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l{ft her advantages such as uni formresponse over a
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poI arisation dependence Furt hernore, nost of the

conventi.onal,.i nt roposed so f hav

i heeiaes gmpofian Babeassditele pticel htersaumg aftigtyfundamentally
fur@ibn e¥eopiicahfileh dankd haa Bfticledr signifi cant attention recently. Unlike the
single-input-single-output bandpass filters, an optical interleaver can offer several
channels of phase-shifted bandpass transmission simultaneously at different outputs.

Several conventional techniques have been proposed for interleaver designs.
These include Mach-Zehnder based interleavers, Michelson-Gires-Tournois interleaver
(MGT), Birefrigent-Gires-Tournois interleavers (BGT) and compound etalon interleavers.

One common drawback of the above mentioned interleaver designs is that they
cannot be implemented as an all-fibre structure. In optical communication systems,
using all-fibre instruments can decrease the insertion and connection losses where
optical devices are connected serially. In addition, all-fibre implementations can provide
further advantages such as uniform response over a wide wavelength range, very low

dispersion and minimum polarisation dependence.



communi cati on system a nunber of the conventi onal
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shifted transm ssion channel output signals at

respective output ports of the second 3 x 3 coupler.

Each HR el enent may conprise a ring cavity. The ring

cavities may conprise optical fibres.In accordance

with a second aspect of the present invention there is

SUMMARYed

In accordance with a first aspect of the present invention there is provided an
optical interleaver comprising a first optical 3 x 3 coupler for receiving a broadband
optical signal at one input port thereof, a second 3 x 3 optical coupler, three
differential delay lines connected in parallel port-to-port between output ports of the
first optical 3 x 3 coupler and input ports of the second optical 3 x 3 coupler, an
infinite impulse response (lIR) element disposed in each of two of the delay lines,
and wherein optical signals travelling in the respective delay lines interfere at the
second 3 x 3 coupler to produce three frequency shifted transmission channel
output signals at respective output ports of the second 3 x 3 coupler.

Each IIR element may comprise a ring cavity.

The ring cavities may comprise optical fibres.
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differential delay |lines connected to respective ports

at the other side of the optical 3 x 3 coupler, an

infinite inpul se response (HR) el enment disposed in
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o, o e I e 8 A v .
O,apd + 4Bl fibre delay lines connected in parallel

Do b AP bl AR Boh e BB Bl iy = Pt e

The delay lines may comprise optlcal fibres.

The optical 3 x 3 couplers may comprise symmetric 3 x 3 optical couplers.

The three frequency shifted transmission channels output signals may have a
shift of 2z /3 in frequency.

In accordance with a third aspect of the present invention there is provided
an all-fibre optical interleaver comprising a first optical fibre 2x2 coupler for receiving
a broadband optical signal at one input port thereof, a second optical fibre 2x2
optical coupler, two differential optical fibre delay lines connected in parallel port-to-
port between output ports of the first optical 2x2 coupler and input ports of a second
optical fibre 2x2 coupler, an infinite impulse response (lIR) element disposed in one
of the optical fibre delay lines, and wherein optical signals travelling in the respective
optical fibre delay lines interfere at the second 2x2 coupler to produce two frequency
shifted transmission channel output signals at respective output ports of the second
2x2 coupler.

In accordance with a fourth aspect of the present invention there is provided
an all-fibre optical interleaver comprising an optical fibre 2x2 coupler for receiving a



optical fibre 2x2 coupler, an infinite inpulse
response (UR) el enent disposed in one of the optica
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travelling in the respective optical fibre delay lines
interfere at the second 2x2 coupler to produce two
frequency shifted transm ssign channel output signals
at respective output ports of the second 2x2 coupl er.
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two of the delay lines to respective infinite impulse response (IIR) elements,
reflecting the coupled signals in the three delay lines at respective all-pass reflector
elements, and interfere the coupled signals in the three delay lines at the 3 x 3
coupler to produce three frequency shifted transmission channel output signals at
respective ports on the first side of the 3 x 3 coupler.

In the fifth and sixth aspects the differential delays between the three delay
lines may be AL, 0, and - AL.

The optical 3 x 3 couplers may comprise symmetric optical 3 x 3 couplers.

The three frequency shifted transmission channels output signals may have a

shift of 27 /3 in frequency.
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ports at the other side of the optical 3 x 3 coupler,

subj ecting the coupled signals in two of the del ay

lines to respective infiniteginpulse response (NR)

el enents, reflecting the coupled signals in the three
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and interfere the coupled signals in the three del ay

lines at the 3 x 3 coupler to produce three frequency
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configuratiorcoftharinterleaveriof Rigune 1dr awi ngs, in which: Figure
la) is a schematic drawing illustrating the
configuration of an interleaver in accordance with an
enb Figure 2tshotvstjowvasispecina of vetputoof thEiintareavis of Figuse 1.
schematic drawing illustrating a schematic, equival ent
configuration of the interleaver of Figure 1. Figure 2
shoWwigue ik shewe @ compérisorobetwech ofie ichannelt powerastesctiaf of the

. E - ELOur . ri son between one
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and a prior art interleaver. Figure 4 shows one

cha Q spect.r he interleaver of Figure 1 .

i ¢ e P Bl o8 oo i ool 35 TecliaaiP of Figtre 1 with
design ipatameters bearingipb% fablicationattviations in example embodiments.

Figure 5 is a schematic drawing illustrating the configuration of an interleaver

in another embodiment.

Figure 6 is a schematic drawing illustrating a schematic equivalent

configuration of the interleaver of Figure 5.
Figure 7 shows power spectra of three outputs of the interleaver of Figure 5.

Figure 8 shows one channel power spectra of the interleaver of Figure 5 with

design parameters bearing + 5% fabrication deviations in example embodiments.

