1, . CLOCK RECOVERY FI ELD OF THE | NVENFHON—
The present invention relates to the recovery of a 5 clock signal fr Rced:
data stream and in particular to an al | -optical syst eThi§3eet Eﬁw
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out such a function. The i nvention al sg enconpasses a n

1 aser. In this specification the term"optical"” is| .

refer to that part of the el ectromaggebcE RECOVERY Whi ch 10 1s generally
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BACKGROUND ART
Clock or timing recovery circuits have the purpose of
extracting a timing wave at the symbol rate from a
conditioned signal pulse stream. Once recovered, such a
20 timing wave might then be used, for example, to clock
subsequent signal processing stages for the pulse stream.
The present invention is particularly concerned with the
case where the original data stream is in the form of a
modulated optical signal, as might be found, for example,
25 in an optical telecommunications -system. Hitherto, in
. order to recover a clock signal from such an optical data
stream the optical signal has been converted from the
op-tié.al to the electronic domain using e.g. a
photodetector, and the electronic signal subsequently
30 filtered to derive the timing wave. Since the bandwidth of
the electronic circuitry is inevitably far smaller than
that of the optical circuits, this clock recovery stage
acts as a bottle-neck, 1limiting the performance of the
system of which it forms a part.
35
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2 i' S_UMWXRY_ OF THE | NVENTI ON - According to a first aspect of the
present invention, there is provided a systemfor. réﬁn}\ShceyHﬁfBealRe},Qégg

from an opti cal | y encoded signal conprising: 5

laser; a nodul ator in the optical jpath of the op m m&w!yg u

of the node-Iocked I aser; means for applying an optica nput
signal to the Wﬁﬁmﬁ means for outputting an optical
pul se stream f aser; t he nodul ator in
response to the opt Aceblrd iege dded flrstsagpactrrgduthel RyespBtphRvenkianer
anpl i tude of ltﬂm:f'S.Qs gravﬁﬁ%dogt Egggﬁﬁf‘EQrt Qécb@éﬁ&' 62Vl $16RR" e8¥m an

| ocki ng the phase requenc e out put pllse streamto the
timng wave  optdcaildy Gpjlqoéfﬁq \B idmadd @pPmpIgkBing The present
|nvent|t(r)]n gr %\él deis AN maldle-ARdKE ﬁgg{x recovery system suitable for
use w an pul se stream | aser, Vi a duyl
driven by the 20 Gpheanl aéﬁqre% G‘Ped&pg' %Pegél ?‘2" RP{‘r’réF”g ﬁg%ét%&on
in t he | asyfr toke mqad-a,e;cﬂtédae&asﬁr; espondl ng to the ti m ng wave
of the optical nal

system can ope F°Eg %ﬂ%‘% ége?ﬁ,”gﬂgégigo%ncg&& G ut% %ﬁﬁ Eclel ©

rates attai nablmdultdtqmn\m'rdl onal el ect roni ¢ clock recovery circuits.

Moreover the resulting o ¢ trl RIS RP et dtr’idn ¥erdh the

further optical pr oceSS| n ‘§ Ications, wt hout requiring an
addi ti onal m@%@m@ﬁﬂ)tlmrconverm on stage. It is suitable for use

tC Ih<ra£ 3:‘ ?; e with opti qgiree;%iraa%inae&nq,n [ﬁé@@@:ﬁ@él eat aik 38pt16§gﬂ!§(y ev?mmt&ﬁi
a u strea t
subsequent opt i3 d&%%%}?lb 9a§@ef F?‘atsﬁg ad'ﬁfl‘?ﬁlﬂ}pnlléuaéﬁegdg‘d'gé\ a-
Preferably the tHsldpttieral path twhe- Lasear capityath&beby nbock ingrthe mse
connected,dn Oa@gc{*?iﬂger%qetn%%% Wl 68kput p}l&ganée}aahoeopaw {Phindave

optically aser cavit
of the optically encoded signal.

The present invention provides an all-optical clock

recovery system, suitable for use with an RZ pulse stream.
A laser is mode-locked via a modulator driven by the
20 optical stream of data. This results in the generation in
the laser of a pulse stream corresponding to the timing
wave of the optical signal applied to the modulator. This
"all-optical system can operate at data rates as high as 100
GHz, far above the rates attainable with conventional
25 - electronic clock recovery circuits. Moreover the resulting
pulse stream can be employed directly in further optical
processing applications, without requiring an additional
electro-optical conversion stage. It is suitable for use
therefore with optical multiplexing, regeneration and

30 memory access circuits. - '

Preferably the output pulse stream is used to clock a.
subsequent optical processing stage for the optically
encoded signal.

Preferably the modulator is a non-linear optical

35 modulator (NOM) connected in common with an optical
transmission path for the optically encoded signal and with
the laser cavity.



3 - Preferably, the laser cavity includes a passi g gk QQJBeen

R laced
shapi ng el enent. The inclusion of a passive shapi - .
t he cavity makes the output pul se stream nore robust, *ﬂ E il
susceptible to variations in the nodul ati ng, dat a.
modul ator is arranged as a cross phase nmodul at or (XPM

Preferably the mde k:%%g% b ga:gaéslgs%%béae\f%%fq ca udes’ ];;h aEéEVBf fzg)x?é?

