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rel at ewg@gﬁ optical transm ssion system A known opti cdl &W&P
systemincludes an 5 interferometer and a source of optZca 7 Mgﬁa

The interferoneter conprises a four port optical coupler having first and ™
second i nput PRONKLINEAR GHTICAL INTERFEROMETER WITHISATURATED AMRLIFIERI cal coupl i ng
means coupling the first and second output ports and including an optical"
non-linearity,. and an 10 optical anplifier. The source of optical signals.
S coupl ed to the firBhisnpinventionf rékateserter camt e:pt:ﬁcabpttm’asmnmﬁ.on_
signal coupl edg }g &p. input port or such an interferoneter is split into two
portions by the optlcal coupl er, which portions counter-propagate round the
15 coupling means, fd* cKBABRe SPtSElcaltFInFRissben tSYﬁéﬁmnltltFl‘bG%F an

reconbi ne as, i@eeﬁeesbaéteEor a&z@yramtgwr@@upbfr oi:hﬂcaﬂtl%a.'gdhﬁltsh al onfine
t he coupling neans %s the, sanme for the tWOIEBO”I

coupl er and a SYFREFPFERRFFZpGATRTHRRF aftp f"lrerp°’ﬁ1e°$5${"?‘£)n§°r"’l?3'&1’o5’%v"n9
such that the ﬁ)rstlpunrslgaabnérret@stfmr@eapdrtﬁxsmhladd | 5evand output

originally i n[r)ég %af'%lié gura th% :[1%' éefi;eég%rél%@(fecond

interferonete ason
| oop mirror, tmtp\lxboaorséu el hven@bwa%ag é@umﬁﬁg:aiemn—hsneanty, Tisnd an

specificathgn o icé’i”a 21 PR, NG THN RS d HA o?e 881 3BRaqal ':.%” coupled
publication nu er. - 02875, .descri befss/ t}%l nterteronmeter "having a

non-|inear opt¥ea¥ %M?Fglﬁ?&ﬁsp"ﬁg’rr& |iI‘?‘E%F PEPREFeFi bre 1oop, in
whi ch the symet ry ofarn heptiealounipare psbgagat Id@pﬁé&fc‘tbom al et t bort o@

| 30 br ok di ff I ff
(and 56" 5 calr o BRort REREEPBRBLER ToosmhuS obi5P MOl BRFeReL Phe the
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of the wavegui are not equal When t nput si
sufficient intkhsiald ¥eROBPHAG afer hénLHRIRGat |$@F|% 6§E@§ttré° coupler,
directions &.flﬁl%tité'@l MEMIROAl 88g €HECELAPLEng Mebhe 8! the same for the

two portions. So, for a 50:50 coupler and a symmetrically
positioned amplifier, the portions recombine such that the
20 input signal emerges from the port to which it was originally
input. The input signal is said to be "reflected” by the
interferometer. For this reason, this configuration is often
descrﬁibed as a 'loop mirroxr, the "loop" being the optical
. coupling means. : (
25 The specification of our co-pending Int ernational
patent application, publication number WO 88/02875, describes
an interferometer having a non-linear optical coupling means,
namely a silica optical fibre 1ooﬁ-, in which the symmetry of
the two counter-propagating directions along the coupling
30 means is Dbroken to provide a differential non-linear effect
(and so is called a non-linear optical loop mirror or NOLM).
This can be achieved in various ways. For example, a non-50: 50
coupler can be used. In this case, the intensities of the
signal portions coupled into the ends of the waveguide loop
35 are not egual. When the input signal is of sufficient
intensity, the signal portions propagating in opposite
directions around the waveguide experience different



WO 93/ 05592 - L . . ' - PCT/ GB92/ 01579
refractive indices. This results: in the - two counter- propagating
si gnal poWO8RYSSExperiencing . different phase shifts, ~so tRE¥/GBIWAISTRe
signal§ return to the coupling neans, they have? ah i nt ensity- dependent

rel atis\7e phase shift. 5 The intensity dependence of the relative phase

shift results’in a device Wnoeout ut at I nput port j s, as

known, an oscill &% g ¢HhERi o “6?"’? e int y"p ][D ﬁfbutt% grﬁﬁ" wnter-
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saturate the gain o | er was _t here note ‘however, that

anplifier saturation I eéd@%‘ﬂ*b?‘r’ WXt PEn Dreasind, idie | FYBBREETSf Ofha MOLM is
devi ce al though, aawdugsdd tie hAawaRihictef le®icaed am&nﬂﬂﬁaﬁwﬁf ¢n1.oop

eacly_indi vi dual Ise gould be negl d._Su vice
nonl-%"i near anpl i ﬁﬁ’rl do% mi’tko STRARRY l?&%&?]rﬂd_% Eﬁé gaﬁ°5?‘5§$ﬁ%r'
pul se shaping i nO@(‘l: opetttal, 15;apsAb3si Ohssey,stmmhicﬂn(&n amppiifiecuiarplaced
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| ong- di stance, aPMtHYE mrt@omﬁ;mrcetqm@yﬁwer. Maﬁo@ltmlw is a
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Pedest al Suppression. enpl Oyi ng,a Non-Li near I cal Loo Mrror
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of the waveguide loop non-linearity, as it can be accessed by
20 a smaller input signal. The experiments described in the
Fermann et al article were carried out at low signal powers,
and at repetition rates which did not saturate the gain of the
amplifiex. It was there noted, however, that amplifier
.saturation leads to a reduction in the overall gain of the
25 device although, owing tpo the low pulse fluences, amplifier
saturation in each individual pulse could still be neglected.
Such a device is called a non-linear amplifying loop mirror
(NALM). _ _
Such NOLMs and NALMs can cp:ovide pulse shaping in
30 optical transmission systems, and in particular provide
pedestal suppression. Thus, these devices have the potential
for the suppression of inter-pulse radiation, and for
. filtering bits in long-distance,_ all.-—opti_cal communications
. systems. ‘Such applications are discussed in an article
35 entitled "Pulse Shaping, Compression, and Pedestal Suppression
employing a Non-Linear Optical Loop Mirror* by' K Smith, N J
Doran, and P G J Wigley, Opt. Lett., 15, p. 1294 (1990).



