WO 2005/121854 PCT/SG2005/000179 OPTICAL INTERLEAVER FIELD
OF INVENTION The present invention relates broadly to optical
interleavers, and to a method of filtering a broadband optical signal.
WBABKGRGUND Optical passband filters are important confieaieé oo
example wavelength division multiplexing (WDM) systems to provide
various optical signal processing functions such as multi/de-multiplexing
optical data, balancing the signal powkr, and adding/dropping channels.
The practical applications of optical bandpass filters require that the filters
shall have flat passbangyFrigha3sSINTERE BandiERlth, and high band
isolation. As a class of important bandpass filters, optical interleavers
which fundamentally function as optical filter banks have attracted
significant attention recently. Unlike the single-input-single-output
bandpass filters. an optical interleaver can offer several channels of
FM@EHHXE'BZ\%%S transmission simultaneously at different outputs.
Seveidiepressmlonanionrpies bepadipde nniicpdstati¢aranse dodvtera method
ofRRIANS = BhesauKdustiddaglngehnder 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
Bhe etemanted as an all-fibre structure. In optical communication
systems, using all-fibre instruments can decrease the insertion and
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Intefleaversproposed so far have been limited to only two ports .
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isslzgitenm, a number of the conventional interleavers have to be cascaded.

As a class of important bandpass filters, optical interfeavers which fundamentally
function as optical filter banks have attracted significant 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 inciude 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 josses 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.



In practice, the insertion loss will increase with the number of interleaving
filters being used. As a follow-on characteristic, only configurations of
power-of-two are possible, and this limits the capability of such optical
winteeayes in multiplexing more complicated code in opticalcT/sG2005/006179
communications. Recently, a three-port interleaver using a lattice
configuration of 3 x 3 directional couplers was reported in "All fibre 3 x 3
interleaver design with flat-top passbahd,"” IEEE P.Technol.Lett., Vol.16,
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SUMMARY

in accordance with a first aspect of the present invention there is provided an
oplical interleaver comprising a first optical 3 x 3 coupler for receiving a broadband
opfical signal at one input port thereof, a second 3 x 3 optical coupler, three
differentiai delay lines connected in parallel port-to-port between output ports of the
first optical 3 x 3 coupler and input poris of the second optical 3 x 3 coupler, an
infinite impulse response (HR) element disposed in each of two of the delay lines,
and wherein opfical 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 IR element may comprise a ring cavity.

The ring cavities may comprise optical fibres.



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. Each IIR element

may comprise an etalon cavity. The etalon cavity may comprise a partial

reflector element at one end and the® all- -pass reflector element at the

other end. The partial reflector element may comprise a Bragg grating.

The all-pass reflector element may comprise a Bragg grating or a mirror.
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one Input port thereof, a second optical fibre 2x2 (;Eptlca coupler, two
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in both aspects, differential delays between the three delay iines may be AL,
0, and - AL.

The 3 x 3 couplers may comprise optical fibre couplers.

The delay lines may comprise opfical fibres.

The optical 3 x 3 couplers may comprise symmetric 3x3 optical couplers.

The three frequency shifted transmission channels ocutput signals may have a
shift of 27 /3 in frequency.

Also disclosed is 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
(IIR} 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 shified transmission channel output signals at
respective output ports of the second 2x2 coupler.

Also disclosed is an ali-fibre optical interleaver comprising an optical fibre 2x2
coupler for receiving a



coupler, an infinite impulse response (lIR) element disposed in one of the
optical fibre 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 2x2 coupler to produce two frequency shifted
transmission channel output signals at respective ports on the first side of
the 2x2 coupler. In accordance with 4 third aspect of the present invention
there is provided a method of filtering a broadband optical signal, the
method comprising receiving the broadband optical signal at one input
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CO‘]’W@Ythree frequency shifted transmission channels output signals may
haverfasbiicahdeiwithin FRaeASct of the present invention there is provided 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
poris at the other side of the optical 3x 3 coupler, subjecting the coupled signals in
two of the delay lines to respective infinite impulse response (IIR) elements, reflecting
the coupled signais 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 channeis output signals may have a
shift of 2z /3 in frequency.



WO 2005/121854 PCT/SG2005/000179 5 BRIEF DESCRIPTION OF
THE DRAWINGS Embodiments of the invention will be better understood
and readily apparent to one of ordinary skill in the art from the following
Wrkesieisseription, by way of example only, and in conjuncton/seatniiens:79
drawings, in which: Figure 1a) is a schematic drawing illustrating the
configuration of an interleaver in accordance with an embodiment of the
present invention. Figure 1b) is a schématic drawing illustrating a
BRGNS cRIEMARND o Riop RN gE e interleaver of Figure 1. Figure 2
shows power spectra of 3 outputs of the interleaver of Figure 1. Figure 3
shows a comparison between one channel power spectra of the
interldawbpdintigisref thanidveplior witl iptcristeramnfdgsiond showsading apparent
tbABNG! BRIVRIPRRAR hdhaSHE e FAldwWiHY SvlitiiiNadesiB8on, by way of

arameters begring 5% fabrication deyiations in example embodiments.
egalén :% 314 aaé‘gq'é’%gﬂ%"&%%ﬁﬂtth@’ﬁrﬂ{ﬁ%ﬂ‘}%! SR Fation of an
interleaver in another embodiment. Figure 6 is a schematic drawing

illustreigigen sehematicRpauivalentarariguipionahiheHBteleaerflon of an

\{/ee outputs of the interleaver

. Ei Fi h f
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igure igure 8 'shows one ¢
of Figure 5 with design parameters bearing 5% fabrication deviations in

exanfigembblinge atsschmidid ElRng CRIBIFAGHY WOs2RBRAE1 8aduivalent
c &g&'&%@@%@?@&;ﬁ fe gvg;,%xr‘gi i% _schematic drawing illustrating the

configuration of an Infinite Impulse Response (lIR) 3-port interleaver 100
in an example embodiment of the present invention. The interleaver 100

is forFigurdy emivedpivg:hepaing efsoaioses ) 2hanatdfdhvaraBrigre 1.
Mach-Zehnder interferometer (MZI) structure 106. The MZI 106 consists

of twg_ 3 x 3 directional couplers 108, 110 linked port-two-port by three
diﬁe@%?d%lﬁ%t% comparison between one channel power spectra of the

interleaver of Figure 1 and a prior art interleaver.