| aser is parti cul arF vant I'ng I'n egratlon
system wi.t h opshapb.nm element. based transm ssion systehs. Preferably the

active medi um he! NEndDgeidpCked d gsgsieé%%@par@ralefnehhe 1thtﬁé|

transm ssion pathfor theotlcall enco nal, there i ng
the signal. 15cavity m?#@%&ﬁ\el BBFBPFoHu&&SpFEHePBr mPHPsrB?;BFEV r%ﬂda§5§%

of the i nkaBteptiblsd HD Falrikitd dridsein WHe lﬁ:dmlitnflgtd‘@té aser

cavity serving al so as atr SSi 0 fQr. a_nodul
of fers significant Pred eﬁfgty 3}}3&5‘?&%&& arrangﬁﬁdgsl ﬁcﬁ’é‘asfagg?géand
is not |imtedmoAudptlorcair)to the 20 systemfor clock recovery of the

first aspect of thePig:'lerfe[xiar]o\ﬁin f:l?g Bpderlock ke.dA ﬂﬁo&k EEC%Vefdi/b %riHJsIar'.n

accordance with the I'nventiron can a ageously
formthe basi sThe uss ofi al flbpm daber gmlpa;ré@eml@nky advpnbageews in

operating; g5 salkiliidatdid 1rr?ee§?atlon of theA@.g@rc@nmﬂtﬁ 8 %Q@Qfldfilﬁﬂéc-t

of the present invention, tthere is provid

egener a
optical signal based Eatismission SYshARat | Bret %r%WJgktP%CB%Wes??aéHP‘l n
accordance W tlpft hghé i holdedIRRKeOf1ddEr pé@i’@@b igw epattn of30the abgtdcal

rodul ator o1 ! CYhle Rt S bl Be M8 e Ol Ay encodlpslidrstovenyany om

nodul at ed si gnahnpllfym@sttmmngrh@/lal [ gned to the timng of the clock

fs' gnal. 4g iﬁ%a@%ﬂ] E)t‘é'dr ?Hi’ttﬁfg%féﬁsrreo@ aspect of

irst opticCal si gnal pat CArf
the invention, us:.ng a fibre laser with a part of the laser
cavity serving also as a transmission path for a modulating
signal, offers significant advantages over conventional
mode-locked lasers and is not limited in application to the

20 system for clock récovery of the first aspect of the

invention. _

A clock recovery circuit in accordance with the first
aspect of the invention can advantageously form the basis
of an all-optical signal regenerator, capable of operating

25 at high data rates.

Aécording to a second aspect of the present invention,
there is provided a regenerator for an optical signal
comprising, in combination, a clock recovery system in
accordance with the first aspect of the present invention,

30 and a modulator circuit connected to the output of the
clock recovery system and to a source of a data carrying
signal and arranged to produce a modulated signal
substantially aligned to the timing of the clock signal.

Preferably he modulator circuit comprises:

35 a first optical signal path carrying the optical
signal;



si gnal ; a second optical signal path cmgmgﬁﬁmképtacdd
si gnal output fromthe clock recovery system and *
non-|inear optical mediumconnected in common to the LH““

optical signal paths, the clock signal 5 punping the nmedi

cross-phase nodul ating the optical signal and substantially allgnlng

the timng of the a seQBHiCB tib?& é%ﬂairﬁ ﬂk%ﬁﬁ%gqe clock signal.

Preferably, the non-1inear I ca um i ator circhit is
a fibre nodul acywtputpfaian ém@/ ckORK 10eCOoYeRY eSYeRrMatddi s connected to

the first and Secong.non—ﬂﬂﬂéd%abp%hﬂﬁﬁlmBaEﬁﬁ é@nﬁeé@@@ iR 'ddiimon to the
confi guration. The use of a

onflq__llj_lratlon in a clg
recovery ci r cuiflrsdy ?Wﬂaﬁ?gﬁéﬁmQRﬁﬁc%¥agégF% IBﬂFhﬁ'a e clegkksigRalery
circuit, is paginpindf | ¥hedvaaiagRouthefebd crdmi-pHagy OviodRelat itig cthe

ith hi gh d foi it to th f t

bhysi cal di st uPBISEL STOAT Sna susBantiaday At bRied IS TR, o BEG
travel ling ophmnamjsigndlxnnitheppbeckesdgnelt|ons converts the phase
shifts into anpli t“%é?&‘ﬂ@%"”t}?@ non-11r85E0" §hR8che Tmddidfl APCEheOf

the present invention kre”I's provi aser system
conpri si ng: modulator febreuitisés; a fibre modukatonor BEAEPKRAPLNe E£hBre

| aser; 10 fibrd | hcaulRddrat 95 CEBAREEEEAI fth heheatfm@étt hndpEeeahd25
caV|ty of the fibre Iaser and connected i i cal

transm ssion pRRF¥cAl Sign’t BRERYNAP; aaﬂaop nirror cﬁﬁgﬁguFGFlgﬂfputting
an opti cal pul se st r'mén ﬁsemdfhea loop asirror configurakdondrini agclecgnal
nodul ati ng d/ Qk appl it e pat h
of the Iaser ca ec[D ery é Fﬁgf‘dé-by orﬁ)dieml éc%%%&qx{eﬁjatt%@ éﬁé@ fBEEBG%g 4
Accor di ng toaadkmnkhrasp&eryﬁCItmupteseﬁtpanﬁyﬂﬁharly advantagepys in

provi ded g gret hgd,of 3¢ ﬁé{@i@gra ek%'alg mﬁngupagnoebk;%'é e nGRied ty

signal, including the s ving a nmode- | ocked
| aser with the'antngﬂqgtqgﬁﬁxggjv1brat10n or other physical disturbance.