-3- A NALM coul d provide anplification in addition to such pul se shaping
in an all-optical "comunications .system However; if the NALMhas an- °
oscillatory output, the intensity of the input sighal nmust be relatively
constant in order to 5 avoid reflection by3sthe oop mrror. One way of -
renmoving the oscillatory output of a NALMis disclosed in an article titl-ed
"“All - Opti cal Pulsei%xﬁgi ggiqgiLBing_AnplifyLng Sagnac Loop" by R A Betts}ﬂ
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opti cal connunicatbggs S Stfns. _ g-ﬁ?%%eﬁ&r¥%ﬁehtion-provides an optical
transm ssi oa, system co‘f%}i% MRV gy &Herdﬁﬁthra%%&ourtce of opti-cal
sighnals, t ésFﬁPEPﬁeinnaheareQapéi§igge$ jgfifﬁgét ogtléﬂT 5 ac¥adMeds
having firsUstng AREEDE.LNRUL ports and Tirst™ah ~;eebnBubsie pOdmPLEES i AN
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wel | as pulse shaplng and noi se. fllterlng as descrlbed in the -4 -
article by Smithet al. This. i's of particular application to optical.
communications systens. The optical source. npy- be a. pulsed |aser, in which
case nhe optical transnlsS|on system of the present invention 5 provides,
at theé second out put port, noiisé-filtered optical pukses of substantially
corstant pﬁakqxnﬁuleeugnsﬁbthwbatanByThﬁs yarﬁabb?rﬂea&%aﬁwapguﬂﬁﬁtlon to
pul ses.  The 7% n t herefore, be used as a

(} %o&&ﬁhié%éi +§ oﬁgu%g%a

repeater in a ance opti tions Ii.nk, -far exanple a-
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means, as desgijde re h 3F§&y§ feLpgd g%gg/ .
be coupl ed to Hﬁé) % ré{ct&ln Etﬁgﬁ%{rﬁ’?s%gog Pﬁ he% u? s&&a S prior nt[@.)én
their bei ngS sHATHERS, 2H Fhﬁssfsomét tOékthéﬁsetzow»e nm%ef :bﬁeced Wit cal

require the syamRidsy a@smsb;raale@.ramy cEﬁEt&h@”’?EQk Bowes; @vé& SRR SRy
the anplifier no |on forms part of the cou

|nterferomater]:’emsdl'a e BR2SptRERT f 5 o@b‘ ?t ho’Eﬁﬁ cﬁ%‘?e‘?or‘%ﬁs &he
wavegui de may :Lbﬂreumaﬂbnf@asum,an‘phereﬁoié) waeegsiede asorareckpentte Pl fak long

substrate such 3% dddd iU AU Gl SIS SR°5 198 2B RPLLER Y BT Suppari ne

interferoneter € op S convenleht op Pr-Eaf
anplifier ¥pl ldek.to the flbre formng the Ioop 25 The optlcal

fibre of the loop ”afhgeoBEgSanaﬁﬁiffi@L é%ﬁﬂﬂﬂ%%&%ﬁﬂf%gggﬂe c0ﬁ£11ng

non-linearity, or a separate non-|l1near el enent

| oop. For exI®Hn&S. z?%n@ﬁ#?rh%ﬂdlVhEBrréﬁéﬁﬁﬁPenﬁP e Ao rseferyred to

sho(ten the | appvesn®H, mdPrHéX Eea &amtmmmvztsttr il Bhed ﬁémiléb-eémpiﬁzfy
The 1 nvention |S§U$FOVIdeS interferonete

conprises a f& ?“Bptsf"gé‘f"iléo@d:l"é’rr hB?/l ﬁg %r ;nelaqﬂj §‘§%’6‘F\Heénputllbof'f’%s
and first bBhdlatterd cagquttiporis;enfe apietoat willp| reguireanshe osphnegriyheo
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amplifier no longer forms part of the coupling means.

The interferometer may include an optical fibre loop,
although other forms of waveguide may be used, for example, a

20 waveguide formed in a planar substrate such as lithium
niobate.

In the case of an optical £fibre 1nterferometer, the
optical amplifier is conveniently an optical flbre-ampllfier
spliced to the fibre forming the 1loop. _ _

25 The optical fibre of the loop may be made of material

'&“' exhibiting the desired non-linearity, or a separate non-linear
element may be included in the'loop._ For example, a highly
non-linear element may be incorporated to shorten the loop
length, for example a semiconductor iaser amplifierx.