Figure 4 shows one channel power spectra of the interieaver of Figure 1 with
design parameters bearing + 5% fabrication deviations 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 specfra 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



112, 114 and 116. The three delays in the respective delay paths 112, 114
and 116 are chosen as AL, 0 and -AL, respectively. The length difference
AL determines the channel spacing of the interleaver 100, e.g. a length

WENfeIEH0854f approximate 2 mm corresponds to a 0.8 nm cHERMMEI28HAING Y
in the example embodiment. In the delay paths 112, 116 with the two
differential delays of AL and -AL in the MZI 106, all-pass ring resonators
102, 104 with a path length of 3 AL afe embedded respectively. Each
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2 port for m =1, 2, 3. [yj and 151 denote the through-port and t
'“E%@%rt power coupling ratios of the 3x3 directional coupler. They are
given by

For this configuration, the three channels of transmissions can be obtained from
one input port to three oufput ports. Without loss of generality, the transmissions from
the input port £, to the three output ports £°, £°% and £° are considered. To obtain
three channeis of identical but 21/3 phase-shifted ransmissions satisfying desired
specifications, the interleaver is designed by choosing appropriate parameters including
the coupling ratios «; (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:
Ef y 8 0 Ef Ef
s1=|8 ¥ S E] |=M(x) E, (1)
7) & & y\E E;



y=(eJ2"+2e-J)/3(2) S=(ef2x-e-")/3 (3) where j stands for and K is

a product of the coupling coefficient ¢ and the length of the coupling

region L, i.e., X = ¢ X L. As the three optical fibers are laid out
weovtpimietigsally, the coupling coefficients between any pair oPGptiGad iy 79

are equal. Next, we derive the transfer function of the differential lines with

ring resonators. Denote z as a unit time delay given by z-i =e jALRNA

where h is the wavelength of wave p?opagating through free space and n
wiEBEre HAG IS AnslesemaesamRBie tReiRfud fEMAtIRN NS IBRIGREA INRe m-th

transmissions of two ging resgnators by S1(z) and S2(z), respectively,

pedaninTig21 (). ITheanss b sdenaty isothumviovitierd aiglba cusieparbawer

chipnag ehtftesritan-alldresdiipbolipitransfer function can be written as :
e'9u ]I.Zes%,-z (42 Sré};S): -Jhl -3 -P1,eJ61,1z-3 1 where tl = 1- a, and a; is

the bar-otate 6’38“ g ratio of the single coupler on the i-th (i =1, 2) ring
resonatefe Condiddfiig the differential delay caused by delay lines (2)
themselves, the transmission of the differential delay lines with ring
resorfafof€'is otainéd by e2J',.2-'S1(z3) 00 D(z) =01 0 (5) 0 0 ®)

e2j0'.22'S2(z3) Therefore, the normalized transfer functions from the
three input electric.fields to the three output electric fields can be

wWiasi§rEE8aasFp thefo REWiK & tPRTaAIChRAENR cpupling Goeficien £ and the fength of
the CSHEP AFA01EI k& . B treNHpODEpINHIKIbES (B 1Rid &R annigically,
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Next, we derive the transfer function of the differential lines with ring resonators.

-1 —ALmos
Denote z as a unif time delay given by z =g " where A is the wavelength of wave

propagating through free space and n is the refractive index. For convenience of
derivation, we represent the transmissions of two ring resonators by Si(z) and S(z),
respectively, shown 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 ;

~J 73

I -3 (4)

SK(ZS)E eﬂjt.f pzs"e
I 1-p, e

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

=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

PR RN CE W 0
D(z) = 0 1 0 (5)
0 0 e®7218,(2%)

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



three output ports , E, , E2 and E3 respectively. They can be expressed

as the following equations: H1(z) = e 2j".1,727°S1(z3) + 85 + e2fW

.285z2°S2 (z3) (7) Hz (2) = e 2j0'.1 y5z-1S1(z3) + Sy + e 2 1,.:5521 S2 (z3)
w(B20438 A&+ e2JoU7'5z_1S1(z3)+58 +e2/1i.2SyZ'52(z3) (9)pThesg;2the/Bia79

3 optical interleaver design problem can be described as one of 2 2

determining appropriate design parameters such that the power spectra of

IH11, IH21, 2 and IHsl have a shift 8f 21x13 in frequency, but they have

identigal spectral shape, 2 where IH/} (i = 1, 2, 3) is the power transfer
functi li}:he proposed ¢ rﬁ? ration. In 2 2 2 addition, it is highly

desiredefhiz M HEshi( stopbands of IH11, IH21 , and IH31 are (6}
as mygty isolated as possiblezfo 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 hayge,identi sshand/stopband spectral shape for all
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foffldaaidyednesens a great deal of difficulty in solving these equations due to

the complicate gxpressions of S{z) in(4) and H.{z) in (7)-(9). However,
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with thG (Fopésed Y Strubrurcsr 897) (1994 52f 2wk can solve (10) in an

efficiept way. Jtie seen Fi (2)4hat the path length of all-pass ring
resor‘?gfoq!ga ar"le ch?sggn gg?ﬁl?ég—g l’ifr%egs tha%%f%‘?é% Ti}nit differential length in @

the prapesed diterigaves, designsstiustifre sgligtya*structure WO ©
2005/121854 PCT/SG200S/000179 9 3

Then, the 3 x 3 optical interleaver design problem can be described as one of
determining appropriate design parameters such that the power specira of 1H1[2, }H?_la,
and IH3]2 have a shift of 2mn/3 in frequency, but they have identical speciral shape,
where iHﬂz (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|" , IHsl', and [Hs|"
are as much isolated as possible to achieve good channel isolation, and more
importantly, they shouid be as flat as possible in order to reduce power variations
resuliing 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