DETAILED DESCRIPTION



Figure 5 is a schematic drawing illustrating the

configuration of an interleaver in another enbodi nent.
wOor@anz1sss i s a schematic drawing illustrating BCT/SG2005/000179

schemati c equi val ent configuration of the interl eaver

of Figure 5. Figure 7 shows power spectra of three

outputs of the interleaver of Figure 5. Figure 8 shows

one channel power spectra of the interleaver of Figure
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a pat ngth o are enbedded respecti'vel
intledueed- esonat or 102, 104 couples into the differential
del ay path 112, 116 respectively, with a coupling
radio a . In each of the resonators 102, 104, a phase
shi fRorfthis /co(lﬂgumtipnzyhei tbreerchanukls etitraemissidrisscan be obtained from

onf 3 i 25 e G TRHEWFRAREAS o brkd: RS ThE HaAERs68Rs from

Srned
thevinputcpart F $as thef theseneutputi poyts E"he F’s and If°s sre considenad.t Tiee obtain

1 n
thr%%ﬁclgl% @éiée f l?EIQtI rebu{ I'%ITZ? 521 ghlﬁg asr}smls(fen@ Q%tﬁfﬂ‘[ﬂe desired
sp&tficationsh Heeintarieavards tesigsed ls)scrmvsmgaappscﬁgnategparametasl including
the coupling ratios k; (i =1, 2) of two 3 x 3 fibre couplers, the phase shifts ¢, ; (i =1, 2) in
ring resonators, and the ring-to-path coupling ratios a; (i =1, 2). To this end, the three

channels of transmissions are expressed into the functions of the design parameters.

It has been shown that for a 3x3 optical fiber coupler, the input optical fields and
the output fields of a symmetric 3x3 coupler can be related by a 3x3 transfer matrix M(k)

as follows:
E; y 6 0 El’ El’
E}|=|8 y S| E]|=M() E,; (1)
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specifications, the interleaver is designed by
choosi ng appropriate paraneters including the coupling
WO 2605031884 - (i = 1, 2) of two 3 3 fibre coupl ePCI/SGHO5/000179
phase shifts f, ,- (i =1, 2) inring resonators, and
the ring-to-path coupling ratios a,- (i =1, 2). To
this end, the three channel syof transm ssions are
expressed jnto the functions of the design paraneters.
where E&sarmbén repreaentiraspectivaly thesrputdisid ard the gugput field at the m-th
coupler, the input opti cal fields and the out put
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represent respectively the input field and the out put
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denaqj e L Be, Lhep -port and the cross-port power

courﬁTrﬁ% réi%zf”osjJ f the 3*3 directional coupler. They 2)
are gi. %nxg -y (eJ2k +2e ~JK )/3 (2) d (eJ2 -e- 3)
JK)/SX) ere /stands for - and Kis a product of

the coupling coefficient ¢ and the I ength of the

coupl i ng reg}_o.n L, i.e., Kk =c L As the three optical
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Denote z as a unit tine delay given by z =e where | is

the wavel ength of wave propagating through free space

and Nexi, svet dezive diie tansfercfunciideraf thedifferentialrines evdthaing resonators.

derivation, we represent the tyapsnm ssions of two ring
Depelechas aruitdimesdelzy gived bs zFe r esybensi Misl the wavelengihnof wave
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derivegionf we representdhe deanstissions taf dwo ding: resoratdri by-Si(z) and Sx(2),
resi)éct}vel:y, shdwn in Fig. 1(b). The lossless ring resonator with a single coupler and a
phase shifter is an all-pass filter. Its transfer function can be written as :

—Jt _ Z—3

S-(Z3)=ej¢l’, pl,ie

4
1-py e @

Jia Z-3

where f; = 1/1 —a, and g;is the bar-state coupling ratio of the single coupler on the i-th (i

=1, 2) ring resonator.
Considering the differential delay caused by delay lines themselves, the
transmission of the differential delay lines with ring resonators is obtained by

e¥™z718, (2% 0 0
D(z) = 0 1 0 (5)
0 0”78, (z%)

Therefore, the normalized transfer functions from the three input electric fields to the
three output electric fields can be expressed by the following transfer matrix:



Mi - -3 (4) - Puwere, - and a, is the bar-state
coupling ratio of the single coupler on the i-th (/ =
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del ay caused by delay lines thensel ves, the
transm ssion of the differential delay lines with ring
resonators is obtained by Thgrefore, the nornalized
transfer functions fromthe three input electric
fielgYyo the three gyrput electric fields can be
exprlesspd by the fol ow ng transfer matrix: Denote
1(2)], Expr MEOR@M() Eag the transnissions fromthe (6)
i nputEpprt E i to thegfhree output ports , E 1, E2
and respectlvely hey can be expressed as the
followi ng equations: 1(Z) = e 2JFcL gyz Si (z 3) + dd
+e2JF ddz iS2 (z 3) (7) H2(z) =e2JF r dz -1Si (z3) +
dg -Rer@fsH(2) diz(z), 3d(/4:(2) )as(tBe treBgraissionse Ak thie ianhGﬂ;(rZB) s to the

odS b T, L2 A iy, 08y S e e s e
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that _the povwer spectg L2 and \H\ have
a shifi¢2) gre \é\fr% Sr(z }téée*n e &%’Si@ei have i dentical (7

pe gre \ Hi\ WL, is the
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In adgi tio s. highby desired that the
pass@a@?ﬁs*'glg& qﬁb@na§5§f+? %/5(? <§ and \H\ are (9

as much isol ated as possible to achl eve good channel
i solation, and nore
Then, the 3 x 3 optical interleaver design problem can be described as one of

2
determining appropriate design parameters such that the power spectra of |H;| , [Hy] ,
2
and |Hs| have a shift of 2m/3 in frequency, but they have identical spectral shape,
2
where |Hij (i = 1, 2, 3) is the power transfer function in the proposed configuration. In

addition, it is highly desired that the passbands and stopbands of [Hi] , [Hal, and [Hs|
are as much isolated as possible to achieve good channel isolation, and more
importantly, they should be as flat as possible in order to reduce power variations
resulting from channel wavelength shifts.

To meet the first requirement to have identical passband/stopband spectral
shape for all the three channels, the desired design parameters shall satisfy the
following equations

| Hy(2) < Hy(ze 7> ") = Hy(ze™*?) ] (10)

Clearly, there is a great deal of difficulty in solving these equations due to the
complicate expressions of S{z) in (4) and H{z) in (7)-(9). However, with the proposed

3
structures of Si(z ) (i = 1, 2), we can solve (10) in an efficient way. It is seen from Fig.
1(a) that the path length of all-pass ring resonators are chosen as three times that of the
unit differential length in the proposed interleaver design structure. Such a structure



importantly, they should be as flat as possible in

order to reduce power variations resulting from
waeb@snegisswavel ength shifts. To neet the first PCT/SG2005/000179

requi renent to have identical passband/ stopband

spectral shape for all the three channels, the desired

desi gn paraneters shall satisfy the follow ng

equations IHL(Z2) |2=|H2(ze =J2p'3) \2=\H (ze /3) f
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2 e

respectively. n, the spectra’wn (10) can
coefficients a 3

and k =1, 2, 3)z2are related to the design p

Ki Mo b Ehaﬁi?