30 The invention also provides a method of using an
interferometer which comprises a four-port optical coupler
having first and second input ports and first and second
output ports, an optical coupling means coupling the first and
second'output ports and including an optical non-linearity,

35 and an optical <fibre amplifier{ -fhe method comprising
coupling a source of optical signals to the first input port
of the interferometer in such a manner that the opticai
signals saturate the optical. fibre amplifier . thereby



| : COUpI ing a source of--optica-l " Si g'r.\al S to“the first input port of the

i nterferometer in such a manner that the optical signals saturate the
optical. fibre anplifier thereby - 5 - suppressing any oscillatory-
output, and such that the power of the~opttcal signals is sufficient ty
switch an input signal coupled to the first .input port to the second iTput
port. Enbodi nents . of the present invention wlJ] now, :be 5 described, by
Py of | UPRFESs R Y S L REOTY PUNBIE - AR AR FHo% ERERaveR Of )
- which: Fiothie dpticalsshiemalisc Vscmeffitidnontof switoh- anndaputpts oghal oop -
omrror -having: ansappl Liier; coupl ed 1o, anci-pput.cport: . 10 & - Fiqure 2.is -
a sChenat'i%o‘?%g?%sgﬁt %@Fof“mlg&akﬁgﬁ% nggr ggp{t!h%afelcgél% 'r%n rué:_r_ pﬁmi:':ﬂng an
anplifier coupl eEnlwdiméngrit qfor ttheFi goregedti sinvgnipbnshwithg ndw  poser
ci rcul ati | | oop,,f O e JIoN-d i ARd e OPt {£8h MrblrRl-eRRRWN 4 Figaire
1, 15 a%drltg%ée&r&eisqﬁ?t an??no_?\f#ngg}) p%a$e arf f e-reﬁce_' prg%uge _%b_y evd;r-i %%ésl

i nput peaka¢repanyingudzayingsa gfaphishbwi ng the peak output power from
the enbodi ment ofpiRhat € A% & dHEMHEIQN ¥¥pRadat dn ROV AdH -1 &Lr-
pti se repetitjon rates; 20 JFigure Sﬁl‘i, E‘%r-agh oé). %he.non-l,l near
phase of tPREEFBbAFAERL MFTRFGRAYIRR AT 0Pt FHAT oFOPRBEE Qa8 ThotRPut
Figure 6 ipodtgraph show ng the gain of the enbodi nent- of Figure 1 as a

functi of i nput .pﬁﬁE C red .t Qﬁ.i [ 50V _ 1€ L jfier
of theggrrbodi mentt 1 S%\r/%r f‘_%gg%gﬁmg?‘%é‘;"oéeg’ﬁ’rg _ __.|és)£laa%?°2€h§éh%\?\n%hlg #é

conpr essi orptiatab poopi aédroy thiaviamebcn nempl bfié¥ gapupledFitgurass Brpend 8b
are repro%,&;ons- of an oscillogram show ng the-auto-correlation traces of.,

i nput pulses with 30 substantial inter-pulse radiation and. pedestal y_j
free, conpressed FiEaRe andfi pi §FpP AROBRBDFRRNPOBRTFCiFCHLating in ™
respectiveins Idpirfod tie n@i-AimedOVdptE ddle milkxror WHehRti OIFIgwlid 1,
15 and the re;ultaht non-linear phase difference produced’ by
various input pé'ak powers; g ' ' ' '
Figure 4 is a’ graph showing the peak output power from
the embodiment of Figure 1 as a function ‘of peak input power
—for three pulse ﬁepétiticn rates; _ o '
20 '~ Figure 5 is a graph of ';he non-linear phase of the
embodiment of Figure 1 as a function of input peak powér;_
Figure 6 is a graph shpw:ang_th'e" gain of the embodiment’
of Figure 1 as a function of input peak power compared to the
gain provided by the amplifier 'of. the _emb'o&iment_ of .'Fi“gure- 1
25 alone; ' ' o - G
' Figure 7 is a graph showing the compression ratioc .
provided by the embodiment of Figure 2; - ' '
' _Figures 8a and 8b are reproductions of an o$ci'l.l<_:'ogram :
showing the auto-correlation traces’ ‘of input pulsSes with
30 substantial - inter-pulse radiation. -~ and | pédéséal f_ree,
compressed pulses amplified by the embodiment of Figure 1,
respectively; | R - |
Figure 9 is a graph showing the auto-~correlation width
compression ratio as a function of input power; and
35 Figure 10 is a graph showing the gain verses average
input power of the embodiment of Figure 1.



cc?rr‘pressi on ratio as a function-of input, power;.and 35 Figure 10°is
a graph showing the gain verses average input power of the enbodi nent of
Fi gure_ . WO 93405882/ 05592 ' ' PCT/GB92/01579
PCT/ GB92/ 01579 Referring to the draw ngs, Fi gur® 1 shows an opti cal
transmssion systemfornmed froma Sagnac |oop interferoneter 2 which
conprises a four-port, fused-fibre optjcal couglggr 4 having first and

second input ports 6 an®eFSTRERS Tt tRA(IFANEDGRd SRS pbr8ROWS aRgoprical
,;I'h.e_,-.(_aut pqt_'-por___th S. thfhrmmi sls ot eémt,én_afbxmed-O__ﬂﬁb;_lada; ,B;gn_ab,_labbi-ﬂ,&lterffle&bﬁn[ etofeter
loop -14. - ::The4 o f.er T lc S gRhveniept| QLT roma.single ..
optical fibre 14,ﬂ {u\/\%%gr%;ﬁfg so%svxii gﬁg‘grgb?gseéu%gapgrgﬁ;?hgbgégsﬁef%&plﬁﬁ 4