In the loop mirror interference between signals travelling

around the loop in opposite directions converts the phase
- shifts into amplitude modulation.
20 ' According to a third aspect of the present invention,
there is prov1ded a mode- locked laser system comprising:

a fibre laser;

means for pumping the fibre laser;

a fibre modulator connected in the path of the opfical

25 cavity of the fibre laser and connected in common with an
optical transmission path for a driving signal; and

means for outputting an optical pulse stream from the
laser; _

the driving signal modulating the phase and/or

30 amplitude of light in the optical path of the laser cavity,
thereby mode-locking the laser. _

According to a fourth aspect of the present invention,
there is provided a method of recovering a clock from an
optically encoded signal, including the step of driving a

35 modulator in a mode-locked laser with the optically encoded
signal thereby generating in the laser a pulse train locked



signal thereby generating in the l'aser a pulse train | ocked This Sheet Has Been Replaced
5 i n phase and frequency to the tim ng wave of the opti _
encoded signal . DESCRI PTI'ON OF THE DRAW NGS 5 . E | g
a system for optical clock recovery in 5.accordance wi th the present

i nvention will now be descri bed in detail, by way of exanple only,

with reference;to i A i I ch: :

Figure 1 is a éba %Q%FiPPSS?%gggﬁggg ggogbgrgggéggyaigg Sgi$%%i?gt1cally

Fi gures 2A andemnpodrdwstigmali.ne domai n picture and correspondi ng power
spectrum for a periodic train of | mpul ses and a randomtrain of

| mpul ses respectively; : Fi gures 3A and 3B show two alternative
exanpl es of 15QE§§Biéﬁ&gﬁxgﬁ4ﬂ§§ﬂ2éiﬂiﬂﬁﬁy circuits; . Figure 4 is

a graph ilbkustrati ngnpe inedts ig a0kyftem for bptétallr eloakDeeébobelyi tput

for a periodic pu pul se train and fpor a random . data | se train;
Fgure s i o n accRyBce sl Ehecpresont: fhyenbEon Wi v pe Gestiibea
Figure 6 is ia détagilambyphwayngf exhepdie @ally, with reference to the
wavel engt h-sel ect ] | erq . . Fi .7 is a diagram show ng an
alternative li %g:acroﬁ%a%%%iéyac%m si/’ cH? c"ﬂlrg#(?ﬁ% “Figure 8 is a

di agram showi ng a r #dgmarey tiisuat diagrampildustrating 2 sehockhnuecevery
device; 19 cirddi®4e 9 is an all-optical regenerator circuit;

Figure 10 is a frequency-tine_plot illustrating the shift in tining
effected by the cir&#Hguxss RY{uppd1 2B FRewothe timeriqopaln jpictyre an
alternative al lcotfdspOnd BUENPRi<Y spectPunCUfbr a periodic train of

impulses and a random train of impulses respectively;

Figures 3A and 3B show two alternative examples of
15 all-optical clock recovery circuits;

Figure 4 is a graph illustrating the evolution of the
laser from a DC field input for a periodic pump pulse train
and for a random data pulse train; _

~ Figure 5 is a delay characteristic for a fibre
20 modulator;
| Figure 6 is a diagram showing schematically a
wavelength-selective coupler;

Figure 7 is a diagram showing an alternative linear
laser cavity circuit;

25 Figure 8 is a diagram showing a recovery circuit
implemented as a semiconductor device;

Figure 9 is an all-optical regenerator circuit;

Figure 10 is a freéequency-time plot illustrating the
shift in timing effected by the circuit of Figure 11; and

30 Figure 11 is an alternative all-optical regenerator
circuit.

DETAILED DESCRIPTION OF EXAMPLES
Figure 1 shows the basic configuration of one example
35 of a system embodying the present invention. An optical
signal encoded with data in the form of an RZ pulse stream
is carried through the system in a transmission fibre 1.



DETAI LED DESCRI PTI ON OF EXAMPLES Figure 1 shows tThis Sb@ssmasBeenReptaced

configuration of one exanple 35 of a system enbodyi ng the

i nvention. An optical signal encoded with data in the @”!Hu’
pul se stream is carried through the systemin a transnission

6 A non-1|inear optical nodul ator ( 2 is connected in the pat h

the optical pd MO HHETEARE ISR} RPailatef (RMP 4 Se qofilte UPeE] 17
| aser gener at gsatth [ dhe sdigmal 1n| thleectiraosmiestionm figbwevef Baen NAM théS
| nput data. The Q&”édoer%ne?téci 3 e ggtt&l'ﬂ%ll‘é t?lno?UEHHt 1888P Gdviy 3 of

Fi gure 3A sho rst ex a cl ock recovery CI rcuit.
In this exanpla, m@@@-h@@éedobkéﬁrléser he laser,generatiessé pyilse train

incorporatd g podkdd etdir[iﬁ'% @l:tl‘?tﬁr% W&vle(fornt lF @Rl ¢abutadaty. THe gulwee

nmodul ator 8 is connected I n h the tlcal cavity and the
transm ssion syEab is OUEEEBcYb?eEnWPPﬁ 54t conprises a
si ngl e- node optigarel BRAr Showhi ¢h, deltathe aprfasmt eeceamlee ofhas cldaingt h

of 8.8 km A suitable fibre ail blec

name SMF/ DS CF%%"‘P‘?’SFA\’Cﬁflﬁf:}‘}cljjtI'nc¥ X%%ggfhorgl on ofﬁ%gndl ng, eL,]r\Igde
York 14831. isThi fibre daser @i spmsrpurshlnged fiibre awesujaden & in
operate il (e, 4850:BRka cal60 0Nkl DR IBSAL EI 8 g FEBRAS0La Gir

m crons, drane m crons and coat | ng, out si de 20
di amet er of 25oomnenowsth thecopticali gavitBupnd ibR) BFansnissien SYFHEP s