=7 f r 4 =7%45=t jForcing > < ¥t b b?=bf. s =f and
=) ) it can be solved that when K1 = 2tr/9 and K2 =
4p/ 9 , equation (10) is satisfied regardless

where the coefficients 4%, p* , & and g (fori=1,2,j=1,2 and k=1, 2, 3) are

:1,

related to the design parameters k; and «, through (2) and (3) as follows:

o) = ypring, off = 12818, a§y = 5152737, oY = 8.5:5763,
off = mhetd}, off = nbtiBe¥, o) = 61T, of) = 610578,
3 _
Qyy

Y = a8y, o) = mbdingeE, off =S BeE, off =8t

exp i yjent LUt oukhg Y52 steg, @LNS 222357 (%) + d@ (13
JeRsed) gg@ 7 C,spw)ngz@gfgbr i ﬁf) ng,z fé} 13)

tamneter
S ADIGP) 53 ADET O 42 2 T 561 49 16

{15



of §j(z). Wth these solutions to and K2, we have 2 2
2 An imediate conclusion fromthis equation is that

wo 2db/121854 2| , and | 3| have identical shapes BT/BGZNN5900179

a phase shift of 2tr/3 in frequency between each of
them Therefore, the problemof the three-port optical
HR interl eaver design is cqgverted into one of
designing S z) (i = 1, 2) such that any one of the
chapne) . transfer functigps, e.g. 2 IHll , satisfies
t hef d 3#@%@6@,r um reé@mﬁaﬁégd’m,fi | ter design
nmet o i ncl udi ng those J4or the design of Butterworth,
Chepy
enp{ o to r mmne t regai Qj Ng_¢gesi gn paraneters
ggg‘t‘-‘?}' Si@é?l:eav%%g’“‘t&%ﬁ%%s Bns have desired
tral responses such ﬁs hi gh channel isol ation,
flal ei¥ssbanrand w delBandybsitids, As a design
P

exa ‘I;@ t he propqosed HR,structure of,.t he opti cal
r .

tr ahsmiyssi | chanar e iyt ey l.egved.day 2tr/ 3 witheach
ot h r%ﬁ?ﬂg@@%}aﬁagﬁaﬁé ﬁr&éﬁ@ﬁ%ﬁ@:chosen as 85% of
¢Channel spacing at O ddB. Follow ng the two steps
| g@ﬂhe:hé@ﬂi@?el oped in the last section, the

‘ 0

the two 3x3 couplers are readily

hg@ thg . Er e channel s of transm ssions have

i dept! }a’r* ﬁé 1924 shapes but phase shifted by 2tr/3.

, one of the transm ssions, e.g., HL(Z), is
designed to satisfy the passband requirenent. It is
known from (7gthat Hl(Zzz is3 a sixtt21 or der HleiItzer. Y
UsForging hel) Fe@st ot quiie$ (1 9 mef Ko’ =t b adsidied 4P = 49 it
transfer function of HL(Z) can be obtained, and its

can b adlved bat when den@mhandK: PATE , egpation (A) sseatisfied regarsiless
_ b L fLEeh tai ning the power

of S“Z&g\ghﬂs@%%éj%%g?%lég{) gh%%d @f EVIS-I{‘? g , We determne the
paraneters of the ring resonators. The coupling ratios
and phases for eac% ring resonator are easi|
calfhlwlby en frsprm e HeE Ha(re pashs, Lunetd ﬁn@s(«"f&i@“)éwg@%

to produce a

An immediate conclusion from this equation is that |H1|2, |H2|2, and |H3|2 have
identical shapes with only a phase shift of 21/3 in frequency between each of them.
Therefore, the problem of the three-port optical IR interleaver design is converted into
one of designing Si(z) (i = 1, 2) such that any one of the channel transfer functions, e.g.

|H1|2, satisfies the desired spectrum response. The filter desigh methods including those
for the design of Butterworth, Chebyshev and Elliptic bandpass filters can be employed
to determine the remaining design parameters such that the interleaving transmissions
have desired spectral responses such as high channel isolation, flat passband, and wide
bandwidth.

As a design example, the proposed IIR structure of the optical interleaver is
designed to deliver three channels of transmissions which are interleaved by 2m/3 with

ev i da Bt c Bangphdsdizel®,s can be (16)

avwed Yoyt e Pgne st o=dehhdiddeTheee channel s of (17

I eé rati os
i d@l=adi w81 ;2p /9 and K2 = 4tr/9, respectively, (18)

(19)



pole at zn requires a coupling ratio of an = 1- |z/| 2
and a phase of arg(zn 3) . Thus, by using Egns (4) and
w@ 7005/121884 desi gn paraneters of , and f \ =1, 2PCHE&2005/000179
obt ai ned and shown in Table I. Wth these design
paranmeters, an HR three-port interleaver is obtained
with the specified performange. Fig. 2 shows the
i nterl eaving transm ssion spectruns of the designed HR
eatlipther, cimdraaeh passtaniddzandwidtiTes dosparae 86teofitbe fchameh spacing at

0 4L PRI 1R g hd AR SRR REREAIASho |3l SLiBRURE coupler
ratiosaofs thes two 3% B scarplersi | ang edac_iil!?@btia’med FTO RPN 2:rr!91| @rd _uezed 41/9,
el S8 U RGN o S g o Pk e
bubpimabei shiftedaby 26/3 dBenAoss nbihe mansmissias, eq. cHl(a), iiodesigned to

saff 1% e Shar gttt | Bobin R 8 Bl b £ hianyir it

Usingr thehleasttsquarese(LiS} avethod,Fe  desired drarstarpfanét®anof Hi(g) can be

obéhn%dsgé)cg?f nﬁﬂﬂ ra@%“\;i: ren?;cur i) %‘?r@axﬁ%ns{nﬂw cHHIERE greﬂ%ted in

Tabledr espondi ng one of a prior art of the FIR
interleaver (curve 302) in. It can be seen clearly
that the passband transm ssion bandw dth and the
chaAftet obkdlirg itheen pofvet Ieapansﬁn' noefficients eof Hy(E), iwqardeteenhine the

ootV (Y PSR o The! ARHEL SR L ety ooen
resanator aexleasily tdatculetdd fromethe edivpass flTl’lIﬁDHﬁ’f d"roe,exampbalto peoduce a

concl uded that the proposed three2 port HR interl eaver
polezal zacenuiiee asepiiing ratiseefi @rfrinlze | hend adiaEe iof era(@. k hahus, by