H (2) = H, (2e™ ) = 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 Sz ) (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 fimes that of the
unit differential length in the proposed interleaver design structure. Such a structure



implies that the frequency response of the ring resonators S1(z) (i=1, 2)
will not change with a shift( of 2ir/3((or 4irr/3 in frequency. This can be
seen directly from S, (z3) = S, ((Ze-f 2n13)3) = S, ((Ze-J4n13)3) (11)
wigsitng/thissproperty, the first requirement of an interleaver catbseasipoo179
fulfilled by choosing appropriate values for the design parameters K, (i =
2). To see this, we substitute Eqns. (7), (8) and (9) into Eqgn. (10),
respectively. Then, the spectra in (1) can be expressed into the following
forms: 2 2 2 2 Hx(Z)12=EEa )P-2'Sj( )67(28)+Eb(x)z5-JSj(, )-i c?~7 s3
impligs3hed firg Tpquepcy sssponssefitiexipgrgscapip(e i)z 2 6 € 2) Wil not change
witB USRS H) 00T 4510 id redten BIER t8) bEVedhBibdT r@nl 2 2 IHs(ze
j9)f2= 5 -ai.asl()j( )b )zs g~()F 5 z-s) z—-a ~()+) (14) s=1j=15=1
= 1—§fWh)aTegtiﬁ@’%oefﬂ):lém§§( )) %q(x) and dj(") (fori=1, 2,j=1, 2, (11
and k =1, 2, 3) are related to the deS|gn parameters K, and x2 through (2)

R Al e Y B e
by ahz?wﬁl@m@w (v8luai)for the GR9iN GROaIRIEES K1 02th, 2 e Toskethis, we

sutidlitidd & 7)) (8)Bahd) YK2LGR/ LB résgR6iilERC ZRBR/ A s SeiR (i 0)
2bid . bit) = 3'1b2 1Y e~~ 3, b22) = ai 2a~y e (i5}

Ca%?f)@ﬂ%%f*’é%‘“é‘" NGNS 41y = 818P7Z r 41) = 6162 +S2* a
C2) 817271* €23, ()=811281*42les, (17) ms(s)=6162Tj*62*e ) =
(5162 'Y2*e' d(1) 616242 2i
By () = Z}:a”ﬂ“%sscﬁ)mzﬁ -a-Zb“’ 3"2f9@<«3)+§3c*’ S0P +49 (1)

i—*i 5,.1
|Hylze?%) zZag)zgf‘“mﬁ,(”")S}(z")+26@ 3-2fsj(z~°-)+§: (2 2~353(:%) +-4@ (13)
{..1 ;;~1 j-...l
(e = 33 S + 5 DI 4 G 449
il gawl Fel, Fe=1

where the coefficients 40", 5 , ¢ and g (fori=1,2j=1,2 andk=1,2, 3) are

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

aﬁ; =P, 68 = Tiyebiss, & = 8187}y, oy = 51828755,
o o = pbentdy, o} = 166 E, am = 80xse %, ol = 6,5:8085, {5

a = ydpnis, o = e -‘%‘ o) =81 ie®, o) = St



d(2) _ 6i-y2d27}2s (18) d()=6162614; Forcing au)=ay -aP, b(ii) b'~)= (j3),

c(j)= c(j2)= ci(l)and d,(")= d(T= dj(3) it can be solved that when K, = 2rr/9

and K2 = 4ir/9 , equation (10) is satisfied regardless of S;(z). With these
wibhotivms 801K, and K2, we have it )I+cx -rat~ g-~ s'. ~ .~ $'8'petesseemdacoo1 7o

;);.2= P _ Ha(x it)l ci= ., (19) An immediate conclusion from this equation

is that rHil2, 1H212, and JH31 2 have identical shapes with only a phase

shift of 2Tr/3 in frequency between &ach of them. Therefore, the problem

of the three-port optical IIR interleaver design is converted into one of

desidnipdiS(z). ¢ 2) such an «@k the channel transfer

funct or;B 3 gz}lz(?ﬁ:éﬁ'&’ s%ksfie%%}e dgeigggﬁgébegtrum response. The filter

design étheq*s&'m@ﬁﬁﬁé'ﬁwség

and glliptig ban fillers capge emplo to.gletermine the remaining

desi faz”ani @igggfﬁaﬁ égi?nnfg?ég%% @t?af?iéa‘missions have desired

specfral ggspopses sych as higlyghannel isglation, flat passband, and
wide | b5hoWi 13.52(@ design Z’Qanﬁb%lgﬂég posed IIR structure of the

optical idegyeris sgediBined B daligpy
whic aéi inte?lye%ﬁd by gjr/ga@') h wgﬁ%% /121854
PCT G@)ﬁ%ﬁl@@‘%eﬂ%m% HerSeied 8@l passband bandwidth is

chosgn 2@85% of the channel spacing at 0.5dB. Following the two steps

desidn € é‘rhéléﬁféﬁiped in the last section, the coupler ratios of the two
3x3 o%rs g&%ﬁr adily obtained as K1 = 21x/9 and K2 = 4Tr19, ¢
s

resp ctl\'/elf at the three channels of transmissions have identical

specjraii@hapdssiifphase shifted by 21x/3. Then, one of the
transmissions, e.g., H1(z), is designed to satisfy the passband
requirement. It is known from (7) that H1(z) is a sixth order IIR filter.
Using the least-squares (LS) method, the desired trapsfer function_of )
H1EER i) Dot atlé‘gﬁtéﬁ%mrzé?’at@é’a'n@%éno?ﬁmodﬁb-wdéf’= 49 it
peansianeasificients apdsicd in-Taple L AIS AR Y
can ex ans%onhc%ge ﬁ%en S %S? I(z gw’{g determ’ir?eézt@em% %?%Q%éngﬁgg regardiess
of Syz). With these solutions to k; and «,, we have