1.476 at 155 ssBBiated mthhQ:héi'éP@é&i@n It cﬁwﬁwlatsmmm@d@m
in Figure 5. The éﬂares ersion_mn

t he wavel engt hSP ctallreflbre'd‘é{t‘écﬁndlﬁf gpﬁepg'é’t?@f‘ cﬁtﬁ‘{"?%% 2 1)
|l ength neededoff @. athﬁ flzbreumaﬂmbatmbres:.s avaddtadyle n@@lmmgrchdly

required ase_shift er.al b

as [err]. fg H §& %% '1;]19%&1 nam%ropo(Pl onaF t(?l%ﬁJ rr([)% rﬂ‘ic't'ﬁeéB%%Lg
power and 't he corpomattemamt p6n Cenging,soNeWatYerker el4&3%. t r adBisf f iBetdeen
30 these twog; He SULEEE L84 Braf a8sdghidimBlespetaOSH Rie 1550 nm

region. It has a mode field diameter of 8.1 microns, a
cladding diameter of 125 microns and a coating outside

20 diameter of 250 microns. The effective group index of
refraction is 1.476 at 1550 nm. The dispersion
characteristics are shown in Figure 5. They are such that
the dispersion minimum falls between the wavelengths of the
data and of the laser cavity.

25 The length needed for the fibre modulator- is
determined by the required phase shift. In general, ‘the
phase shift need not be as big as m. The phase shift is
proportional to the product of the peak power and the
interaction length, so that there is a trade-off between

30 these two. The selected length of 8.8 km makes it possible
for the modulator to function at peak powers less than 10
mW, e.g. 5 mW. If the power is increased to 100 mW, then
the required length comes down by a corresponding factor of
100. In general, for passive mode-locking of the-laser

35 cavity by the data stream to be effective, a phase shift of
0.3 radians in the fibre modulator is sufficient.



for the modul ator to function at peak powers |ess than 10 e

MmN | f the power is increased to 100 M/ then the__.re._;'.,l_ pucet Je B-e.. épléezd
comes down by a correspondi ng factor of 100. In gen'e_.ﬂ ) i'[ H“{e’
node- | ocki ng of the | aser 35 cavity by th}e- data streamt : | ‘a

phase shift of 0.3 radians in the fibre nodulator is sufficient.

7 Wavel e - 1 r \DVR %ﬂ%o@l}ﬁ t
ends of the fibre m%%b{éa][s%;@t%% e regr‘lzgm.ssmsﬁﬁgystemd . an t(?tﬁg
rest of the | ashdscaf ttYhe fibre modpiakosf 8t te dwp| B¥ansPRESLOP\VBYFSeR

bi -directional gpg tEUWHE +ESOT PO A Ny icHRLEpl ence filter formed as an
evapor ati on-deposited stacked dielectric. One wavel e

ngt h . .passes
strai ght through t h&d5h1@F ®ReI ECURLERE WY al &R is'a pd-ddreectignal
Figure 6 i s a dicAgicdn bhewtporathrguancihkyrferenidee fiptér afdrned pas an

1541 m orone. VAR (o Sebopiten Reaed I TREER B Bae Rivbysiach®

Channel 3 is ampasses iiraitghthahrelghotihert i ke nth ide @naididr wavgdengthAn
appropriate dew V| he rtsi.eg | 3 8Rb%ing ekhghly
fromthe corrpanlysc?é?ﬁ%éhs Igeg(tjsp}lgr gléiaa?émgle?' m} _ersc%fgé- &%
A sinilarly dastinptedand outpye eremnelst ecERaangdupl de wopBangelsdd to
couple thap a hasR1shgde tfrda f53% &d ase416 mild¥chdas chhameal 21
transmtting an, i nput_at 1.46% 0_1.496 m craons ,and Channg% 2 .
transmitting atiS.328neBnel58F di-OPdndC EPSIMMNTRF er SHANNRL 3y 3AF 2B e
comerci al | y asouiphf FdWfargied toafodDX 4| Bdth wavelengthn paagesion, An
di fferent wavel corre ing t I f ¢ _channel s .qf.,he
coupl ers VDML aawﬁl%‘[r'% %%%%c %’sae\ﬁ""f%rt?%ggl slje()rpee;]ﬁ%'efscc)rilghgﬁétqaap ]'I;The
two couplers comyarprial VWwWhVEramethel compahy diiSh EITBAmas WAMs osupdieght
25  through tReodd CknbBREEr Yasid(8yIan] @ Lhe ColTRm AERYS. ‘constrthided
permtting ther}f%ser vvgve engt h .van o z}s defined by ?he csop?esct ral
filter F, to bé'avuipRathrsanacthvescoppderi HPM3 15| xead e FGUPALI Ghe
The filter F imider &xede! puhp €9 the fivderTiance., fitiay hadhemedlel 1
mvel ength and %éaaﬁ‘ssxﬂééiﬁa an input at 1.468 to 1.496 microns and Channel
2 transmitting at 1.525 to 1.580 microns. This WDM coupler
20 is available commercially as WD141F-M2 also from JDS FITEL.
In operation, different wavelengths corresponding to
the different channels of the couplers WDM1 and WDM2 are
chosen for the laser and for the data. The two couplers
(WDM1, WDM2) then allow the data stream to pass straight

25 through the clock recovery circuit via the common fibre,

while permitting the laser wavelength, which is defined by
the spectral filter F, to be coupled around the simple ring
laser configuration. The filter F in this example is an
interference filter. The peak wavelength and transmission
30 peak width of the filter can be varied by altering the
"angle of the filter element with respect to the incident
beam. The bandwidth of the filter F may be used to control

the laser pulse width.
The fibre laser 6 is based on an erbium-doped fibre
35 (operating range 1.52-1.6 pum) pu_mpéd by a high-power laser
diode (LD). Both signal and laser wavelengths in this
example lie within the erbium fibre gain window as in



30 - peak width of the filter can be varied by altering t
the filter elenent with respect to the incident bear;[1lﬂig N aS%Q
the filter F may be used to control t he | aser pulse
The fibre laser 6 is based on an erbium doped fibre 35