this enbodi ment, hawinmopiaat cangr iseeondh ipp &k kpertsgbhand &, and first and
di sper si on-shi§t & dddy %wﬁd;ch%dilt%pqros bfig 10! 0 B0 Uk Jut %é«ﬁg rz]o-&mg:u&eﬂre

from Corning Corporatiaqn. € nature o I's fibre efgsurés that p

shapi ng due to pRREGEalilsh AuRkeS | Phed?gi PPEical fiPgepotapPsaifion  The
controllers 16 amtedfaromdiier iish cohweniemtld (foramdidiFromna devigte bftical
reflection 15 rm(%e | fi

at lL,ogw powers. .A 30m |ong_.etbi um dope i bre_a ifier _
(EDFA) 18 is spl ic®F% &% VELPSRES5F: © 0WBi Eh 8%F, %Pgego%& EP%@Lﬁn°°“Pler
optical fibre codpl eEn20his embddimenduptie pogp ridlicunipori sfem ah@. BDEA 1&8ngth
froma high- LG and a ' i r
of ‘the or der "1 BF By BETREORBL Il 2 EEr et Lh s M ShdFRUCH BRTRAQEMY 1. 55
has a small sign#f RPFRIAeSIgEm LHRFLRY nEorReratioBat urte onasyrer of this
[err]. For the zhoye bAshres’ 8HBtEHElséWhavk of (@ iteepkepaghenghheebedts is
km \{he saturation Rgv\gi? of the ifier is of the order qf 25 Q.6mMN An
optical source P2§+3; le<91ctiv“:'e+a€Pe -3 AR QR i § ad& are also
provi di ng pul sesiatlideds irerthe oloepoud Ed psdjusat the devdceepss i téflection

rate of 2.5 a f about 50 [err]) is connected to the
i nput port 6. hgtgggagg‘raggwg%\éﬁer%:bandw dt h products of the pul ses

produced by the | aser 24 3P® dongeswriium dopednfibreasmpiifhewn (ENGFR) fl& is
we configurati ogppl cEBIYS the ! BELPALARRY £ bEARSY S BEd Yeodprés 4! VeTan
optical fibre coupler 20 is used to couple pump radiation for
the EDFA 18 from a high-power MQW semiconductor laser 22 with
20 a maximum pump power of the order of 50 mW at 1.48 pm. Under
these conditions, the EDFA 18 has a small signal gain of 28
dB, and a time-average saturation power of 24 pW. For the
above loop parameters, and an effective loop length of 7 km,
the saturation power of the amplifier is of the order of
{ 25 0. 6mw. L )
An optical source 24 (an actively mode-locked
semiconductor laser providing pulses at 1.545 pm of about 12
ps duration at a repetition rate of 2.5 GHz and a mean power
of about 50 uW) is connected to the input port 6. The measured
30 time-bandwidth products of the pulses produced by the laser 24
are at best 0. 4. '
It can be easily shown that, for the configuration of
Figure 1, the square pulse transmissivity, T, is given by

T =P/P, = G{1 - 2a(1 - &) [1 + cos [(1 - a)G - ald]} . (1)

35 where ¢(= 2=n,PL/A3,,) is the non-linear phase shift, P, and
P, are the transmitted and input powers respectively, « is the



T =Terr] G1-2(1-a) {1+cos [(l-a)G- al[err]) .(1) 35 where
" [err] " is the non-linear phase shift, [err] and [err] are the transm-tted

and |W953 rs respectively, ais the WD 93/ 05592  pcrra 187
PCT/ GB 2/ povver coupling coefficient=-o7 #he coupler, L |s t?] ?O‘Dp

.length, [err] is the wavelength, [err] is the nonllnear (Kerr) = M
. coefficient (= 3.2 x [err] is the effective fibre core area, and Gis the
power. gain [ epoyerofcaupdime| corEficiwny BD%WI‘CbethFQ}IMr & ¥metbevileop -

.. Lerr]l is deriygdaby. Sef LiB9 £l %%Eﬁﬂbtﬁf t fQS'ﬁiﬁfﬂaﬁLwﬂeLE [@Kéi-r)j
.7 The.use of .the a ITfier 1816 ‘br eak,,t eloé&é try: Bﬂ o o
© 8w tching povx%?%f iedenhel=\ith %3901 8t Ahe fast 36 EBﬁp? "?ofiﬁre PTe
Asdan e?agpl g%résf ARS ¢ L9 tife ﬁoweﬁogﬂin5( ) df tte .-{wgs:ri]fisr.of The

order o

| ffe
of gain saPur®y 5 {’%'f‘gtﬂgw%%n?%gﬁ??\t ?gﬁ é% s gh:jgl"é/ ?Q g e)u%\ nggg)
gain of the fis rﬂé.r:{eed]byﬂewm:lg tber prigument - Qlfarthes@saln@aﬁunMdSto
err] is the inpu 0! h [
[SI rrp} e equatl%npdg.s%rl es V\?h& F&‘?Eég%gsﬁae EDF,%é ar act erl tlcﬁt]#étry
| ow to nedi urpRewedes (Low ﬁmaageyowgﬁa:atseetbﬁﬁu withahrokite nedsstale
in the hi ghlgnsekedadien fsglaE= 0. 5TheAsnahueaaaplet EBe BQ R U WEL PN

