer. N

30



6. Anethod as clained in claim5, wherein the nodul ator has a nodul ati on
frequency |l ess than or equal to about 200 MHz. 10 7. A nethod as clainmed in
any one of claims 1 to 6, wherein the denodul ati ng of each electrica

out put signal includes using a denodul ati on signal based on the nodul ation
8. A nmethod as clained in claim7, wherein the denodul ati ng of each

el ectrical output 15 signal includes m xing each electrical output signal
with a local oscillator signal associated with the nodul ati on signal. 9.
A method as clainmed in any one of clakps-1 to 8, wherein the generating of
the plurality of feedback signals includes using a corresponding plurality
of independently 20 variable offset signals for independently tuning the
central fraqueneiRd aotiakle il A8ier3, RERIE: the HbrfofniRdrROsNASH-2tiased i n any one
of the pre&gdingmclains, wherein the directing of the plurality of |aser
beans i ncl dUELIIFEEti ng using an optical multiplexer. 25 11. A nethod as
clainmed in any one of the preceding clains, including demultiplexing the
plurality of optical output signals before the generating of ‘the plurality
of el ectri gal A iekifutas Slhiea lirany one $Bclaimbd-to 4, WREAR thedfodulAlaRMidnbrany one of
t he preceding clajns, wherein the plurality of electrical signals includes
digital i Q?Fg‘llé‘%er Beaynis medplated BHngan acpustorerfic modworone of the preceding
clainms, wherein the generating of the feedback signals includes using a
plurality of feedback filters having respective defined bandw dt hs. 14.
A met hod. ag. CA ieiR ab Blafle@in1did 5, WRFH Me BRENaLERARAI Ik BERASy @ gain -
and 10 bandw dth defined by one or nore proportional-integrator dnits. 15.
A net hod adese than seervehio @bt UMHzpher ei n each feedback filter bandwi dth

i ncludes frequencies greater than zero MHz and | ess than about 1 MHz. 15
16. A method as clained in any of the preceding clains, wherein a

periodi g ty, of fdiRAUS BEndM Ai3idne B El8intsh 80 ksp%/fﬁér&ﬁ ERRIBAulhtfng@f ch@ast . four

times greater than a free-running |inew dth each | aser beam . 17. A

met hod as éleairiealcpuisigen] inchidesgismg adiemgd@ntianmpignaliiseadeindhe medulgivar ' beans are
20 generatg%nw$ing di ode | asers.

8. A method as claimed in claim 7, wherein the demodulating of each electrical output
15  signal includes mixing each electrical output signal with a local oscillator signal associated

with the modulation signal.

9. A method as claimed in any one of claims 1 to 8, wherein the generating of the
plurality of feedback signals includes using a corresponding plurality of independently

20  variable offset signals for independently tuning the central frequencies of the lager beams.

10. A miethod as claimed in'an'y one of the preceding claims, wherein the directing of the

plurality of laser beams includes directing using an optical multiﬁlexer.

25 11. A method as claimed in any one of the preceding claims, including demultiplexing the
-plurality of optical cutput signals before the generating of the plurality of electrical output
_signals.



18. Optical and electronic circuitry configured to perform'a nethod as
claimed in any one of the preceding clains. 25 19. A system for stabilising
a plurality of output frequencies of a corresponding plurality of |aser
beanms, having different central frequencies, including: an opti cal
frequency to radi o-frequency phase converter that detnes a shared frequency
reference, for generating a plurality of optical output signals
corresponding to the plurality of |aser beans and representative of
frequency fluctuations between the 30-R28spective central frequencies and

t he shared frequency reference; - 24 - a plurality of photodetectors
for generating a plurality of electrical output signals; corresponding to
the plurali

ity,of |aser, beans, using.the plurality of optical,signals;
Lot bty TS Pl ks 08 et P Qs wbireig Bers R ol o o ¢y o
r adi o- f-r equaseicadi@tBSnddbdet bigitglls@blki cal out put signals, a corresponding
plurality of feedback 5 signals indicative of the respective frequency
fluctuations; and ~~ a plurality of feedback circuits for directing the
|urality of wavel ength

pluralit f feedback signals to a_correspondi hg .

control | %r (511.306 St aﬁg%f‘g%éﬁﬁ’%}’ 6 of dpeseed i S TRsed) Gy ﬁ%&"t"ﬁ%‘}% ke of the
| aser beamgeedbhd sG@RMGRdIRIes hdied AislinRbtyds FRRabHcR Fifkrs haFingRYc:d dd@nthe
frequency q%p@ﬁ@ﬁ{tlon of each |l aser 10 beamin the converter, based on a

nodul ati on S- to generate a nodul ation in each optical output signal,
and each phase-responsive device including a denodul ator for- denodul ati ng
‘each electrical output signal to determ ne the radi o-frequency phase of

each el ect ridcAlmhddd blahNA blainVis: icftid &6h FRMHEK HREr HaSa baln bite form of an

interferometer., . , .
10 bandwidth defined by one or more proportional-integrator units,

15. A inethod as élaimed in claim 714, wherein each féedback ﬁltér bandwidth includes

frequencies greater than zero MHz and less than about 1 MHz.