1.52-1.6 [err]m punped by a high- power | aSer di ode (LD) Both .

fs: g_pgl gglnﬁ 1Maser Waveimengppgpcl)ge all—optlégfpl non- neagI nfalg%egr tl'o%rB
currently propaiedneltippexing nechemesar (Nedrson,008B.P., (dB).ch,tl H.e¥i ng
schenmes (Nels ow, , tanti D.y ra

Lucek, J. K., Ic\ggdn‘f%%‘tl#é F @I" Dargm'th% ;ﬁ E’ﬁfﬁﬁ |ca'l Cgll :.J#h]all

SWi t chi ng usi rii}VE- and| Bme&h,op‘t |-cdlAlbt@"FrWaerblE/%cFWéﬁChE-@lgt using p.
704 (519909 @f:%% erri Ry hﬁi‘irore”pk:‘.@éétﬁﬂn. Lett., 27, p. 704

AL[err]Jerr]- an erbi um I ng fevel
200- 300 ppm a ‘1““0?191'& }é??}’n?‘&ﬂb%&ﬁ ?ﬂd%’gz%'ﬂe&eﬁ&gz of
0. 01. 1okt ahheneram et 3 ik edbpiﬁg leveéasef =ab+30Gnpph, K cdﬂa

G eer, att Dor an

"Tot al | y I nt e ?%%t%’r'bf’%\rne%'{) @S&ﬂdtcﬁf‘ mdf’ésg?'f%ﬁ%ﬁggeb aﬁMﬁéQ

Di ode", El ectrsuwitallé. ertdin Pibre laseiddis describe@iheln aSwiths plﬁnped
by o L aseto O odeede T, TPl R MOREILy NORISP SRR, R ats dhded
i ncludes a fi bb@wsen@eehé% Fs"mﬁitéﬂlws Integyakedt Exbdam |¥a¥>§ef |$fé11t°n

adj ust ment  of ﬁ@@efaﬁﬁﬁ%eheﬁﬁté‘ Bd¥er Diodé" SNBlEctEdR] Hdercavidyr, 27,
round-trip tine is matched to an 20 exact mJItlpIe of the data rate. ' The

fibre stretcheP- %9 conprise a pair of cylindrical druns around which
part of the fif{ne ﬂ.ag@kngst pempeid @yl cadder iddoseum. Tieisimag be

may t hen driv t l e bya Lezosel ectri e to
stretch tfug flﬁrgglﬁﬁﬁi %P\fg?@ﬁ%‘af?ﬁr eﬁgglﬁﬁé %E %xt)ll?n bro&tje ?ﬁed
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used to facilitate fine adjustment of the cavity length and

to ensure that the cavity round-trip time is matched to an-

20 exact multiple of the data rate. The fibre stretcher may
comprise a pair of cylindrical drums around which part of

the fibre forming the optical cavity is wound. The drums

may then be driven apart, for example by a piezo-electric
element, to stretch the fibres. Alternatively, the fibre

25 may be wound round a single expansible cylinder of piezo-
electric material. The cylinder then expands in response

to an applied control signal in order to stretch the fibre.

The fibre stretcher may be used in a feedback loop to

stabilize the mode-locked laser. Part of the signal in the

30 laser loop is split and fed to a phase-sensitive detector
which compares the phase of the signal with a fixed
reference signal. The resulting error signal is fed back

to the piezo-electric element of the fibre stretcher so as

to correct any variations. Since both the fibre modulator

35 and the circuit as a whole are temperature sensitive, the
stability of this circuit may be further optimized by
placing the entire circuit within a sealed thermally-
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The circuit configurations described above, as well as

20 being particularly suitable for clock recovery, can also be

used more generally for applications requiring a mode-

locked laser. In place of the input data stream a

dedicated driving signal may be generated and input to the

fibre modulator. The frequency of the driving signal is

25 chosen in accordance with the characteristics of the laser
cavity and the desired output pulse stream.

Although the circuit configuration and components
described above are preferred for their ease of integration
with current and proposed fibre transmission systems, other

30 components and configurations are possible as alternatives.
As an alternative to an erbium-doped fibre laser, a
praesodynium doped fibre laser may be used. Such a laser
operates in the region of 1.3 microns. Accordingly, a
circuit using such a laser may be advantageous where it is

35 desired to translate pulses from the 1.5 micron
transmission window to the 1.3 micron region. To this end,
such a circuit might be used in combination with an all-
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stream. Accordingly, where long fibre lengths are used,

the overall length may be constructed from two shorter
20 lengths coupled end to end, with a relative shift in the
orientation of the fibres so as to cancel out the effects
of the delay. For shorter lengths, e.g. 10 metres or less,
this is unnecessary and a single length of birefringent
fibre may be used to form the fibre modulator.
25 The mode-locked laser need not be a ring laser as in
the circuits previously described, but may alternatively
use a linear laser cavity as shown in Figure 7. Such a
cavity would typically be formed between two termination
mirrors Ml,Mz or between a termination mirror and a
30 reflective output coupler/filter. Such a reflective filter
may be based on a fibre grating produced by optical writing
into a photo-sensitive fibre. This grating would then
combine the fuhctions of the output coupler FC and the
filter F described in the above circuit. In the Figure, P
35 is the pump, C1 and C2 fibre couplers and Er the erbium
laser.
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in Figure 8. 1n.an integrasedcsendéconfluctios dpuicecumeludBU%ﬁbﬁ@ﬁugabdﬁ
absorber 9 which is pumped by the optical signal, and an
associated semiconductor laser gain medium 10. The gain
medium is formed in a channel in a semiconductor substrate
20 11. A Bragg filter 12 would then be formed in the
semiconductor structure to tune the device to a required
wavelength. An appropriate structure is shown
schematically in Figure 8.
Irrespective of the ©particular components or
25 configuration chosen, the method utilises the incoming data
stream to drive or "pump" a mode-~locked laser, which in -
turn generates short, picosecond duration pulse trains at
the base rate (or an exact multiple) of the data. The data
serves to modulate either the amplitude or phase of the
30 light in the laser cavity. Providing this modulation takes
place with a period (T) equal to (or an integer multiple
of) the laser round-trip time, mode-locking of the laser
follows (Siegman, A.E.: Chapter 7 of "Lasers", University
Science Books, Mill Valley, California, (1986) and
35 references therein). The ensuing stream of pulses (at a
repetition rate 1/T) can be accessed via the output
coupler.
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axial laser modes, then these modes are forced to have a