—~g AL — ’ ; i
Hi(z)l&lngg«ma%’v =€ jg{‘ggize j%)lmmgéﬁz::ég‘i = Ha(zé 4 %}1n1==33_5m..—,§ﬁ

An immediate conclusion from this equation is that ;H1|2 . [Hziz, and le[2 have
identical shapes with only a phase shiff of 21/3 in frequency between each of them.
Therefore, the problem of the three-port optical HR interleaver design is converted into
onée 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 design methods including those
for the design of Butterworth, Chebyshev and Eliiptic 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 desigh example, the proposed HR structure of the optical interleaver is
designed to deliver three channels of transmissions which are interleaved by 2w/3 with

ortieo&iidnist Butterworth, Chebyshev (16)

effgnnels of transmissions (17)

18)

(19)



parameters of the ring resonators. The coupling ratios and phases for

each ring resonator are easily calculated from the all-pass functions. For

example, to produce a pole at z" requires a coupling ratio of an = 1-
whZ B2 assk a phase of arg(zn3). Thus, by using Eqns (4) andT{B§;248e/006179

design parameters of t; and Oi,i (i =1, 2) are obtained and shown in Table

1. With these design parameters, an IIR three-port interleaver is obtained

with the specified performance. Fig, 2hows the interleaving transmission

ea%‘?xe U5 dedesigaad 'ﬁgnﬁ‘v{}%%ﬁg'%ﬂﬂ@éﬁ”é%%%%’ %'? thQ &%{Hzﬁ’é’}r@p%ﬁmg at

ormance quantitatively with the FIR three-channel interleaver

0 EiBloBURASIHE U RSP RN FRORM P INEI PR Be et e gouPler
raﬁ@l\bﬁstlaecamm icdepiersesr¢orendiyatbigiestbrrance dnilcashvers KT/S,

res Q& Uéfgj a5 ihg {%'%@W%&@&%HMQ@{S %é@'@:d%ﬂﬁcﬁi% Ydfithhes

A simple numerlcal calculation shows that the FOM ot the [IR

b%fﬁ}"f@&%}‘f}&‘é%%ﬂ/% RcPeg Ay HESR SIS whén tilp&FIgned o
s8R thoR@ssbiaditesiFiRriatbribiskeovroirenci@atrab darisansiitiyogler iR filter.

USRPIRYS 19R8-65a088! (ranshisRiontRl AIRIGRASATH R HIRA- ra;@rnf(z can be

oHREate) BU S0 A 00 B SEh AR SRS e ST Foie i

Tabésmission bandwidth and the channel isolation of the [IR interleaver are
improved greatly. Furthermore, only two 3x3 couplers are required in the

IR op ﬂ)ggl d aeig%avg{ while thg{ee argnuségg 'n rleavecget&m,m?3 the
There can ecorPcu e TRATIRE propose three o IR

pamﬁ@a%@fcma@wewgaﬁf@fﬁerﬁﬁfmaﬁ& iAine emtiehesesh@n greh ring

rebdFatbr epensutintesleauess . noH 1ROQH D248 i éticry S2 QRG/MANE 1 #Epddice a
02%) numerator power denominator circui gggpamsmn power exparnsion
AirAeteRsires RQURIBL AN GE AT010 /365 1P a-RhaRs 8 78( Pp=Thus, by

ushh§@he &Pand. Iy, thd 28ig8 bR=PE5ErO bRi~aRD 0% 410 .36&E GitdiRed and
sh%%v%/%n Table {. With these design parameters, an HR three-port interleaver is
obtained with the specified performance. Fig. 2 shows the interleaving transmission
spectrums of the designed IR three-channel interieaver. To compare the performance
quantitatively with the FIR three-channel interleaver proposed in, the figure of merit
(FOM) of the transmission is calculated. FOM is a common index used to evaluate
performance of interleavers. 1t 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
IR 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 IR 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 |IR optical interleaver,
while three are used in the FIR interleaver. Therefore, it can be concluded that the
proposed three-port lIR interleaver can achieve superior performance more efficiently
than the FIR three-port interleavers.



50.3651 0 K2 =411/9 TABLEI ORDER OF z NUMERATOR POWER
EXPANSION COEFFICIENTS, DENOMINATOR POWER EXPANSION
COEFFICIENTS, AND CIRCUIT PARAMETERS FOR SIX ORDER IIR
WDHRBE2PORT INTERLEAVER. In practice, the design par@@@eiersoassoo179
subject to deviations during fabrication and the fiber coupling may suffer
from certain loss, simulation studies are therefore carried out to
investigate the sensitivity of the interlddver performance with respect to
the desigMmEMERRcRI IBWESEIHRMARSO! (NECHEETs T the
simulation, 5% tolerxpangeviations jptlver desrgrsparppactesig, t1 and ,,| (i
:1’ 2), reenacti\vlal‘lcgqmcmmlmrn cw&‘%mﬁhhnﬂ loss-is-consideted by
substituting®qz -3 fF28, where lo$d in decibels for| 67888 tback path is
-2010g10(g} . Fig. 4 shows the spectral responses qfitrid-t#e8rleaver with
the design parametérs and the coupfing loss varying wjiiin.tb&s tolerant
range. The3results tlearly showed ithatihe performange of tassprgposed
lIR interleguer is t Ieaamft to deviatipgms in both the desigagarameters and
the coupling loss. g 5 shows a three channel [IRcopfigal interleaver
500 in another embodiment of the pragent vention. The interléaver 500
coman%?: on(eN% éE:% q_lre%tlonal coul ISe'ro 3%20 I'Qs-kte% port -t0- §o‘rt b\y three
dift SR zdelay pat She %40 \%% NESREC |ve NIRDEHIRY R 8§Sp BYER
the%tawmahmﬁ@mmsemmemﬂmn%am TARER@SPECH VERY EAVER.
return length difference 2 AL determines the channel spacing of the
interlgayesdiee, the. deiRopadierarcaré\ bupisuiowndslighBhe QliRRE ABKcation