is best 20 described_wt erepce,to wher h ‘of the
cosi ne fuﬁet iGrP | ﬁngqﬁat’l grq %ﬂ Fqaat-Si fltg‘li‘a%)f””qu'er n%ﬁ b gﬁ gEl%ase g
di fference bqimfeeld t=ha.sEumprer.- pr opagat i ng-waves, is pI otted aga| nst- [err]

for [err] 0.001 ( berns]:.hd‘e%ugq at?&z[éﬁé] }:f%ctz% déf&t{% %Igtghth&

powers, the non-linea ase er enceé DEecomes
al so be expr mqw-’?@m} shova for Figugeapor @deﬂ%ﬁ%a& Q‘Qi{'leprf] the

large [err]. gaprefong s py LVP}F"QQ WHrd G \\ad itHd sk 1MRNIgRAT @331 and

| i near phase differenc [err] he evol ution of the nonl I near
phase i s bppdentts the g%ﬁ’-Eu'S PRWEEh ash Fhd cth RS R L §af AmPressed by 3
characteristiges fohigeshhplentgiativn @édtiibes MJSBSalJ( dnfd ekastided JEDFA

For conpar| Sor}iaraceteffibsréaigsnpééé Ileorw gca' necé}.ar an 'r%t I(<§ li?iea‘:ilrles:r:age), and
also remains physically. accurate  in' the . -highly-s_aturated
regime. The influence of the'-_-_gein saturation is best

20 described with reference to Figure 5, where the argument of
the cosine function in equation (1), that is to sey the'" non-¥
linear phase difference between the counter-propagating waves,
is plotted agaxnst P;, for Ggs = 30°dB, p,,; = 0.001 (= Pg,), «
=0.5 and n,L/AR,, = 1. | o

25 At high :.nput powers, the non-linear phase differencéu
becomes ' clamped to nGsst, which' can also be expressed as
nP,,. /P, since PS,, is approxzmately equal to " 1/Gg for large
Ggs- Therefore, by choo_s:.ng P = Ps: we- limit the max:.mum non-
linear phase difference to =. _

30 The evolu'tiozi-._ of the non-linear phase is apparent in
Figure 6, which shows the coinputed gain c'h_ara"cteristi'cs ‘for
sech? intensity - profile pulses (dashed curve). For
comparison, the fibre-axﬁplifier gein characteristics are also
shown for the same values of .Gss and P,,, (full curve). At low

35 input powers, the device is in reflecting mode, and hence the
small signal gain is well s'uppre,s_'se'_d. aAs the input power is
increased,  however, the device -approaehes a transmitting
state, and the efficiency closely follows that of the EDFA 18



s’hown for the sanme values af [err] and [err ( al curve) 1 ow 35 |nput
powers, the device is in reflecting rnode, and hence the small signal gain

is wel . swpogszesswd. As the input power is increased, howevecT/GEY2/01879 'ce'.
approaches a transmitting state, and the effigiency closely follows that

of th&“EDFA 18 9305592 :
PCT/ (B92/ 1579 -8- for [err] {4t is expected that the varying response of

the | oop 't hroughgeir ®hes ppy,sejgtves éxpeetedl ﬁﬁﬂﬁp‘tl@éevmiﬁéﬂﬁespﬁﬂseubiethe

shapi ng. Al though t hi ar.gel aonsi hl e faq s
g ot S ot e e SRYS el 3 6 Pl oS B g -
anpl i fi er benefi agdf puwhspulsdapiager es‘drtmousgm thig |isy dadgejy xesporsibbe. for
In addition, si nEﬁeafémalhl' ®2 5 4B AL 1P el PG IR0y | LBEALINAAYD the

di fference mhrch over power range of iInteres Is relative

constant, thé EGF@elssﬁﬁﬁHﬁ}‘ ﬂ?"@ﬁﬁra&l@ |3-§PPc§mH?~§f’r-ﬁFr??n?ﬁ§ﬁﬁs¥%‘ﬁ>¥)ep¥%ﬁe

the input |evel . cEEpi'ebE;Bﬂeaﬁﬁ u%-&e»easuq%& glupbesgiewent invention,
and is illustrated In

e co sslon ratr rr |s shown
to vary only fromo. 55‘? g""“?ﬁ"ﬁ&/e?"f‘f’ﬁea n@égégrofat %5\/\&41 'I‘ﬁ‘r%e to
is in stark contaaabntdihber]lbhaseplddf fereses Wyiichy Ve cbhsd woExerreatge of
for loop mrror ati I np ca ou _
si nusoi dal out pu?ﬂg{e{cggéh p%ir%r ar?%vl\;/gf %:{ﬁ@!ﬁ‘% no'?: uiQ g%}hée‘tﬁg
range of inpd@ peherarherigties7 aqeerfﬁlsbndsnssnah %yefdﬁo I"éb\?péﬂ@r-lt level.