definite phase relationship with each other. In this case,
20 the output of the mode-locked laser has the following
characteristics:
(1) The pulse repetition frequency is c/2nL for a
linear cavity (c¢/nL for a ring).
(ii) For N locked oscillating modes of equal
25 amplitude the width of the pulses is given by 1/Av, where
Av is oscillation linewidth of the laser.
(iii) The peak power is N times the average laser
power without mode-locking.
In practice, for the circuits using fibre lasers we
30 employ "harmonic mode-locking". The idea behind this is
essentially as described above, but now the driving:
frequency is tuned to a high (Nm) harmonic of the cavity
frequency i.e. 1/T = N x (c/2nL). The laser modes
therefore become organised into N more or less independent
35 sets of coupled modes. This method is commonly applied to
fibre lasers since long overall cavity lengths (typically
tens of metres) are required to obtain sufficient gain for
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The basic mode-locking mechanism for the systens
described here is that of XPM. This effect occurs because
the effective refractive index of a wave depends not only
on the intensity of that wave but also on the intensity of

25 other copropagating waves. We imagine that the data
stream, at a wavelength A, modifies the refractive index
periodically for the second (laser) waveléngth at A. We
can easily estimate the magnitude of this effect. If we

. assume that the group delays of the two wavelengths are

30 closely matched, then the phase change, A%, imposed by the
pump - wavelength upon the "weak" signal can be calculated

~ from the following:
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real world, the peak power estimate may be increased by a
factor ~ 1.5 by the evolution of the relative pump and
signal polarizations. These peak powers can readily be
20 achieved by incorporation of fibre amplifiers within the
proposéd optical circuit. If the link length were to
increase to, say, 5 km then soliton pulses in all-optical
systems may perform the modulation directly (e.g. for 25 ps
duration pulses in fibre with a dispersion constant D of
25 around +1 ps/nm.km fibre, the path average power for the
fundamental soliton, Py~5 mW).

An important characteristic of the clock recovery
circuit is the time required for the circuit to respond to
the incoming data stream -~ the "lock-up" time. In the case

30 of a mode-locked laser, this will be determined by the
number of round-trips required to establish the mode-locked
train, together w1th the round-trip time of the cavity. We
can estimate the number of round-trips requlred by
employing the transient analysis of active mode-locking

. 35 described by Kuizenga and Siegman. According to their
analysis, the number of round-trips, N, required to form
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laser is initially oscillating in only a single axial mode
at the time the amplitude modulator is first turned on.
The cavity also contains a simple spectral filter which
serves to limit the final pulse duration. The results are

20 plotted in Figure 4 where we show the evolution of the
pulse width (arbitrary units) vs. found-trip number for
both a truly periodic pumping sequence (full curve) and a
"random" sequence (dashed curve). The full curve shows
‘that the pulse width is close to its final value within ~10

25 round-trips which is in good agreement with the predictions
of Kuizenga and Siegman. In the case of the dashed curve
we use the same laser parameters as for the full curve, but

proposéd optical circuit. If the link length were to &?ﬁ?s £ Redlaced-
say, 5 kmthen soliton pulses in all-optical systems M m

on every cavity round-trip we use a random number generator
to select whether the modulator is "on" (1) or "off" (0).
30 We can see that a "1" serves to compress the mode-locked
pulse, while a no® leads to a pulse broadening due to the
sole action of the filter. According to these simple
computer simulations, the effect of using a random data
sequence mode-lock on the laser is two-fold: Firstly,
35 there is a mechanism for laser pulse width variations, and
secondly, the resultant average pulse width generated is
somewhat broader than the truly periodic modulation case.
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amplifiers-", Appl. Phys. Lett. 59(6), 5.8.91. Such an
20 amplifier would combine the functions of the fibre

modulator and the laser in the circuits of Figure 3.°
A further feature of the circuits is that changes in
the frequency of the incoming data signal can be tracked by
adjustment of the laser cavity 1length. The circuits
25 depicted in Figure 3, as noted above, incorporate fibre
stretchers from which it is reasonable to obtain length
changes, AL ~ 10 com. We would therefore expect a
corresponding change in the axial mode-spacing, Af (= c
AL/an), of ~1.5 kHz for a 100 m long cavity.
30 Another consideration is the response of the circuit
to a temporal jitter on the incoming signal. In terms of
a long-distance soliton systém, this so called Gordon-Haus
jitter (Gordon, J.P., and Haus, H.A.: "Random walk of
coherently amplified solitons = in optical fibre
35 transmission", Opt. Lett., 11, p. 665, (1986)) 1is the
result of amplified spontaneous emission from the fibre
amplifiers. Since the switching window of the all-optical



described in the paper by C.T. Hultgren and E.P. Ippen ThI]S‘KCtHLI;ﬁéﬁﬁ&ﬁaced

refractive index dynam cs in Al GaAs di ode | aser
Phys. Lett. 59(6), 5.8.91. Such -an 20 anplifier vvoul ml mm
functions of the fibre nodul at or ang the | aser in