ﬁ Q}% rﬁb %%Eﬂ% ﬁp?ycgm{évrf re the relﬁg ctlve mcj)% %gafvé: u%:ﬂbi%‘en tb&refore |
C?é’%@t*\f@IV‘VPﬁ%@chmﬁngf@frmt%@ﬁ/Véémama|wmé%qeagt to the

d&didn piametkrllpatd alleetivns 1638 obiiR aﬁﬂm@ta&@me:am.smmwe@rant
512 r eﬁctlvelséare selected as AL..In ‘F?éh etalon ¢ Vlt

51
d%ﬂgﬁgnpsﬁgse Shift s iRftoduUced. Kf'htéaaelgi/ Bath Brﬁ]saecgwe erealfodwgzs%ered
ThefkaspinglosWocputiseted BB substiimouns/ 6ma Go wierinldse inxcenibiels for
oRITEedimRPatin: P2UIbgh o0 AlipasshiRiesis @@cﬁaﬁrk@p&?&wﬁ?ﬁrsﬁ&ﬂewer
wi r?ﬁé’ SLatings written into,qriical delay paths 504206, aNd RRS.NNC e The

results cieariy showed that the performance of the proposed HR interleaver is tolerant to

deviations in both the design parameters and the coupling loss.

Figure 5 shows a three channel IR optical interleaver 500 in another
embodiment of the present invention. The interleaver 500 comprises one 3 x 3
directional coupler 502 linked port-fo-port by three differential delay paths 504, 508, 508
respectively. The three delays off the delay paths 504, 506, 508 are chosen as AL, O, -
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 refiectors 514, 516 and all-pass reflectors 518, 520 of the etalon
cavities structures 510, 512 respeciively are selected as 3 AL. In each etalon cavity 510,

512 a phase shift is introduced. The delay path 508 includes one all-pass reflector 522,



the form of optical fibres in the example embodiment. In an alternative
embodiment, the delay paths may be implemented as planar waveguides.
In an alternative embodiment, the all-pass reflectors e.g. may be replaced
woyz2nomarss4dn one such embodiment, the mirrors may be predusedoos/csnt s
through deposition of a suitable material on spliced end-faces of the
respective optical fibres of the optical delay paths 504, 506 and 508
respectively. In the example embodimént, the three channels of

trans[n sion of tqg mtegle r}]/gr 5 Oaraemo tai difrom on qg %q 520
three ojppu?por For examprlé an |%pu S|gnaF g?srg %Crm ?h
cwzss@cﬁrawrge@%mw ﬁnt@@@mhﬁ@wmﬁmé%r@@mmgo&x *&h’ﬁb are in
th@%&ﬁ%ﬁ@fﬁdﬂ&ﬁwmiuwﬁ%@@hﬂecﬁhﬁﬁtxwm{eaﬁénmm ; dcﬁi‘rﬁlght the
the form of onptical fibres. It wi a e y erson skille
o palE R R drienEdds BRABYSCONNAD A B SO oo,

that Arrps IeligrsmsgaGongY disticarlased éé(s?%fu‘éﬁ al§ Ao sHER eediment, the
mlﬂdd@aw@ﬂmm@emb@@imegh ﬂé@wtﬁn FipsRifaiia RG5O §iﬂﬁé&§end~faces

of‘i%%g f% 2! (I%r’g 5% SticHy E%?el}[dﬁ?% %61;{1%6’& ghc? 98%‘%% ? vely

can be yse alnfmonttol the transiission ChAracterione
of the mterleaver 500. Agaln, the individual passbands in the transmission
chanhetissraggnipgs\aribetitisol) g aivecogimtsctosigarahikeiapbttle interleaver

5@@@8@5&3@85{@“%&%@{ PANS 8%4= ggéamréogoﬁ&&ﬂ iy %ttrl"fﬁé Cignal

2, and the cog isgcharacterlstlcso he 3x 3 cou

e’B‘Ffé @HBB&?ﬁéWPFPﬁw FOURISho BRI ih%‘lﬂ?@e%ﬂ'&?ﬁ%é’%@’ss'ms ex'tmg
attrasniia4i @S cand 5 btapretiviry mabiind imptitepextitoptbremmdimenp ans..in the

foMMitosies Bl SN RARITY %am&%am%safm&newﬂ@&wa{é Bk that the input

res ectlvel to three output ports E,, E 3 are cansidered
S ”H?Feg Eﬁ%“rféf&"B‘f%# 'b??ﬂ%ﬂ"éh?ﬁ@ﬂ“&b?* @r@hﬁeawmgmgpﬁca{
dmngimedmpebﬁrcams the interleaver is designed by choosing
appropriate parameters including the coupling ratio x of the 3x3 fiber

coupler, the e shifts in th dlfferentlal arms, the phase

chir e PR SRRATRE T RS o ARG HaRa rligpted
fromflestorsnte W opiaizisiag mwsaazao&mmmm Be-futi®r Fnatyisd to
oBAMBRIEIER FAASARS R RIS MECiRXREGSSLE0ATO the

Again, the individual passbands in the fransmission 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 E{' respectively to three output ports E,
E;, and E] are considered. To obtain three channels of 2x/3 phase-shifted but

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

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

(i=L2) in between the reflectors, and the reflectance of the partial refleciors P



functions of the design parameters. First, it is known that for an 3 x 3

optical fiber coupler, the input optical fields and the output fields of a

symmetric 3 x 3 coupler can be related by a 3 x 3 transfer matrix M(x) as
wioltowsgzBse Us of rl /nr\ yV 1 GiE2 =8y 6 E2 M(K)E2 (20)0cEB@ynEEnE 79

JI E3 where Em and E, represent respectively the input field and the

output field at the m-th port for (ns = 1,2,3). 17 12 and 18 12 denote the

through-port and the cross-port poweﬂ4coupling ratios of a 3 x 3
(Airestiong GRPIAE, TREY RS J¥BRHRYYGF (RiIRKifds) F&dpimi@lP o the