15 16, A method as claimed in any of the preceding 6Iajms, wherein a periodicity of
frequency variation in the interferometer is at least four times greater than a free-running

. linewidth of each laser beam.

17. A method as claimed in.any of the preceding claims, wherein the laser beams are

20  generated usiiig diode lasers.

18. Optical and electronic circuiiry configured to perform a method as claimed in any one

of the pfeceding claims.

| 25 19. A system for stabilising a plurality of output ﬁequenciés ofa cbrres'pbndihg.
plurality of laser beams, having different central frequencies, including:
an optical frequency to radio-frequency phase converter that defines a shared
frequency ;eferenc_;c, for generating a plurality of optical output sigrials corresponding to
the plurality of laser beams and representative of frequency fluctuations betweel;l the

30 respective central frequencies and the shated frequency reference;



15 20. A systemas clained in claim 19, wherein each nodulation is an
anpl i tude nodul ation, and the nodul ated portion of each |aser beamis in a
first armof the interferoneter. 21. A systemas clainmed in one of clains
19 or 20, wherein the shared frequency reference is defined by a val ue of
an armlength msmatch of the interferoneter. 20 22. A systemas clained in
claim 21, wherein the interferonmeter is a Mach-Zehnder Interferoneter
23. A systemas clainmed in any one of clains 19 to 22, including an
acoust o-opti c 25nodul ator for nodul at+2d t he nodul ated portion of each
| aser beam 24. A systemas clainmed in claim23, wherein the nodul ator has
a nodul ation frequency |ess than or equal to about 200 MHz. -25- 25. A
system gs clja: mﬂﬁaﬁtﬁﬁh@tﬁt&t@fm@foﬁgd&rﬁmﬁﬁg té pludity offeicrionl dufyert dgamelul at or
uses a denodul ati,on si a the no tion signal. 26. A system as
o mad | neCTpiRs S g Sew BrcedhonurDl AL udes a5 xer
for mxing eacha glh@ﬁtyrdf@aésewpmtveswmlfowgehé}amlgl 261la mﬁlltblo@mioﬁl gnal

em as

associated with t i on .si gna ysit C in any one
of clainms F&MEEH aswgﬂe f?ctéla% KU hsé@‘aneélﬁB‘ﬁ%SP?}E‘“&’eR}Wélé @2 ézedaac

cor reSp@ndm@ﬂals ﬁhdi%@tﬁfédﬁﬂfe'réép&oﬁ%ﬁ %&n@ifﬁ@%ﬁ&lsgé}@' for independently

10t uni ng the central, frequency he corresponding | aser beam 28. A

system as cl ai n%Hl“faH‘Y&WeeS??ék S’FC"@IS zi‘i’fr%re‘ltglgtﬂé? phyrality of fegelbash sigralafta cal

mul ti pl exe&o&égpmﬂhfgq%hmg of\bﬁzeﬁhg'ﬂh%hﬁrd{leféfoflﬂﬁsié‘sér &%@g&) JeBb@ thiie converter.
15 29. A s§[stemas lainmed in any one of clainms 19 to 28, including a

demul ti pl eXequengy flerdiptipasiqfthedasagbeame. pl ural ity of optical output signals
before t hetlﬁ%Bﬁve@t%% ;rﬂaugag b B8 dRhE R h@m@ﬁng%@ﬁ&{uk@ of APbRISh of 5&&1%&

30. A systemas clainmed Tn any one of clarnms 19 29, "wherein t
pl ur aI il0y beanpindhe eanyerfer, Z@W@nalnsoduw@pmds@l,db gétierate amgdation in each

optical output signal, and each phase-responsive device including a demodulator for
demodulating each electrical output signal to determine the radio-frequency phase of each

electrical output signal, wherein the converter is in the form of an interferometer.

. 15 20. A system as claimed in claim 19, Wh‘ereih each modulation is an amplitude modulation,

and the modulated portion of each laser beam is in a first arm of the interferometer.

21. A system as claimed in one of claims 19 or 20, wherein the shared frequency reference

is defined by a value of an arm length mismatch of the interferometer.

20
.' 22. A system as claimed in claim 21, wherein the interferometer is a Mach-Zehnder
Interferometer. b
23. A system as claiined in any one of claims 19 to 22, including an acousto-optic
25 modulator for modulating the modulated portion of each laser beam.