(linear) operati®Ris?0s one ofPe¢hsexdy als sdlo¥ ithke efnr@mﬂ%ﬁ%?”%nd
har m)nr Cc .aut o- COI’I’el ation rreasurerrents The auto-correlati on sh

a
traglgm tted pul sb® doddStRatefhind® sFyEPFRPcaft | th?s’e FRRCtTHP gs-ﬂ'l%nl
power, thi's beingeglearbyisl Isuﬁ:twrrﬁtw varfl onle Frosha & hsorat 75 @fvetrheelve

i nput and out put ,cortel ati.on 25 atted a t

folro aver age pgwe?%cﬁ e§oo'§ 3 TRN ng pegi;&‘ 115 s g% Isg: o+%€rﬁ1 t%?h the

rati o of abolif OcolBplezmr ipad stey $hsp:.ngarp229%qnselry aoksexyeedf fmoneloop tisror

order of 200 x [86{1%1%“:;@?0% Vi 6Re38l RHelld lrﬁ%"t r#lﬂeéf efigh dggE] kP ed Hof h the
a r o)

Figure 6, with a nmaxi "dB occurring Oaverae |nput g
50 pW(l 6 MV pesiusgi@abecrpddincef such prior art NOLMs. Although not

obvious for the range of input power in Figure 7, Tout/ T, tends

to unity for low power (linear) operation.
20 Pulse durations are inferred from the second harmonic
auto-correlation measurements. The auto-correlation shape of
' the transmitted pulses does not change significantly as a
function of the input power, this being clearly illustrated in
Figure 9, where the ratio of the input and output correlation
&v 25 widths is plotted against the input power for average powers
up to 3.5 mW (120 mW peak). It should be noted that the ratio
of about 0.55 varies by less than 20% over a range of power of
the order of 200 x P;,. The device gain follows the trend
described in Figure 6, with a makimum of 17 4B occurring at an
30 average input power of 50 uW (1.6 mW peak). The performance
is well in keeping with that indicated by Figure 6, bearing in
mind a 3 dB loss associated with the loop fibre 14 and a lower
(28 dB) EDFA gain. It should alsc be noted that the measured
time-bandwidth products of the filtered pulses are essentially

35 the same as the input.

A further clear demonstration of the intensity
filtering properties is shown in Figures 8a and 8b. Here, the
amplified, sho:te’zied (to 6 ps) and pedestal-free output



iswell in keep| ng with that indicated by Flgure 6,, bearlng in mnd a 3 dB
| oss associated with the loop fibre 14 and a | ower (28 dB) EDFA dgain. It
shoul dwgg ghoted that .the nmeasured time-bandw dth pro ,i“ﬁ]é

filter pu ses are essentially 35 the sane @s~the input. A er c?ear
denonstration of the intensity filtering properties is shown in Fi gures\éa
and 8b. Here the anplified, shortened (to 6 ps) and pedestal -free- output

. WD 93/05592. - {Figure 8b) is shown for input pulses witth @@Zﬁtﬂmhm#%r- =
- 8b) is shown f@i.}éé‘_prﬁﬁ‘iéfénw(i‘b SHeSgan! i ai'hié“ﬁha%&f 1805 dLhed - over ;.

- (Figure 8a). ehaviour i s _observéd over.-the total “range of. lnput
power. A furth’étFee’ﬁ‘BB%ﬂ nERRIBt °FhénBPESBHF'anventlon is shown' 5 in Figure.
2, in which the erbi amfamgtrds esmbdiiiofert g eche ipresmntc dipdettion tiwe &hngwtt

i e
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nunmeral s as |n I'STcasée
by use of a ncmavsyxmlred: T e d nput pomtaéeomtbﬁeilsMeromeser 30 mgike

coupl er 4 of Fiul&nds gtl%é\vhfecaam eawes:eh%rhuhérsmat agf%hf%.gure 1.
standard | oop mrror (= lerr] wt 1) divid t\{ ain
anplifier 18. The r&® &bdf W%W%h?ﬁ@mﬁmr of ‘Ph@oﬁg

find Fi gure 2 ltﬁﬁ d hyreisaman eﬁ}fi/@ﬂ;&!pl[ﬁ‘ [214 lim place c.lawlgtn‘earttmﬁﬂai 50:f50
arge ich i en rue n ifies er
oy 05 < ooy e TS HLSEHE) 1, FHE LA, A rEbTBRPORRr L Rel g e o
devi ce of Fi gtmze Sha&datr&rﬂs:tommaxxm (af Pg, wikbweverl) tdlesrxéed Hmer'lﬂfe tga:.fn
the device of J3 qu a%xpé.ifri%ar.lb'l%ed ‘i‘ﬁ :.ap@floﬁ@es%%cﬁngm{b\%

since the fibre anp reaks OW S
are mai nt ai ne@eviisfs 1 %Q#F%bko?%ﬁe*"ﬁo‘é%%tél isup esefeﬁefoglaea bYS
As an exanple, for [err] 30 dB, a = 5and L = 10 km [err] is o the

0.
ordor o 0,25 Wlere) 250 (EHH1. d Sl ik on BTN, api §egSfes 23
infinity. Referring nowto Figure 3, there is shown the power CI rcul ating
in the two,gounter-ppgpagal) ng "ERAEONE RS farge G (which is generally
true), equation (2) s:.mplz.f:.es to Py/Pgy, = (1 - @)/(1 = 2a}.
For a value of « = 0. 4 the sw:.tch:.ng power advantage of the--

device of Figure 1 is at most a factor of 3. However, the -

real benefit of the dev:.ce of F:.gure 1 is realised as a"

20 approaches O0.5. In this case, since the fibre amnllfz.er 18.' :

-breaks the loop symmetry, low sw:.tch:.ng powers are ma:.nta:.ned
together with absolute pedestal suppressxon for ¢ = 0.5. '.As-'

an example, for Gg = 30 dB, « = 0.5 and 'L = 10 xm, P, is. OU

the order of 0.25 mW (A, = 50 pm’, A = 1.55 pm). For the
25 device of Figure 2, however, as « approaches O. 5 the switch:.ng
power rap:.dly goes to :.nfinity.