-e-J")/3, where j stands for and x is a production of the coupling
funstiensiehihe SRBIIREIHBHEET the coupling region L, i.e., x = ¢ X L. As the

three optical fibers are laid out symmetrically, the coupling coefficients

between,a air of gpti fibers,are equal. Next, we derive the transfer

unctol SRR e oA R o R G5 P IR anc
thersbtitinfieltissefur tyrareeinidd xéptavelefgantiomatiatad hystructdrdraheiammatrix
Ajftzf)'(és eyfdgaote z as a unit time delay given by z-1 = e-2Jr"'12 where A

is the wavelength of wave propagating through free space and n is the

refractive index of the fiber. For convenience of derivation, we represent

the roupehreturn transtnissions of typ: gavity reflectors by S1(z) and S2(z),

resp %ﬂ( ly. ﬁhe |OSﬁi (}ﬁ EE{? I (gé,c or with a phase shifter connected

to an jafi2reflection re artis 4Hl|-fads filter. Its transfer function can®¥
writtehs} S\@3)Eejw ) Bl fe (21) bFg O |, z -3 1 WO 2005/121854
PCT/SG2005/000179 15 where pL1 is amplitude reflectance of the partial
reflectors on the i-th (i = 1,2) fiber arms. Since all S,(z) are functions of

wihisBs tBS\aack B nejestdnt R{pedjivaiyitasinbut field and the output field at the m-th
port for (m=1,23). |7 and |§* denote the through-port and the cross-port power
coupling ratios of a 3x 3 directional coupler. They are given by ¥ = (e/** +2¢™*}/3 and

S =(e’* —e™/*)/3, where j stands for v~1 and x is a production of the coupling

coefficient ¢ and the length of the coupling region L, ie., x =cx L. As the 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 refiectors.
The proposed embodiment structure can be replaced functionally by a structure shown

gAML where A is the

in FIG. 6. Denote z as a unit time delay given by z7 =
wavelength of wave propagating through free space and » is the refractive index of the
fiber. For convenience of derivation, we represent the round return transmissions of two
cavity reflectors by S,(z) and S,(z), respectively. The lossless partial reflector with a
phase shiffer connected fo an all refiection reflector is an ali-pass filter. lts transfer

function can be written as:

- Je s -3
; e T =z
S,(z%) =™ Pyt F

- 21
1= pyye™s .



sequential analysis for clarity. Considering the differential delay caused by

delay lines, the transmission of the differential delay lines with all-pass

reflectors is obtained by e 2J°I'v.1z-I1SI(z3) 00 D(z) =01 0(22) 00
WERIHEZI8 8 3) Therefore, the normalized electric fields transfer/Agrotions 79

from the three inputs to the three outputs can be expressed in the

following transfer matrix: E1 EI' EZ = M(r)D(z)M(K) Ez (23) E3 E3

DenoteH1(z), H2(z), and H3(z) as thelfansmissions from one input port

respectively to three gutput poris, E, , and E30, respectjvely. They
BRI B o R A e ST e S LR e & = 15 foer
1S2(z3)424), K. (7) & '| uS74S1(zZ3) &Y + 8Zi" 1S
25 %%%Z%I(: ‘g’ &{5' é@;ﬁé{a z%)éf‘és’+%iégl@{%§¢§§%¢55%(%€(z )@Péen?”b_'
stgeehiieachiysdbogiol. interleaves design can be described as one of
determining appropriate design parameters such that the power spectra of
| HI (@aql/z, IHZ(@%Z nd |1 H3(z)12 have a shift of 27r/3 in frequency, but
they 1T ESPACEe SHRGARREA, SRfERe PRIOBSHINED, (et meato of th
difisrestiat slaishe fifeaevitinaihass B 2069£10t854PHT/SG2005/000179 16
proposed configuration. In addition, it is highly desired that the passbands
and stopba dﬁsq}of I !—| (zz 12 ,1H2(2) (2, and | H3 (z) 12 are as much
isolated as péssibre 1 (achidve good €hanne) isolation, and more
imporaglys they shiuld be as flat as possiblg in order to reduce powe(22)
variations rgsulting grom cha@neézwa\éeie@gip shifts. To meet the first
requiremento have identical passband?sto and shape for all the three
channels, the desired design parameters shall satisfy the following

uatio%%r'é*&regjtﬂé' %?nx%l{g’gdzeté&lng!?e%% E?’a'}'\slgerc Lelr"fgé%ns from the three inputs

to the three outputs can be expressed in the foliowing transfer matrix:

E} E]
E} |= M(x)D(2)M (x)| E{ (23)
E; E;

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

E] respectively to three output ports EY, E5, and E7, respectively. They can be

obtained in the foliowing equations:

H,(z)=e" " yz78,(2%) + 86 + ™2 662' S, (2*) (24)
Hy(z) ="y ™S, (z°) + & + €71 6875, (2*) (25)
Hy(z) =" y827'8,(2°) + 66 + M2 51" S, (2°) (28)

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) |,
| H,(2){*, and | H,(z)" have a shift of 2z/3 in frequency, but they have identical

spectral shape, where | H, |’=H H, (i=1,2,3) is the power transfer function in the



eg solving these equations 11 2l 13l 7 Ji equations 1k) = imposes a great
difficulty due to the complicate expressions of S;(z) and H;(z). However,
thanks to the proposed structures of S1(z3), we can solve the above

weoquetionsim an efficient way. It is seen from FIG. 5 that the patriSiemgtinef 79
all-pass resonator formed by two reflectors are chosen as three times of
the unit differential length in the proposed interleaver design structure.
Such a structure implies that the freqm@ncy response of the ring

oraaad o o Zadlhae, A IR il ohae e paasidids and

L3N bl s&&n Aitec Iy

S@WB&&I’-’EH@H SNE3@d i) P) ausiag nhistpieglates, anesesble to

requirement o interleaver can be fulfilled by ,choosin esian...
o A S1e L BBLER: 38 SRR LR 0L Do aica A TR e dgoie
inldréey Rredste powEsitne featitiyg opogitaanabyzeiangt) shii®a79An