24, A system as claimed in claim 23, wherein the modulator has a modulation frequehcy
less than or equal to about 200 MHz. '



31l. A systemas clainmed in any one of clainms 19 to 30, including a
plurality of feedback filters having respective defined bandw dths for
generating the feedback signals. 25 32. A systemas clained in claim 31,
wherein each feedback filter includes one Or nore proportional -integrator
units for defining its gain and bandw dth. - 26 - 33. A system as cl ai ned
in claim32, wherein each feedback filter bandw dth includes frequencies
greater than zero Mz and | ess than about 1 M&z. 5 34. A system as cl ai ned
in any of clainms 19 to 33, wherein a p&riodicity of frequency variation in
the interferoneter is at least four tines greater than a free-running

| i newi dth of each | aser beam 35. A systemas clained in any one of
clains 19 25) A3gysteires leladinerbin anyponeradiclaings 19Fto @ odleer¢in therdsmodul@bousegiener at i ng

t he | aser ncy stabilisation of a
olurality of %]gﬁoduiat on sﬁggal Ba‘ndo%éﬁ:r%g&manoﬁ Q%HQ

optical -frequency-to-radio- frequency phase converter, that defines a shared
frequency reference, for generating a plurality of r adi o- frequency (RF)

si gnal s 1526 ¢pneerisalaimel pfclaim @guemein édch phasatréspassivsfdevibeincbdpeat i ve | aser
beans; a_.cor di S for
gener at |5ng pﬁ%’gg frr m it résc q?eol%tt{]a?m%#ssggal & aeloEag%Pc?lTh%r S?gnglea\é%)or%?azqsdpondl ng
plurality of\m&ﬂﬂbam&ﬂmﬁmmgnmor controlllng t he respecti ve frequencies of
the | aser beans, using the phase signals, to reduce the frequency 20
fluctuati ons, the converter |nclud|ng a nodul ator for nodul ating the
frequency rtio on a
nDduIatlongzjgﬁﬁem?scmnldﬁgﬁg %H%% ﬁﬂ% @ﬁ%eé%&%@ﬁ&&ﬁnse§§62p0n5|Ve
devi ce i ncl ud:iemge asedamdubeﬁdmg 1ﬁdﬂpe;diemt;dulnable offset aighal Bt isdapaidently generat e’

h th t he f f
ieﬁ'f er]l‘o e zﬁets I r'un%gneﬁn%g?ﬁg%%%cﬁ nﬁv@%@%ﬁ%‘%{%ia‘g‘?%ﬁ&lﬂ g;'[nl gn g? aplurality

of laser beans, including:

28. A system as claimed in any one of claims 19 to 27, including an optical multiplexer for

directing the'llalurality of laser beams into the converter.

15 29. A system as claimed in any one of claims 19 to 28, including a demultiplexer for
demuitiplexing the plurality of optical output signals before the generating of the

" plurality of electrical output signals:

30. A system as claimed in any one of claims 19 to 29, wherein the plurality of electrical

20 signals includes digital signals.

_31. A system as claimed in any one of claims 19 to 30, including a plurality of feedback

filters having respective.defined bandwidths for generating the feedback signals,

25  32. A system as claimed in claim 31, wherein each feedback filter includes one or more

proportional-integrator units for defining its gain and bandwidth.



generating a corresponding plurality of radio-frequency (RF) signals
representative of frequency fluctuations in the respective |aser

beans' using a shared frequency reference defined bjt afrinterferoneter; -
27 - generating a corresponding plurality of phase signals fromthe RE
signals; and controlling the respective frequencies of the | aser beans,
usi ng the phase signals, to reduce the frequency fluctuations;

nodul ating the frequency of a portion of each | aser beamin the
interferometer, 5 based on a nodul ati oAésignal, to generate the RF
signals; and denodul ati ng.- each RE signal to generate each phase signal

33. A system as claimed in claim 32, wherein each feedback filter bandwidth inﬁludes

frequencies greater than zero MHz and less than about 1 MHz.

5 34. A system as claimed in any of claims 19 to 33, wherein a peﬁodicity of frequency
variation in the interferometer is at least four times greater than a free~runmng

lmew1dth of each laser beam.

35. A system as claimed in any one of claims 19 to 34, including a plurahty of diode lasers .

10 . for generating the laser beams. .

36. A system for frequency stabilisation ofa plurahty of laser beams, mcIudmg
an optlcal -frequency-to-radio-frequency-phase converter, that defines a shared
frequency reference, for generating a plurality of radio-frequency (RF) sngnals
15 representative of frequency fluctuations of the respective lsliscr beams;
a corresponding piurahty of phase-responswe devices for generating phase signals
from the RF signals; and '
a corresponding plurality of feedback loops for controlling the resﬁectivé
frequencies of the laser beams, using the phase signals, to reduce the frequency
20 ﬂuctuatlons
the converter including a modulator for modulating the frequency of a portion of each laser
beam in the converter, based on a modulation signal, to generate the RF SIgnals and each
'phase-responswe device including a demodulator for demodulating each RF s1gnal to

generate each phase signal, wherein the converter is in the form of an interferometer.

25 37. A method for frequency stabilisation of a plurahty of laser beams, including:
generatmg a correspondmg plurahty of radio-frequency (RF) signals representative
of frequency ﬂuctuauons in the respective Iaser beams'using a shared frequency. reference

defined by an-interferometer;



-27 -

generating a corresponding plurality of phase signals from the RF signals; and
controlling the respective frequencies of the lasér beams, using the phasé signals, to
reduce the frequency fluctuations;
modulating the frequency of a portion of each laser beam in the interferometer,
5 based 611 a modulation signal, to generate the RF signals; and '

demodulating each RF signal to generate each phase signal. -