Flhgu][eS f A further feature of thd circuits is that changes in
the frequency o 1.\9, nco.m ng_ Jdat a. n b r%t(tead u nt
of the | aser cg\ﬂdt aIt ‘Qetﬁﬁ n l?ér%ug*' ngh %gtee icted 'iml'?—'l g‘ﬁ%ggg 5{18”9
not ed above, i mmzrpgxrtmp aehag dlffma:tiee'@,W¢¢lerrtM| &ignaj saﬁ‘éaééﬁssl e
to obtain lengifyieien $Id lwa Jﬂlf&h?h ¥6 ¥erbdextBatetaneels

expect a corres ondl n ange in e axj al node- spacin
[err]L/nL[err] )outotthel effe s*f@if &d@llﬁ-}ll‘%ribltb%ﬁﬁty Asygiscu seﬁAflé“Fﬁ@Fr

consi deratison isaidie, f*&ﬁi@r@@f@éttrh@y%é%&ﬁloltedtaoaehaﬁmer thej iclitreunien
the incomng signal. In terns of -di stance soliton system this

so cal | ed Gordd Haipction as tqrérog@q@ﬁnreg TahRb- Haus, H. A : "Random
wal k of coher ergd YaisAigsded islsbve sim mejras:lon rto m;guneam hh‘ebrseape

transm ssi on Let.t 5 )
anplified spont%ﬁlﬁs ss%ﬁ &*]#pr‘&nftrhgn t% JC%'%@’( éﬂ‘}e;ﬁ' ?:zclggtot he
swi t chi ng w ndosomd dépemiénc::eptqm&he modulatlng data stream. 'In use, the

17 modyl at :{bfé ol %&;gwfdtgmgo% téi?azg?érﬁ fud méghlanql;he 1&&@.@-

group del ay d|f erence ween the signal and | aser wavel engt h

pul se wal k-t hr e €%, suhblexthe fldfegr stendsobp proagdetectRens K& t‘ﬁ%fﬁ ng
jitter. As di SC&%QdSEBéhﬁeb&ltaﬁQ @V, sthéémebffecdeﬁ@/ therxgheiingd tmat
enabl e t he CII’CU[t %E{__lon as_a % re ene tr

di scussed above ?"Her’é]i‘%t?‘ﬁ ULBCRF gdPelar F% é% %ﬁ'en St & ouét%sout
;rom t he cl oc:< andoger rhe muiﬁh stibwshe pulses d:@p)e}ajet:memqreheemdmrata ng
ata stre Npd t t e

in the Ias @ggf‘%}‘;@l&ﬁ IS t?ﬁ fﬁgﬁlr%t gl%sg?gégtﬁe%adte%{&ﬁ!gmah I%g}h%is
dat a stream conlihes, aaspaeanvefslz@pbsgtﬁbﬁmmtl?@Eth‘-ataddedt\'-?reﬂl?lelaser
modul ator is nogg ei&gct'vﬁie 28AGReTe1dfeRt! Bfitch teHl Seol Rhavpdin e
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pulses, even in the absence of a modulating signal. The

fibre modulator itself may provide the required passive
20 shaping if it has non-linearities chosen to be soliton
| supporting at the optical powers at which the circuit
operates. For the fibre modulator employed in the circuit
of Figure 3A, this is the case when the power in the laser
cavity is greater than approximately 100 mW. If these non-
25 linearities are further increased then the circuit becomes
passively mode-locked, i.e. it generates output pulses even
in the absence of a modulating data stream, as opposed to
being passively mode~locked as in the unmodified circuits
_ of Figure 3. As an alternative to using the non-
30 linearities of the fibre modulator, the passive shaping
element may be an additional component formed, for example,

from a non-linear semiconductor waveguide.
A clock recovery circuit in accordance with the
present invention may form the basis of an all optical
35 regenerator. Such a circuit is shown in Figure 9. The
| first stage of the circuit, referenced A in the diagram, is
the clock recovery circuit of Figure 3a. The following
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signal is
J In this circuit stage B modulates the clock pulse

train using the data stream in the non-linear loop mirror,
20 so that the clock pulses become the regenerated pulse
stream. Typically, the clock and the data carrying signal
are at different wavelengths, 1.54 and 1.56 microns in the
present example, and so this form of regeneration is
particularly advantageous where translation of the signal

25 - between two wavelengths is required. '
In a second example of a regeneration c1rcu1t the
clock recovery stage is again constructed as shown in stage.
A of Figure 9. Stage B however is formed as shown in
Figure 11. A modulator NOM, which may again be a fibre
30 loop modulator, or which may alternatively be a simple
length of fibre, is configured so that cross phase
modulation of the data carrying signal by the clock signal
peturbs the frequency of the data, in the manner described
below, so that subsequent dispersion in the transmission
35 fibre retimes the data. Neglecting the peturbation itself,
the retimed data is at the same frequency as the input data
and so this circuit is appropriate where a "straight
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late in the time window acquires a net pos_itive frequency

shift and is speeded up. The frequency shift is shown in
20 Figure 10, with the time shifted data. shown in dashed
lines. The magnitude of the frequency shift is readily
controlled by adjustment of the clock pulse power. For a
typical phase response time of 20 ps and a peak phase shift
of m peak frequency shifts around +/-25 GHz are obtained.
25 Random frequency shifts in a soliton carrying transmission
' system arising from the Gordon-Haus effect are usually
considerably smaller, typically of the order of a few MHz
acquired over e.g. 5000 km of fibre path. The retiming
provided by the optical regenerator is therefore more than

30 adequate to compensate for such effects.