immediate conclusion | from this equation is that | H1(z) i2 , | H2(2)I', and
IH3 12 haye identical sha th 0! hi
e STl B ol e e S A St o
thmtéinleav@bajmgn iheonigeird |ﬁ?§'@he¥’@ﬁi€§i§ﬁn§"@" z%%ﬁ%’h that fllewing
(@tb%geJ tt%rril{sier.fﬁr%céjé)maeag U‘hr(deI-Zd;rlsaPSflﬁﬁ.w mdg&mgg anaelreMations
te

esponse i esign methods mcludlng those for design of
infpoieseoginaC lryishe daen doEthpticorplivd ssaiteerionandbeetaplopdd £ (2) -
determine the remaining design parameters such that the interleaving

et oke A 4o IEBRERSIRIHIP GE e s e R SANGHNEIRRRNE Favation

m(%?‘nlaé{ﬁae ?\tfv%?ﬁbéhgeé?{]%’mdﬁ@a@dfﬂé@tw Bétﬁlefé{dﬂp%tir%ﬁl%sﬁ resonator
n example is provided. The desi ecifications. ar the
AR BN PRI AR ST RIS FL e DU e te

pﬂibeéaa tinepeapasedsignbstlicierd. shusituse sbfuttore piiapilantérdalier feequency
SRR, DRI al e et By ST e L gL a3 o
437d eachypasshagddpepdwidtiihg chosan as 8b86 of tbeeehanndirsgiicing from
S?(tz5 )=8,((ze %)) = §,((z¢™*"*Y’) for (i=12). Using this property, the first
requirement of an interleaver can be fulfilfed by choosing only the design parameters x .
As a result, x~=27/9 can be obtained, and thus, we have

H(2) |yoapro= €7 Hy (26 | gpro= Ha(2e7**"*) |16 - A immediate conclusion
from this equation is that | H,(2)*, | H ()", and | H,(z)|* have identical shapes with

only a phase shift of 2/3 between each of them. Therefore, the problem of the three-

port optical IR interleaver design is converted into one of designing §,(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 Butierworth, 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



0.5dB. Following the two steps design scheme developed in the last

section, the coupling ratio of the 3 x 3 coupler is obtained first as K = 2nr /

9, so that the three channels of transmission are obtained and their
wieanweMigssions are identical but shifted in phase by 2gr/3. Themn,amsoaioteers

transmission, e.g., H,(z), is designed to satisfy the passband requirement.

Using the least-squares (LS) method, the desired transfer function of H,

(z) can be obtained, and its numeratoi‘%nd denominator power expansion
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rat a phase of arg(z,J,). Thus, the design
co%#gm eters ot D, &)mz?a%aqp (i=1,2) are obtained and shown in Table II.
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interleavey

3 1 0.3651 m =-2.8356
Vi1 =0
4 0.3651 Y ¥, = -2.2625
5 0.3651 0 K= 2ul9
TABLE ®

ORDER OF z ™, NUMERATOR POWER EXPANSION COEFFICIENTS, DENOMINATOR POWER
EXPANSION COEFFICIENTS, AND CIRCUIT PARAMETERS FOR HR THREE-PORT CAVITY
INTERLEAVER,

After obtaining the power expansion coefficients of H,(z), we determine the

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 ratic of p, =z’ | and a phase of arg(z>). Thus, the design
parameters of p,,, ¢, end ¥, (i=1,2) are obtained and shown in Table Il. With

these design parameters that we have obtained, an IR 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 R 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



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 3 x 3 coupler is used in the present invention
wepnfiguragon. Therefore, it can be concluded WO 2005/121854/5G2065/000179

PCT/SG2005/000179 18 that the proposed invention provides a more

efficient architecture for achieving the same filter performance. In

addition, the proposed IIR interleavergdso overcomes the difficulty in

achieving a wider channel spacing of the interleaver, which is |imited by
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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, fo be considered in all respecis to

be illustrative and not restrictive.



three differential delay lines connected in parallel port-to-port between

output ports of the first optical 3x3 coupler and input ports of the second

optical 3x3 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
CLALRt ports of the second 3x3 coupler. 2. The optical interleaver as

claimed in claim. 1, wherein each IIR element comprises a ring resonator.

3. The opt’ia'c%PPﬁ{%ﬂe'%t\‘/agF%\ée(r:I%?mgaﬁﬁ%laim 2, wherein the ring

res@rfairentisal shiSecopHlsalfibreseimpha pachpimcpbisabpiasal|aimed input
porElireds wherein the 3x3 couplers comprise optical fibre couplers. 5. The

optigasleigéﬁg%@(\éer S qlaimqgrin claim 1, wherein the optical 3x3 couplers

comprisée symme?ﬁca? Ss:xoé'%ptical couplers. 6. An optical interleaver

contipiésirtiigreopacae Bx3ioes slenforiascdlvirrgade bPoddBardt dprivarsigraput
porfd enePREthenesl Hi epesideibereof Jhreaiffewatiab delrulmEscoupler,

connectsfed.to.respective orts pe other,side of the Oé)'[i alf?) 3.cqupler,
2 mtmste [mf:)uise fespons iement éhs osed Ih each o tf<w<3 o] delay
an infinite Impufse response (IIR) element diSposéd In éach of two of the

linegeld lines, an all-pass reflector element disposed in each delay line, and
whegairaptigalcsiosglsaisayalkinginitheseappeiivedataylinessimesfere ak the
the, 3x3.coupler to produce three frequency shifted transmission channel
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sigmate Fpaearhitetieuiet BerEaheRISACRFhYS FMBIein each IIR element
conprisesiag etien caviyaderRedptical intedeavenasedainnadhnrlaigment
7, wherein th lon cavity comprises a partial reflector element at one

Corg%rc'isgﬁg {I!{é;a? géi‘gtsoFéflector element at the other end. 20 9. The optical
intefleaver 48 cRifall iRBIARYY, \BRe@ATRE partdpim 2. wherein the ring

resonators comprise optical fibres.