Referring now to FJ.gure 3, th‘.ere is shown thel power"_.,
circulating in the two counter-propagatzng d:.rections as a

function of input peak power for_hhe_embodzment of Figure 1,
30 where (a) is the power circulating anti-clockwise between.ﬁhe
port 12 and the input of the erbium_ampiifier_la, and (b) is
the power circulating in the looﬁlih a clockwise direction
from the erbium amplifier to the oﬁtput port 12. The'solid
curve (c) of the graph of Figure 3 shows the non-linear phaee
35 shift of the pulses circulating in. the two d;rect;ons round
the loop as a function of input peak power, .and, as can be

vie Rrejeri R use



function of |nput peak power- for .t he enbodl rent:: of F| gure 1, 130 V\/nere (a)
is the power circulating anti-clockwi'sé bet ween: t:he port 12 and the input
of the erbWan9szessoefier 18, and (b) is the power circul ati ng iPCIVGB92/84579 n
a cl ock\M se direction fromthe erbiumanplifierifo=~the output port 12.. The
solid cufve (c) of the graph of Figure 3 shows the non-linear phase 35 '

shift of the pulses circulating in the two directions round the Io“g
function of input PRATIEHRAEn shde AONcLhnBRT Phage Hgcomes s stantlally

PCT/-GB92/01579 -. J&bngﬂ‘dzgﬁréw mrtﬂs@am%ﬁéﬁgar phase. shift becones - = -
subst antlally const ant’ er_ peak",po ' Refer QW 't Q Fi gure:- .
there is shown a graph o%ef'ﬁg pfﬁ\,\%’o%? g €pdPt %‘%9a gréph ot
function of peak &hmmﬁalpwwtpvétnpm:ofram el cp@lrts@r&d anfmﬂxc'aiomhef peak
| nput port 6 atg t Qg n u pet.i t n

3 kHz. In this cag'eppq"ftdlﬁé‘%le g'}ﬁ) Jﬂﬁi Eazgh tb?ﬁlc(reaaua ét‘}al veal¥p # @hé gnput
switchi ng power, PoxtY 6 8t ‘Fheeﬁn@%fféreﬂ’étmﬂ%ﬁi ﬁ@%#letipn Inatem ﬂaqueénto 1,

that the output peWend 3 Ahzl0 OSEidhed Wasd UNESLOP QquaDeLbNPUKHROVE! . edlals
the saturation power npves clqgser to the swi t chi ngqpovve% th, |ncreasf|‘1

frequency, the pedRVSuidesp SPETFRERT R Heardsy £ Re 4R ?Bfeﬁ%ﬁter of
i nput powers correspurd ng tCY ecap bel tseen behaeertideoutput, pbwele is an

i nterferoneter | o) n syst such th .
anplifier sat ulrozlt P%r‘fgg'gcurs atﬂla|E)xﬁ%oj“'rl(])t’;%ll rr%‘;[ eﬁﬁé %ge‘sgg&?@ﬁgces ry D LS i°n
the input power tpowes seeves cipgerpda Bhat swiddhing nwechmg:hpeaqueas:.ng

t hen appr oxi mat el o] ut r hlﬁ%} a e chj
power,s This provFgggﬁ%%égte s,ﬁgel npegjrég oz%é%‘?rgpl ificati %%\4% grgactﬁg:rr%s hQery a

which are relati vSP?Stﬁ@EngPFl Béal‘o’-ﬂ’l‘ét iRRHRTSH RRFTreFPantd ashticc Bk,- si éﬁa‘l’%ﬂ be

fromthe opti cal aeuhca:hdiefenétngmowﬁ@ fnﬁdfeeizemé’aefezl %sshegerateaa% an
of the gain ofl t he g g nt of, Figure 1 g ctéon of tggfg

i nput power oft% hBPEHFRLaI P RARRRYAS KR NP YR eﬂptsi"t? Bt camp er saturation

occurs at approximately the power necessary to switch the

input power to the second input port 8 at the first switching

peak, then approximately constant output power is achieved

above the switching power. This provides pulse shaping and

20 amplification characteristics which are relatively insensitive

to the input power of the optical signals from the optical

source.
Referring now to Figure 10 there is shown a graph of

__ the gain of the embodiment of Figure 1 as a function of the
L 25 average input power of the optical signals from the optical
source 24.
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optical couplkerchay and second input ports and first and secopd
out put ports, an optical coupl i ng mearts 1010l]'p| ing the first afd44&84HER

out put ports and including an opti cal m inearity, and an- opti cal f| br_e
anplifier, the source of .10 opti cal gnals being coupled .tqQ the first '

i nput port of t hé®® nt A GHet e ranﬁﬁé?ﬁ B2t he® B Fom COMRFEF1at . RRe

- .optical -.si grm&srfs:aﬁm’eé:e -y aoptscna:lce flolfreopadrpb,ﬂ.f T eighhesebythe