Other circuit configurations and different components
may be used to realise the all optical regenerator. In
particular, the various alternatives to the use of a loop
fibre modulator discussed above in relation to the clock

35 recovery circuit may also be adopted for stage B of a
regenerator circuit.
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_ the laser cavity thereby locking the phase and frequency of
15 the output pulse stream to the timing wave of the optically
encoded signal.
2. A system according to claim 1, in which the output
. pulse stream is used to clock a subsequent optical
processing stage for the optically encoded signal.
20 3. A system according to claim 1 or 2, in which the

a
t he

modulator (2) is a non linear optical medium connected in
common with an optical transmission path for the optically
ehcod_ed signal and with the laser cavity.

4. A system according to claim 2 or 3, in which the

25 'active- medium of the mode-locked laser (4) serves as part
of the optical transmission path for the optically encoded
signal, thereby amplifying the signal. |
5. A system according to any one of the preceding claims,
in which the mode locked laser (4) is a fibre laser.

30 6. A system according to any one of the preceding clainms,
in which the modulator (2) is arranged as a cross-phase
modulator (XPM). | _

7. A system according to any one of the preceding claims,
in which the optical pulse stream and the laser cavity are

35 tuned to different wavelengths, and the modulator (2) is
coupled to the optical cavity by wavelength-selective
couplers (WDM1,WDM2). o
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shaping element connected in the optical cavity of the
node-locked laser. S
13. A method of recovering a clock from an optically
20 encoded signal, characterised by the step of driving a
modulator (2) in a mode-locked laser (4) with the optically
encoded signal thereby generating in the laser a pulse
train locked in phaSe and frequency to the timing wave of
the optically encoded signal. |
25 14. A method according to claim 13, further characterised
in that the modulator is a non-linear optical médium
connected in common with an dptical transmission path of
the optically encoded signal and with the laser cavity, and
in that the power of the pulses in the laser pulse train is
30 sufficient to modulate in turn the optically encoded signal
so as to shift the timing of the pulses making up the
signal to align the pulses with the pulse train.
15. A mode-locked laser system comprising:
a fibre laser (6);
35 means (7). for pumping the fibre laser;
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substantially aligned to the timing of the clock signal.

18. A regenerator according tc claim 17, in which the
modulator includes a non-linear optical medium configured
20 to receive the data carrying signal and the clock signal
and to amplitude-modulate the clock signal with the data to
provide a retimed modulated 6utput'signa1.
19. A regenerator according'td claim 17, in which the
modulator circuit comprises:
25 a first optical signal path (1) carrying the optical
signal; o
a second optical signal path (2) carrying the clock
signal output from the clock recovery circuit; and
| a non-linear optical medium connected in common to the
30 first and second optical signal paths, the clock signal
pumping the medium thereby cross-phase modulating the
optical signal and substantially aligning the timing of the
optical signal to the clock signal.
20. A regenerator according to claim 17, 18 or 19, in which
35 the non-linear optical medium is a fibre modulator.
21. A regenerator according to claim 20, in which the
fibre modulator is configured as a loop mirror.



19 A regenerator according to claim 17, in which tha‘thheethBcﬁnmed '
circuit a first optlcal signal p gthe
opti cal Tﬂmunﬁmlmﬁlnml a second optical si gnal mlggmyl ng *
the clock* ¢ &ighal® odtput fromthe clock,recovery c

a non-|i near opt| cal nedi um connected in comon to the 30 f| rst and
second optical , gng‘ % & orfhf'eﬁleﬂﬁ!fa%'ﬂl@ahn op tﬂé‘éﬁp'ﬂ% dBRPri®ing

thereby cross- p ase nodulating ﬁtl cal 8 g f bs':]]:ftl al_ly

al i gni ng the tkecoyesringha Cl°°koBY|§aH‘e§ aﬂeﬂc?ﬁr pRICFBcRIRIP Lt OoF 14,

20. f\ regener ata?{dl Qﬁa@g&qln@gat &afﬁh%é‘i‘ﬂi]dn S&signd?, and the deddverddelock
non-|inear optical nedi a fi u ener at.o
according to cltéH n@ZOmokiHl\ﬁ%l %D \‘Wﬂ%‘%l ﬁmmci%s %?ﬁ“fglfrlec‘{f' a}s a
| oop mirros substantlally allgned in timing to th24clock. 22. A net hod

of regeneratin é;'to %ﬁtﬁ}ﬁ %’%fﬂ{?@é'& in Wﬁﬁddﬂggatﬁé% Yo2

nmet hod accordi app y' I n atacarryin
signal and the anqﬂmmxdaj-mrbdmkatlng tthen eddgkat Ullt'hhe‘ﬁbﬁy drbaudarrying

modul at ed si gngJ, r?gq dl)é\%lf GRf dut gt 119 H#hd hfodh Poked clock?3.
A et hod accor a| m Including the step o
anpl i t ude- nodulsskgnat -t he cl ock with the data carrying signal in the

modul at or j@nd GiYf PUuty iMEEHAE dEsbiding €b kain 22,Slnmiudiﬁg"tﬁé stdp of
nmet hod accordin cga%o claim 22 r“acl Udl ng.the_s

CrLOSS
modul at i ng t he EASS RRISE nBoSHdAk ngn 1?Ehedai"a c(ﬂr&&“?% Fﬁgnﬁgdﬁr’% 0*%nd
out put ti ng t he ¢gihese- imdthat mddulatoratadc autputd isigyritie tphasetmedulated -

di spersive medléllrga %ﬂ,@%}{?ﬁ thﬁQFf E}(\Q‘guﬁlﬁe al laP ey 1 V& Endlf Gm C 2RSSy

signal to align
shifting the timing of the data carrylng signal to align it

15 J.th the clock.