4. The optical interleaver as claimed in claim 1, wherein the 3x3 couplers
comprise optical fibre couplers.

5, The optical interleaver as claimed in claim 1, wherein the optical 3x3
coupiers comprise symmetrical 3x3 optical couplers.

8. An optical interleaver comprising an optical 3x3 coupler for receiving a
broadband optical signal at one port thereof on one side thereof, three differential
delay lines connected to respective ports at the other side of the optical 3x3 coupler,

an infinite impulse response (IIR) 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
3x3 coupler to produce three frequency shifted transmission channel output signails at
respective ports on the first side of the 3x3 coupler.

7. The optical interleaver as claimed in claim 6, wherein each lIR element
comprises an etalon cavity.

8. ‘The opiical interleaver as claimed in claim 7, wherein the etalon cavity
comprises a partial reflector element at one end and the all-pass reflector element at
the other end.



reflector element comprises a Bragg grating: 10. The optical interleaver as
claimed in any one of claims 7 to 9, wherein the all-pass reflector element
comprises a Bragg grating or a mirror. 11. The optical interleaver as
claimed in claims 1 or 6, wherein the differential delays between the three

~ delay lines are LL, 0, and -AL. 12. The optical interleaver as claimed in
claims 1 or 6, wherein the delay lin S comprise optical fibres. 13. The
optical interleaver as claimed in claims 1 or 6, wherein the three
frequency Bieftegtirahsdniiskiavechannetioutputrsighals Bavetrahift ol pitial

reﬂéatd‘;r@%m@ﬁycgﬁpﬁggso‘p@ngg}g%wer as claimed in claim 6, wherein
the gptical 3x3 coupler comprises an optical fibre coupler. 15. The optical

intereaver 38 SRAIRREAIRGATR GS AR MABpRaE Ska'adside O, whersin
the abwrrismfiactonarotsca LBxdiptcal BaupleratibgAmaethiadof filtering a

bropgbandeptistsionlefie/oetaed comarisna ageiving hg brgadband,
diff ogtl(;ﬂlgl nal at one input port of a first optical 3x3 coupler, coupling fhe
oA ALAHa SR R ARIHIEE e P figIklel &y M sLdonnected in
partllel pdrtecepbrabetizdenventmithirisdithealitas opsical AK3eMBIRS delay
iine@@&&%&é%ﬂéﬁf%%@?ond optical 3x3 coupler, subjecting the coupled
signals in_two of the delay lines to an infinite impulse response (IIR)
elehtent, ARG INPEARHAGHRA CLAAIAGREAIDIF gieshierr delwdirmis tetbres
freqisenonds BB dcanzpiemisspyodticmbrieo dieauUeRMARNIHBIraNsAMS PN - /5 in
freq nel output signals at respective output ports of the second 3x3
coupler. 17. The method as claimed in claim 16, wherein the optical 3x3
colfters tompriieatinifieaVeropsiciaisxaicouphins 61 Svieraiptiios aftical 3x3
cougiéetogpriseragibape-apticrd skinérthe method comprising
18.  The optical interieaver as claimed in claim 6, wherain the optical 3x3
coupler comprises a symmetrical 3x3 optical coupler.
16, A method of fitering a broadband optical signal, the method
comprising
receiving the broadband optical signal at one input port of a first optical 3x3
coupler,
coupiing the broadband opfical signal into three differentiai delay lines
connected in parallel port-to-port between output ports of the first optical 3x3 coupler
and input ports of a second optical 3x3 coupler,
subjecting the coupled signais in two of the delay lines to an infinite impulse
response (1IR) element, and
interfering the coupled signals in the three delay lines at the second 3x3
coupier to produce three frequency shifted transmission channei output signals at
respective output ports of the second 3x3 coupler.
17.  The method as claimesd in claim 18, wherein the optical 3x3 couplers
comprise symmetric optical 3x3 couplers.
18.{ A method of filtering a broadband optical sighal, the method
comprising
receiving the broadband optical signal at one port of an optical 3x3 coupler,
coupling the broadband optical signal into three differential delay lines

connected to respective ports at the other side of the optical 3x3 coupler,



receiving the broadband optical signal at one port of an optical 3x3
coupler, coupling the broadband optical signal into three differential delay
lines connected to respective ports at the other side of the optical 3x3
coupler, 21 subjecting the coupled signals in two of the delay lines to
respective infinite impulse response (lIR) elements, reflecting the coupled
signals in the three delay lines at respective all-pass reflector elements,
and interfere the coupled signals in #1e three delay lines at the 3x3

coup|gfiday C frequency shifted transmission channel output

. Si nals at ;rgggﬂ%tic\?/%h%%r S n"’ﬁi":'eE irtgpsf??etrbef ﬁ\%’%ﬁ(ﬁr@iﬁﬂe"ﬁsﬂﬁ%lnﬁnit@

MEHShFRROERINRSIEBIaRtES 16 or 18, wherein the differential delays
betwefentthg theeeipl 161662 rf\ae Onalld iy R4 ?n%}:ge%%vaes ali-pass

reficlained in.glaims 16 or 18, wherein the three frequency shift
transmission ¢hannel output signals have a shift of 2zr/3in frequency. 21.

The HRERGUHE cRitied ipignim it8hwlibreindbappiieal 3x3eouRtELoupler to
prodomeptites aayrametrit:pRICHRAXZ ORI ¢hanral cutput signals at respective
ports on the first side of the 33 caupler,

18, The method as claimed in claims 18 or 18, wherein the differential
delays between the three delay ines are 4l 0, and - AL

20.  The method as claimed in claims 16 or 18, wherein the three
frequency shifted fransmission channel output signals have a shift of 2x/3in
frequency.

21, The method as ciaimed in ciaim 18, wherein the optical 3x3 coupler
comprises a symmetric optical 3x3 coupler,