b4 T D55 2P A CRUBALSES o 54 b 5% o s

sh@ENOM THAEORPONER hsERA\NIBSION (cafEterS,EAIT SIR AhBeqioRCldicTleaver is

onGHRAFEETS, SRR PRRRolE, G S TP harkision,
spabtrvimat ofdhe desighed) [IRathraeecehtannel intedeaves. To lcempareuthkipegformance
clTn B 15 P 18 P sl BroaB B RS g8 of mere
(F@Ifl) ohéhe traesrhissiveris palchiatedn QM vis teh coraspacindéo usérk to evaluate
performance of interleavers. It is defined as the ratio between the bandwidth at —25dB
and the bandwidth at —0.5dB. A simple numerical calculation shows that the FOM of the
IIR interleaver is 84.32%. It is increased by nearly 50% when compared to 56.2% FOM
for the FIR interleaver. For a clear comparison, Fig. 3 displays one channel transmission
of the proposed IIR three-port interleaver (curve 300) and the corresponding one of a
prior art of the FIR interleaver (curve 302) in. It can be seen clearly that the passband
transmission bandwidth and the channel isolation of the IIR interleaver are improved
greatly. Furthermore, only two 3x3 couplers are required in the IIR optical interleaver,
while three are used in the FIR interleaver. Therefore, it can be concluded that the
proposed three-port IR interleaver can achieve superior performance more efficiently
than the FIR three-port interleavers.



desi gn paraneters and the insertion | oss of the
couplers. In the sinulation, 5%tol erant deviations in

wo b@sdessgn paraneters kh ,- and f1 (i = 1, 2)PCT/SG2005/000179
respectively, are considered. The coupling loss is
consi dered by substituting hz ~3 for z 3, where | oss
i n deci bels for one feedbackqpath is -20l og\0{h)
Fig. 4 shovvs he spectral responses of the interleaver
with thek@desi gnu #tarhenoeqes ésmemtnhter coup| §i54t | oss
varyi ng| wi t hi f ‘Thi eran PPARTR RS FLS ¢l darly
showed Haat t".e “"f.'"e.
interl egler i §%Wlerant to Hevi ations i BBERTt he
desi gn ptrameiérs and the téupling | oss| 2F1.¢0Pe 5
shows al  hree| ghannel HR oppical interljegyers 989 in
anot her| enbod nt of the nt invention
interl ea%er SPgecorrpH ses bé}éﬁg x 3 di re®ei ongﬁbe
coupl er| 602 | port-tolPort by three8fPerent
del ay pbﬁ hs 5)&365506 508 fespectively.| #R4mRhr ee
deI ays off the del ay pat hsTA8&E! 506, 508 are chosen as

respectivel The return

th
d9$95&%“rrce WMEBA BYWFR "Fgéo ?Pfﬁﬁ'&fENéfBg%ﬁNH&""&fToﬁﬁ’QWER
LBLATARSSANTIORoUP PR TERS BbR S dHIRR ARG ARk ok AT B RAVER
nm corresponds to 0.8 nm channel spacing where the
respective index of the fibre, nis 1.476. Two of the
del &Y Ppretipg thesesiansparamelate as sHbiRcicigvdeviations tyring fabrication

antl etﬁ@ eﬂBlEt \SSuMmgW&y Bﬁff@r trsmgéé?t%lrﬂld‘séeﬁiﬁﬂﬁeﬁloheétws& drd @herefore

pa refleCtors 51 16 al |l -pass reflectors :
casﬁg oustagnygstigate the tﬁnﬂtwam thre @ﬁe%qavabptﬁqs@asqwﬁs Tgspect to the
deégﬁ%%Fén%ét@ﬂsyarﬂrtﬁei‘?ﬁéeﬁﬁnel%@éf BeRbuplbfs. Wfﬂé §r‘h§|a98n 5% tolerant
12 a phase shift is iIntroduced e delay
depatwnsaoem desigel peraneiers! K- (rndsdy ff+le ), desquﬂm, amgeconsidered.
Reeal,l-s
Thr%@ﬁglﬁ:@olrgé@gd&dﬁg@%gedt @;Bwl{bhlﬁé gg Bfroggg grﬂlz e I%ss in decibels for
onexféadback path ds @Gtagd atn) dElgay SbaWﬂ Qweﬁspectraoesmmses oBthe interleaver

wut\fﬂ}ag geﬁéﬁ lphlrblnﬁét&s t he ¢ a?;ﬂﬁ'\g qgér% éﬁﬁfg ﬁnthfﬁ th@ ?%Igv)éﬂmnﬁe The

an a
requits lckeartpghdweed tngt ﬁnmarbdnamemfalnmpropaswgllﬁ drderledver artolerant to

cefgST5IR bfing BROGH PEBImesd Sl BRI BEAEC1Or = . 0

eplac y mrrors enbodi nent ,
the mrrors may be produced through deposition of a

oSSBT 2 UEMC el shéff TR OBREE enkey 500 o another
enﬁibdtmefjﬂ)Gofatm peSenke nveationeTlye mtarleé\&r eSQﬂmpmprises one 3 x 3
irBRRA! A Pler 5b8 kel s fNBEEY frd kb ANRAY ety Bt 5641 %06, 508

respectively. The three delays off the delay paths 504, 506, 508 are chosen as AL, O, -

al

AL, respectively. The return length difference 2 AL determines the channel spacing of
the interleaver 500, e.g. a length difference AL of around 1 mm corresponds to 0.8 mm
channel spacing where the respective index of the fibre, n is 1.476. Two of the delay
paths 504, 508 include etalon cavities 510, 512 respectively. The path lengths difference
between the partial reflectors 514, 516 and all-pass reflectors 518, 520 of the etalon

cavities structures 510, 512 respectively are selected as 3 AL. In each etalon cavity 510,

512 a phase shift is introduced. The delay path 506 includes one all-pass reflector 522.