' suppress ng § y te su he of ti c'é'l
signal s é|s su ?%Eée:#t"{t o&rsvm%’w %]éfl %?%ﬁrgl ogaﬁﬁﬁ% c5{1§18§3| r st
i nput port  tRRY4Rg sEtB9E anputsesemi lzlput /R°§$§t éﬂdasfzcxrseﬁ n@@duﬁeepadm 1,

wherei n the Optheal pSotl Cean %;ﬁtxﬁ:@ls%ulniiﬁﬁ mdans AoGYSLAE 8feCEALERd in
claim 2, V\/nere‘*n the systemis 20 su %%OVI de at the second i nput
a%%bé't“& |

port, noise-31%1t &C&R t?‘éﬁ?u'pul%’é?sof ASy ¥ nSPHHC apea¥i°f§ower
4. A syste‘lrﬂtmr:ilw,rredndnaanppmmeamf f¢barenmmpl itfd e, vmaa“acm:tch@ opt | cal

apli 1165 COSLI g 051 oPBLL 8L3hRCCRRNPLANGOTRARS £:33e Snpudh YN o0}

clai me |na one erern t ptic |
coupl ed to t¥Re f i pEErERBAREERFL HheErdAMtSR tﬁiés‘iﬁﬁ ph% E@Fﬁls tbéaﬁer'éb? to

anplify the dgyidassi Hiddtaly i (Haﬂtﬁ'atﬂéel ltnlael Bgtsvhlchedprs. amﬁ\lﬁfﬁéﬁm as -
clalrredlnclalmS wherei n t he opt coupler is a.

coupl o . 7. teefen SREE AT AR SSarlano Sl Brdiue” SndFech RBR%I 0 e
i nterferonetffhe iposterd et aheopptsaalfst@ala)o{s sufficieat- to svz:r.tch an u

15 input signal coupled to the first input port to the second
input port SR

2. A system as claimed in claim 1, wherein the optical
source is a pulsed laser. o

3. A system as claimed in claim 2, wherein the system is
20 = such as to provide at the second input port, noise-filtered
optical pulses of substantially constant peak power.

4. A system as claimed in any oné of elaims 1 to 3,
wherein the optical amplifier constitutes "part of the
coupling means. ' '

o

25 s. A sYstem as claimed in any one_of claims & fo 3[
wherein the optical amplifier is coupled to the first input
port upstream of the output ports, ihereby to amplify the
input signals prior to their being switched.

6. A system as claimed in claim 5, wherein the optical
30 coupler is a non-50: 50 coupler.

7. A system as claimed in any one of claims 1 to §,
wherein the interferometer includes an optical fibre loop.



8 ° Asystemas clainmedin claim?7, Wherein the optical fibre—anpttier
S spllcedtotheflbreformngtheIoop 9. m n any
one of «clainms 7 to 8, wherein the optical f|bre|s Jm’ J‘ﬂm

exhi b|t| ng the 5 desired non-linearity. 10. ~A systeém &s &l an any

one of~clains 7 to 8, wherein a separate non-linear elenent is included in
I,h cl.aim,0, wherein t

th tical fib | t,
sega(rjgt |eczi0 nénrfl nggf é{%‘}ﬁ‘gﬁﬁtgaioﬁ%;ﬁg“?éazlfgeﬁﬁbﬂdf{ct Jhenis  Bhe Pplté‘rca

__12 A systémba:e -GEnplnieki ean mysmheceﬂ b athe fibte Bormieg ethe t heop. .
interferoneter:is a waveguide formed-i.n-a planar substrate.such a 1ithium -
ni obate. 13. A net hod of using an interferoneter whi ch conprises a 15

four-port optieal codplerstemi a§ f¢kaimedd igecany iansut oforaligsd fi ree Sad
second out put yRRIeIn %eeoebtselalceyakengs niﬁ@&é SOWPhaREAiRA bkhibidAthy the
second out put ports and |nc uding an optical non-linearity, and an optlcal

fibre anpli¥i &esimed MAMIER&AFHG%i ng coupling a source of optical signals
to the 20 first input port of the interferometer in such a manner that the

optical signals saturate the optic fibre.amplifier thereby su ssmg
any oscillato 9 out pfit %%%e’gu%ﬁ t Fra - TR ‘é FOme? 8t e B%t |‘%‘§I “%Dg
sufficient towbetedn aa isgnearsignabneduplead teléhment | ist inplmdpdrtln othbe
second i nput %Et Rt £idre ldoc‘ﬁn optical transm ssion system
substantially “as Rer e nbet or e "described with reference to one or nore of
Figures 1 to 10 of the acconpanyi ng draw ngs. 15.. A nmet hod of using an
interferometenjsubst ankiakby ag 39 @R NhefArH wess, idedrein the separate
&“J 10 non-linear element comprises a semiconductor laser ampllfler.
12. A system as claimed in any one of claims 1 to 6,

wherein the interferometer is a waveguide formed in a planar
substrate such a lithium niobate.

13. a metho'd of using an interferometer which comprises a
15 four-port optical coupler having first and second input ports
and first and second output ports, an optical coupling means
coupling the first and second output ports and including an
optical non-linearity, and an optical fibre amplifier, the
method comprising coupling a source of optical signals to the
v 20 first input port of the interferometer in such a manner that
the optical signals saturate the optical fibre amplifier
thereby suppressing any oscillatbr.y output, and such that the
power of the optical signals is sufficient to switch an input
signal coupled to the first input pdrt to the second input

25 port.

14, An o'ptical- transmission system' substantially as
hereinbefore described with reference to one or more of
Figures 1 to 10 of the accompanying drawings. '

15. A method of using an interferometer substantially as
30 hereinbefore described.