500 are obtained fromone input port to three output
ports. For exanple, an input signal enters at arm 524

WO paos/121884 3 x 3 coupler 502, with the three cheeret2005/000179
transm ssions exiting at arnms 524, 526 and 528
respectively, which in the exanple enbodi nent are in
the formof optical fibres. H] w || be appreciated by
a person skilled in the art at the input signal can
be fremar akaﬂplérmwmaemtrmmaﬂml and cdﬁquaselremacasmgzzms 520
ut i

h
colipfita, Biaet I AMG witen i el SR it 5, 50 2Pf sbB ypish are in
thebtorrh roﬁ?ﬁil’ﬁa‘éﬁbr@@ lrﬁlr@r?(ﬁmpwéiMBg%gdnn‘ (Ijroancl) gmana'livbemﬁodhhent the
| Ca S C 3 .
delpipell ma, e JERA e DR R AP e es N g e e gimbodiment,
thecampa@st %ﬂ:a@tbﬂsce 8f rrigtzeae fﬂpﬁfcbﬂébyemlr&@@ In A@él suchtémbodiment, the
ua nas on, C nne
it iy, By PR PRI VSO 5P Pilos OF 8 ST, Pl B plbgh Shatfaces

of theaesictve @ﬁtic@ﬁ.b@és dfftee Opticaydeglay pathd 664, 598GndrBdsYehectively.
the cavity structures 510, 512, and the coupl i ng

characteristics of the 3 x 3 coupler 502. For one

enbagihgRixample dnfittodimestethie thme;ghhms oft themshitgsiom of the interleaver
s _can

50 Afk PotpBed oty PR Hora a8 PREUT BT B0t STATae oA input signal
enter &Rl 5234|,lntb Itien3 gl?ﬁédupmﬁ 502, Oﬁithclhé thEr?@ gham@l trarE(mssmns exiting
res | ree ou or
at §FEF Bihet etnsiS28 e, e n e ample, Fmppaftegt 3re in the
fonmhﬁs:ﬁmaéu fiokedl IthtI tbledamire?fbd tly taen ﬁfﬂssﬁ iskifed samesérythag the input
esl| I ca e.interl eayer
SiORR GG RGSRBIHTTAE BRI SRS I G2 HEU LW Eoptca

devViéds, euéﬁééaﬁb]ﬁlcakércﬁlabﬁr coupl er, the phase shifts yu
(i = 2) inthe differential arns, the phase shifts

fu (i =1,2) in betvveenthereflectors and the

r ef Iremeaémpxé ehib@dipfent ishbwh af IFafUre 155 tu@nstﬁissmnlsuéﬁals collected

OB, U880 PHATS CPHEA IR PRI 500 e B0 B e et analysed to

obtBin7fbnitor the tFarsimsEibr dhatadtéstio bf &é&ﬁt@ﬂéaﬁfar 560.ber
coupler, the input optical fields and the out put

fields of a symmetric 3x3 coupler can be related by a
3x3abhiANfeeindiVRiubl Passbands in the transmission channels may be varied

through appropriate design of the optical characteristics of the delay paths 504, 506 and
508, the cavity structures 510, 512, and the coupling characteristics of the 3 x 3 coupler

502.
For one embodiment in the present invention, the three channels of
transmissions can be obtained from one input port to three output ports. Without loss of

generality, transmissions from one input port El’ respectively to three output ports £/,
E;, and E; are considered. To obtain three channels of 2z /3 phase-shifted but

identical transmissions satisfying desired specifications, the interleaver is designed by
choosing appropriate parameters including the coupling ratio x of the 3x3 fiber

coupler, the phase shifts y,, (i=12) in the differential arms, the phase shifts ¢,;

(i=12) in between the reflectors, and the reflectance of the partial reflectors p,;



MXx) as follows: (20) where En and Em represent

respectively the input field and the output field at
w0 b@smes port for n = 1,2,3) \ \2 and | d | 2PdES62085/000179

t he through-port and the cross-port power coupling

rati os of a 3x3 directional coupler. They are given by

g - (eJ2k +2e~] k )/3 and d (eJ2k - e~JIC )/3, where

j stands for V-T and Kis a production of the coupling
((eddt iTa tis epdnihe Huee ahgoneldfofttFrnspussiansnarer expressed into the

the three optical fibers are laid

f“QﬁS‘P"%QﬁQSFFF'Q%PPS?mﬁt?{ coupl i ng coefficients between

any pai r of opt|cal fibers are equal Next, we derive

nsf er fu on o% éhe di erent. al
Io)

j t
t he FISF o Koput et 67 s 3 BB Bh ket cRUEr.4b¢ et pilceLfiids and
the SuthPhéE@ df humhicanabky &)ﬁpﬂer Thh Wel fdlfeSHP W3 X k3 thinSfer matrix
6. note z as"a unit time delay given by z 1 = e
M(g) @sidllowsere | is the wavel ength of wave propagat| ng
through free space and n is the refractive index of
the fi ber For conveni ence of derivation, we represent

t he etéur€ sm ssipng of two cavity

ref l|éct r S é nd S2(Z)|, respectively. The

| osqlesk= p@rv’ ab || ef | =M@ E\z h a phase shifter (20)
connegt dsomnyalp! reflectibh reflector is an

al | -pags tilter.’Yt¢ transfer/ function can be witten

as: (21)where p Xl is anplitude reflectance of the
partlal reflectors on the i-th (/ = 1,2) fiber arns.
wheren &, and Eg11epyesanterespantively e ipputsfield anqhtiye eutputdisitbatdbie m-th
by S1(Z ? in the subseguentl al analysis for clarity
P0¢cfnls (et 1,233) -t hrel” dinf ef G rdengte thel &ﬂyowau@@tdarwtr@etprass port power
lines, the transmssion of the differential delay
couplinggatigs: of aad x 3 giseetionak qasiptenr ey are pivan Rk e’ +2e ~*)/3 and

Therefore the normal i zed el ric fields transfer
S £(elét 6% ) f3.omnarpes tstanss fphplexﬁts and xhie a Rrasiciian pilithe coupling

coef? cuentec gr)l(cp {hesleng oP thtell%uf)l%g reglongLt i ansf er Ea As tf)'l(e three optical
fibers are laid out symmetrically, the coupling coefficients between any pair of optical
fibers are equal.

Next, we derive the transfer function of the differential lines with the reflectors.
The proposed embodiment structure can be replaced functionally by a structure shown

2ALmIA \where A is the

in FIG. 6. Denote z as a unit time delay given by z7' =e¢
wavelength of wave propagating through free space and » is the refractive index of the
fiber. For convenience of derivation, we represent the round return fransmissions of two
cavity reflectors by S;(z) and S,(z), respectively. The lossless partial reflector with a

phase shifter connected to an all reflection reflector is an all-pass filter. lts transfer

function can be written as:

"1¢1,: _ z—3

J¢1,lz—3

S (ZB) e1¢n pll

(21)
1 plt



Denote H 1(z), H2(z) , and H 3(z) as the

transm ssions fromone input port El 7 respectively to
W boosa2st put ports 1 0, E2 0, and E3 O , PCT/SG2005/000179

respectively. They can be obtained in the foll ow ng

equations: Hl(Z) =e2j gm-iSl(z ) +dd + e2) ddz S2(z

3) (24) H2(z) =e2jY gdz - Sg 3) +d +e2j ddz 1S2(z 3)

(25) H (z) =e2JV rdz i Si ? +dd +e2b! -2dgz S2(z 3)
wHe?8) p, Thignamplitgded Mf@etaﬁbeaaﬂﬂb patiaicaiflettofsCbh @Ry €th (i=1,2) fiber

desi gh can be described as one of determ ning

% T s F3y i -

ar@gggﬁzg egl S’(%?Sé(rgrfuﬁ&’%ﬁé'fﬁf%“ tﬁegfér§ faghgtbfaaoygm? |)2|n the sub
sehasstiabaisdlydis foptladty, 3 in frequency, but they have

i dentical spectral shape, where |H, = H1H* (/ =

1,2,3) is the power transfer function in theproposed

confGdnsidatihgtthe Hiferadaltdetay, caubed by hi'egiyl |§ned ethe temsinizaion of the

atergpal Geng o Y aberBdolReters e ptdbediPhe possibl e to-

achi eve good channel isolation, and nore inportantly,
t hey shou d be as flat as possible in order to reduce
power varfiat'teis (rzéi;ul)tl ng f@om channel wavel ength
shi f{)f 0 meey the fhrst reguirenent to have 22)
i de gal passband/ st opb H,d shapg [for all the three
channel s,| the 8esi redOde?s g& pdfabet ers shall satisfy
the follow ng equationsl Hz) 2 H2(ze-J2p n ) \2=\H
(ze-J4p | 3) \2 . dearly, solving these equations
' ”p%%?ef&egflﬂ%aﬁ%m EIE&J)QCHE%}YC %‘? ttt%n&fé? RGBS ﬁ'ﬂﬁ'n Ee three inputs
expressi ons of However,
to thecthfaeopsitieidel can be expresssddn tf@tfoldozfemg trapgfermatrizol ve t he
above equation in an efficient way. It is seen from
FIG 5 that the path length of all-pass resonator
for y two reflec g,’ are chosen as three tines of

t he ngth in the proposed
I nt &{U &J’Q@égﬁﬂ( Fu ture. Such a structure inpli ed23)
t hat| E;he frequency

Denote H,(z), H,(z), and H;(z) as the transmissions from one input port

E respectively to three output ports E}, E;, and E;, respectively. They can be

obtained in the following equations:

H(2) =™ ypz™'8,(2%) + 65 + "2 562' S, (2°) (24)
H,(z) =" y6z7'S,(2°) + Oy + /"2 652" 8, (2°) (25)
Hy(2)=e™™y5z7'8,(2°) + 86 + e 02" S, (2°) (26)

Then, the three channel optical interleaver design can be described as one of

determining appropriate design parameters such that the power spectra of | H,(z) 1,
| H,(2)|*, and | H,(2)|* have a shift of 2z/3 in frequency, but they have identical

spectral shape, where | H, ’= H.H, (i=12,3) is the power transfer function in the



response of the ring resonators -(Z3) (i =1,2) wll
not change with a shift of 2/ 3 or 4p/ 3 in
woe@quernssy. This can be seen directly from Si eGy/S&005/000179
((ze-J2 /1 3g) =Si ((ze-JAp/ 3g ) for (/ =1,2)
Using this property, the first requirenent of an
interl eaver can be fulfill ed1éoy choosing only the
design paranmeters K. As a result, = 2p / 9 can be
préifokad neshfig@aton. his .adaliohaiteisUhighly Mesiredmtiati tee passbands and
conclusion fromthis equation is, that I1HI(Z) |2

stapkagds of A, (z2Rd | FHEeY] . amd hék )i dare ae muchHaglaled as; ppssible to

only a ase shift of /| 3.between each o he .
achius ares ShenAGSAbAs @i 41ore IEPAP L B i RS gt as possibi
in bideetd reavsy potRstivanatichs ¢estmGtiReh clidnbebnavetdngtieshiftsi ng

S, (z) such that one channel transfer function, e.g.

IHL(Z) 12 , satisfies the desired spectrumresponse.

T]be E1:0i thé&tthd ﬁﬁét ggmr@mwﬂﬁ) have! idetitiegl parspand/stopbesi grape for all
(0 | getr SPBBPIbe ATV R  HEoab BFATRET hS e RaTRY nffe following
eqﬂ?tgdrr]wg E]HE%:) g%ﬁbﬁ gz%‘ﬁmﬂ? ngz}(épggtl 3:)1‘1.%@5@9{' dHlving these equations

ve desir responses such as

imgg%gwgzqiﬁ&ebiﬁicﬁ Juk o, the! @mpRarbakitessiond Wf &8(z) and H,(2).

For clear illustration, a design exanple is

Ho%e%li, defiks WhedishHRdSRALISCRLY, 01§, WE Ral 8bRE tiRslalisve equation
the same as the previous design exanple for the ring

in faﬁSéffl‘tﬁémrw@jfTﬂDﬁsi s& frohhBlG. i 55 thalh ¢heo patbo lkeagdthe abaltipassntesonator
structure the optical interl.eaver . sdesi,gned.. .

forgiset i eflorarmrgpscn s Ihn SRS ST S UG aetubOlenatn in he

propdised | iRresiebydedipn trustireh Steh ha atttveturariciplierc that the frequency
passband bandwi dth is chosen as 85% of the channel

respeasé nfythetring resators R4 dvil rrg-2) hwill ingd changeawiliea ishift of 27/3 or

schene _devel oped in theg |ast sectiqn, the couplin

A i o B th&e%@%ouplﬁﬁ'si o GAPai nd¥ 1irSioMhas kd'ﬁ%ﬂy g from
3§0 t_jiest hr, channal g.0f. t S SS

S a3 ana % hers Qe anoms o 12L TR s iBpery, the s

rec?memeﬂfjoii dh ﬂ%@@v&%aﬁ b% f%lﬁlledTl!S&ﬁéhoo@[rhg dhy thB&lesign parameters x .

ransm ssion, e.d. i's designed to satisfy
Ast hea paesblibnd Keq’&ﬁir%rreﬁ@f.‘ Lb?ngob'ﬁé‘ easB0dquiiiuss (¥&) have

t hod, tI;gt, siregd, transfe ungfson of H 1(z .
Hg) Q*%zm/eﬁ,e an%gi(_tz%_ et ol denbmiena: &P 'é‘&‘%ﬁé’n‘ca?g cBfciusion
fro?nx ?sngclu?a%og ?se {IIalth?PzSP Thez (z|)||zs,ta%g I'Iﬂ (;-)afb Ihgvé ‘dentical shapes with
only a phase shift of 27 /3 between each of them. Therefore, the problem of the three-

port optical lIR interleaver design is converted into one of designing S,(z) such that one

channel transfer function, e.g. | H,(z)|*, satisfies the desired spectrum response. The

filter design methods including those for design of Butterworth, Chebyshev and Elliptic
bandpass filters can be employed to determine the remaining design parameters such
that the interleaving transmissions have desired spectral responses such as high

channel isolation, flat passband, and wide bandwidth.

For clear illustration, a design example is provided. The design specifications are
selected as the same as the previous design example for the ring resonator
embodiment. That is the proposed embodiment structure of the optical interleaver is
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parameters of the reflectors. The partial reflectance and phases for each cavity are

easily calculated from the all-pass functions. For example, to produce a pole at z,
requires a coupling ratio of p, =|z)| and a phase of arg(z’). Thus, the design

parameters of p,,, ¢,;, and ¥, (i=1,2) are obtained and shown in Table Il. With

these design parameters that we have obtained, an lIR three-port interleaver is obtained
with the specified performance. FIG. 7 shows the.interleaving transmission spectra of
the designed IIR three-channel interleaver. Compared with the three-port IR interleaver
that is implemented with all-pass ring resonators structure, the proposed IR interleaver
has the same filter performance in terms of an 84.32% FOM, which is defined by a ratio
between the bandwidth at -25dB and the bandwidth at -0.5dB. However, only one 3x3

coupler is used in the present invention configuration. Therefore, it can be concluded



one( feedback path is -20logl(7) . FIG 8 shows the

spectrum responses of the interleaver with the design
w@aroairetses s and t he coupling | oss changing i n PEESG2005/000179

tol erant range. The results have clearly shown that

the performance of the proposed HR interleaver is

tolerant to both design para.[?ters and coupling | oss.

It will be appreciated by a person skilled in the art

that fted proposadiitivenition brivides s rao@ efficiem dirdHite etuieOion aﬂ’ﬁ&vlrhg?the same

made, to t he ent .inventio shown in the s
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e S desigh P TR Tve 408 BReYreble,Seyigifs 33 fibRcation and
theC b €duplibd) fm%@ slirfet e:ro&nb?ném deésaxsurh?laﬁﬁu stadieecdrededrniied out to
etween Ooutl pu

arall el ort
imBRcte dn FRRSTIVEY St aihe JOFIERvat P e ot Sopedtrig the design
pafefifdde Matihsatliordloss 3f HeUgduplers.dn thabituildtion] S%UWoReant deviations
response gg_lR el enent di sposed in each of two of the
aram@ydequedw thexdepigthparametesp s c A1, » hgraids Hr sl nigspectively.
the respective delay lines |nterfe§re at, the second 3 Xx
Thg coupijpigdess is qoneidered hyraubstittiing gen cfyr ghi.fwhege loss in decibels for
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receiving a broad %
rangee Tmer rewh%rr@ue Qierartyneh@mrdéhathﬁ\eeaerformané% of the proposed IIR

int€HlBf € Wibht BHclY daditPParGABRFS b cAudihgRRECT T Ve ports

It will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects to

be illustrative and not restrictive.



the optical 3 x 3 coupler, an infinite inpul se
response (HR) el enent disposed in each of two of the
waledoas218ses, an al |l - pass refl ector el ement di BEDS@Z05/M00179
each delay |line, and wherein optical signals
travelling in the respective delay lines interfere at
the 3 x 3 coupler to produceqd hree frequency shifted
transm ssi on channel output signals at respective
cumMss on the first side of the 3 x 3 coupler. 3. The
opti,cal nterlei’;\ie as clained in claiml1, wherein

eacH HR e”rfb%v?? AVRIECPTRNY cavity. 4. The

opt Iﬁ\Cﬁdst optiedl | 2R\&E towderciorirgeslving o bedadband wipdicali signal at one
eac el ement conprises an etalon cavity. 5. The
'“%PP&Z{F 'eH?erI eaver as claimed in claim4, wherein the

et alacxeaaaulg)m@pﬂmmaapleq partial reflector elenent at

one .en srefletor el epent .at _the

ot néfreg ierenlial iy Bes annerEa it eatalpl BETAF Reftgtyqen outpu
pofts AfhS firsth@stRian 3L:h8 doapler alndr il pbrs ofltikereatond optical 3 x 3
cogglngrl ses a Bragg grating.7. The optical interleaver

| aimed in any one of clains 4 to 6, wherein the

al l 'dhaﬁ\ﬁnit@fmpm%@fres}icm@n@lmoeﬂemeae@l@ogedig@ egichtofnigio of the
mrrcgr . The optical interleaver as clained in
deaya""ﬁ d"Gr 2, wherein differential del ays between the

t h[ Q\ﬂ\ldﬂﬁh@ptlbalr‘@?naﬁé ﬁaﬁkllmgj)m mdesp&htwe&ieléihmmmeﬂdre at the
i nter ea

e b ke domplar <o BiREes, eep Eaugu shted GhRmlgsion channel
oufiit lsmkals éttreé eamve bumt pbAs bEthei secohdizans3 lcouple?,

wherei n the es conprise optical fibres. 10,

The 2optl é¥) op E%Feé‘ggg?r%gnn@'f%n%d in claim3, wherein

t he ani G\sticaRBixX 8 @duplenturiré€eivipgi £ broddbland ptical signal at one port
thereof on one side thereof,

three differential delay lines connected to respective ports at the other side of
the optical 3 x 3 coupler,

an infinite impulse response (lIR) element disposed in each of two -of the
delay lines,

an all-pass reflector element disposed in each delay line, and

wherein optical signals travelling in the respective delay lines interfere at the
3 x 3 coupler to produce three frequency shifted transmission channel output signals
at respective ports on the first side of the 3 x 3 coupler.

3. The optical interleaver as claimed in claim 1, wherein each IIR
element comprises a ring cavity.

4, The optical interleaver as claimed in claim 2, wherein each IIR
element comprises an etalon cavity.

5. The optical interleaver as claimed in claim 4, wherein the etalon cavity
comprises a partial reflector element at one end and the all-pass reflector element at
the otherend .

6. The optical interleaver as claimed in claim 5, wherein the partial

reflector element comprises a Bragg grating.



11. The optical interleaver as clained in clains 1 or

2, wherein the optical xxx 3 x 3 couplers conprise
waehvsiressd cal 3 x 3 optical couplers. 12. The P@EI/BG2I05/000179

interleaver as clainmed in clains 1 or 2, wherein the

three frequencies shifted transm ssion channel s out put

signals have a shift of 2 r Hpg3 in frequency. 13. An

all-fibre optical interleaver conprising a first

optital fThe eptibapinterigaver as claimed i amngne obelaimib4aitel6, wherein

, ; d
el PR e R B RES Bl PR g RS

opti&al fThe eptival ijerldavesas claimaed éuclaimgpdonl2, wherein differential
a5 idifaBf e FLLBER, AHEOUE BO'G Brfl e 11 ret opr) el

a second optical fibre
2x2 Q:oupI'Ehe optical nniedea\een apglatved ds padaips (| MR) 2eivbemin 3 X 3

[ I+ > cal fibre delay lines, and
co\%hée?%?ﬁr%gbg? ggﬁcagﬁgﬁef?ou%gr%vel ling in the respective
opt ital fTHe eptiball inferlldaves as wiaimedrir cltims Heos2.cwhereiixthe delay

Iinggl&eh&hségpﬁéé}%ﬁ% two frequency shifted transm ssion
chann out pu S|gnals at respective output ports of
t he e corithe2oticabinterteaved 8s claimed in Cialm 8, viereiathe ring cavities
I r rising an optical fibre 2x2 coupler
cob'g)trﬁé 0?2%%' fr%)%)éambroadband optical signal at one port
t herldof cTrhewmncal njueertelaeeleaﬁ clatraged i ¢laisnsehtor 2 whptein the optical

o34 8 iRl LAfEhecOnRRRlat b § SBfieathineRer s at the

ot her cou an | | se
res pkawse 'I(H@ptmlaénﬂeﬂeades ps;ylained ioclaind t heZ;)whem the three

freq et G, LBRSinBR el GRBER bl ShBbis i Bignit of 27/3 in

freguemsyl s travel ling in the respective delay |ines
I nt e1r3f er ?Anagll hgree optical interleaver comprising

a first optical fibre 2x2 coupler for receiving a broadband optical signal at one input
port thereof,

a second optical fibre 2x2 optical coupler,

two differential optical fibre delay lines connected in parallel port-to-port
between output ports of the first optical 2x2 coupler and input ports of a second
optical fibre 2x2 coupler,

an infinite impulse response (lIR) element disposed in one of the optical fibre
delay lines, and

wherein optical signals travelling in the respective optical fibre delay lines
interfere at the second 2x2 coupler to produce two frequency shifted transmission
channel output signals at respective output ports of the second 2x2 coupler.

15.  An all-fibre optical interleaver comprising
an optical fibre 2x2 coupler for receiving a broadband optical signal at one port
thereof on one side thereof,

two differential optical fibre delay lines connected to respective ports at the
other side of the 2x2 coupler,

an infinite impulse response (lIR) element disposed in one of the optical fibre

delay lines,



2x2 coupler to produce two frequency shifted
transm ssi on channel output signals at respective
w@eoos3218M t he first side of the 2x2 coupl er. 1BCT/#G2005/000179

method of filtering a broadband optical signal, the

met hod conprising receiving the broadband optica

signal at one input port of first optical 3 x 3

coupl er, coupling the broadband optical signal into

t hr e ali-pdssrrefitctal eldmieny dispos=d incachadetay line, padal | el

ort -t o-.port. bet. n,.output.ports of the fir opt i cal

b0, Vistete i etip A vave i) ik RsBeatbB e fesRidsft at the
2x3 ﬁoogplk & pqodubie &eo frequéiney shiftgrd rdnsrigsiah channévautpidt signals at

t he .del a i nes.t ninfiniie inpulse response (HR
regseGies ot oh W pisF s @R A1 2 FolilPoq°ci gnar e i {he

t hr e16. delfaymethods ofit filtdrings ec drdadband3 apticpl esigriad, the method

raoduce three frequency shifted transm ssion channel
cogmnslﬁ\g signals at respective output ports of the

secoackiving i bagband opfical Aigmat Abcheoinplut port iof adirst optical 3 x 3

brloadband optical signal, the nethod conprising
COPREL; vi ng the broadband optical signal at one port of

an @Duflﬁﬂq tRe l)br_aa«tbalwheiptic%jpfihéh@tph?rge odiﬂ%ntial delay lines
t . { i .
coB B R A b SR S e B e x o
coapier and inpuk pdrts ofipkecondsofitjcatd krycduptercoupl ed signal s
' 5B I, S A Rl SRS L st
respopsal(BR) aetﬂlmt,:dwdeel del ay lines at t respect |t ve
ect or ene i nterfere

o1 gitlpasiing ieccoshie SRR M 1R cbrag uBRy Tiols ol g gpafd o x 3
coliplept® grstiickthese frequprycshiftdd traasmissiomschamiedoutput signals at
rescprc]a%g\rl]ee Iout(;))ltﬁ 88 ] 81l tﬂgasle%or% 3rxe:’? F2:.%E:Jtplie\r/.e

17. A method of filtering a broadband optical signal, the method
comprising

receiving the broadband optical signal at one port of an optical 3 x 3 coupler,

coupling the broadband optical signal into three differential delay lines
connected to respective ports at the other side of the optical 3 x 3 coupler,

subjecting the coupled signals in two of the delay lines to respective infinite
impulse response (IIR) elements,

reflecting the coupled signals in the three delay lines at respective all-pass
reflector elements, and

interfere the coupled signals in the three delay lines at the 3 x 3 coupler to
produce three frequency shifted transmission channel output signals at respective
ports on the first side of the 3 x 3 coupler.

18 The method as claimed in- claims 16 or 17, wherein the differential
delays between the three delay lines are AL, 0, and - AL.

19. The method as claimed in claims 16 or 17, wherein the optical 3 x 3

couplers comprise schemetric optical 3 x 3 couplers.



ports on the first side of the 3 x 3 coupler. 18 The

method as clained in clains 16 or 17, wherein the
walkdosaemnt i al del ays between the three del ay | POESGZI08000179

DL, Oland - DL 19. The nethod as clained in clains 16

or 17, wherein the optical 3 x 3 couplers conprise

schemetric optical 3 x 3 couppers.20. The nethod as

clained in clainms 16 or 17, wherein the three

f r edfencyThshinmetbad t asirelaimesi ém alaiesndBsobutpuwheieindhe three

iR shifdd tBhshRslon' BndARM Rt signals have a shift of 27z/3in

frequency.



