
OPTICAL INTERLEAVER FIELD OF INVENTION The present
invention relates broadly to optical interleavers, and
to a method of filtering a broadband optical signal.
BACKGROUND Optical passband filters are important
components in for example wavelength division
multiplexing (WDM) systems to provide various optical
signal processing functions such as
multi/de-multiplexing optical data, balancing the
signal power, and adding/dropping channels. The
practical applications of optical bandpass filters
require that the filters shall have flat passband
transmission, wide bandwidth, 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 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.Furthermore, most of the
conventional interleavers proposed so far have been
limited to only two ports structures. In order to
achieve high channel counts for a 



communication system, a number of the conventional
interleavers have to be cascaded. 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 interleavers in multiplexing more complicated
code in optical 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 passband," IEEE
P.Technol.Lett., Vol.16, pp. 168-170, 2004, by the
present inventors. The disclosed interleaver is a
Finite Impulse Response (FIR) filter having only
feed-forward interference paths. Three cascaded 3 x 3
directional couplers are used in the disclosed
interleaver. It is with the knowledge of the above
mentioned prior art interleaver design characteristics
that the present invention has been made and is now
reduced to practice. SUMMARY 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 (HR) 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 HR element may comprise a ring cavity. The ring
cavities may comprise optical fibres.In accordance
with a second aspect of the present invention there is
provided 



an optical interleaver comprising an optical 3 x 3
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 3 x 3 coupler, an
infinite impulse response (HR) 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. Each HR 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. In both aspects, differential
delays between the three delay lines may be DL, 0, and
- DL. The 3 x 3 couplers may comprise optical fibre
couplers. The delay lines may comprise optical 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 2p / 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-toport between output ports of the first optical
2x2 coupler and input ports of a second 



optical fibre 2x2 coupler, an infinite impulse
response (UR) 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 abroadband 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 (NR) 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 a fifth 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
port of a first optical 3 x 3 coupler, coupling the
broadband optical signal into three differential delay
lines connected in parallel portto- port between
output ports of the first optical 3 x 3 coupler and
input ports of a second optical 3 x 3 coupler,
subjecting the coupled signals in two of the delay
lines to an infinite impulse response (HR) element,
and interfering the coupled signals in the three delay
lines 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. In accordance with a sixth 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 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 (NR)
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 DL, 0, and - DL 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 2p / 3 in frequency.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 written description, by way of example only,
and in conjunction with the 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
schematic drawing illustrating a schematic, equivalent
configuration of the 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 interleaver of Figure 1
and a prior art interleaver. Figure 4 shows one
channel power spectra of the interleaver 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 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
DESCRIPTIONFigure 1 is a schematic drawing
illustrating the configuration of an Infinite Impulse
Response (HR) 3-port interleaver 100 in an example
embodiment of the present invention. The interleaver
100 is formed by embedding two ring resonators 102 and
104 in a 3 x 3 Mach-Zehnder interferometer (MZI)
structure 106. The MZ1 106 consists of two 3 x 3
directional couplers 108, 110 linked port-two-port by
three differential delay paths 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 difference of
approximate 2 mm corresponds to a 0.8 nm channel
spacing 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 are embedded respectively.
Each resonator 102, 104 couples into the differential
delay path 112, 116 respectively, with a coupling
radio a . In each of the resonators 102, 104, a phase
shift f1 / (/ = 1,2) is introduced. For this
configuration, the three channels of transmissions can
be obtained from one input port to three output ports.
Without loss of generality, the transmissions from the
input port 1 to the three output ports  , 2 and 3 are
considered. To obtain three channels of identical but
2tr/3 phase-shifted transmissions satisfying desired 



specifications, the interleaver is designed by
choosing appropriate parameters including the coupling
ratios K,- (i = 1, 2) of two 3 3 fibre couplers, the
phase shifts f, ,- (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 3*3 coupler can be related by a
3c3 transfer matrix M(k) as follows:where Emand E
represent respectively the input field and the output
field at the m-th 2 2 port for m =1, 2, 3. |g| and |d|
denote the through-port and the cross-port power
coupling ratios of the 3*3 directional coupler. They
are given by r = (eJ2k +2e ~JK )/3 (2) d (eJ2 -e-
JK)/3 (3) where /stands for - and K is a product of
the coupling coefficient c and the length of the
coupling region L, i.e., k = c 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 ring resonators. - 1 -JDLpn/l
Denote z as a unit time delay given by z =e where l 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 S1(Z) and S2(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 : o e JFi->- z 3 S
(z ) = ' i 



M,i - _-3 (4) - Pu where , - and a, 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 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:Denote
1(Z), H2(z), and 3(z) as the transmissions from the
input port E i to the three output ports , E 1 , E2
and 3 respectively. They can be expressed as the
following equations: 1(Z) = e 2JFcL gyz S i (z 3) + dd
+e2JF ddz iS2 (z 3) (7) H 2(z) =e2JF r dz -1Si (z3) +
dg +e 2JFi 2ddz 1S2 (z 3) (8) H3(z) = e2JF dz -1S1(Z3)
+dd +e 2JFl dgz 1S 2 (Z3) (9) Then, the 3 x 3 optical
interleaver design problem can be described as one of
2 2 determining appropriate design parameters such
that the power spectra of J 1I , \H2\ , and \H \ have
a shift of 2tr/3 in frequency, but they have identical
spectral shape, 2 where \Hi\ (i = 1, 2, 3) is the
power transfer function in the proposed configuration.
In 2 2 2 addition, it is highly desired that the
passbands and stopbands of \H \ , \H2\ , and \H \ 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 IH1(Z) |2=|H2(ze ~J2p'3) \2= \H (ze /3) f
(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 S,(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 structure3 implies that the
frequency response of the ring resonators S,(z ) (i =
1, 2) will not change with a shift of 2tr/3 or 4p/3 in
frequency. This can be seen directly from S z3) S ((
e- 2 3)3) = 1 .(lze-J4p )3) (11) Using this property,
the first requirement of an interleaver can be easily
fulfilled by choosing appropriate values for the
design parameters /c,- (i = 1, 2). To see this, we
substitute Eqns. (7), (8) and (9) into Eqn. (10),
respectively. Then, the spectra in (10) can be
expressed into the following forms: where the
coefficients a f , , c f and *> (for i =1, 2, j =1, 2,
and k =1, 2, 3) are related to the design parameters
Ki and K2 through (2) and (3) as follows: 4? = | I, f
=7 f r 4 = 77 I - iForcing > < >, b b?= bf. c = f and
= ) ) it can be solved that when K1 = 2tr/9 and K2 =
4p/9 , equation (10) is satisfied regardless 



of Sj(z). With these solutions to and K2, we have 2 2
2 A n immediate conclusion from this equation is that
I 1I , | 2| , and | 3| have identical shapes with only
a phase shift of 2tr/3 in frequency between each of
them. Therefore, the problem of the three-port optical
HR interleaver design is converted into one of
designing S z) (i = 1, 2) such that any one of the
channel transfer functions, e.g. 2 IH1I , satisfies
the desired spectrum response. The filter design
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 HR structure of the optical
interleaver is designed to deliver three channels of
transmissions which are interleaved by 2tr/3 witheach
other, and each passband bandwidth is chosen as 85% of
the channel spacing at O.ddB. Following the two steps
design scheme developed in the last section, the
coupler ratios of the two 3x3 couplers are readily
obtained as K1 = 2p /9 and K2 = 4tr/9, respectively,
so that the three channels of transmissions have
identical spectral shapes but phase shifted by 2tr/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 HR filter.
Using the least-squares (LS) method, the desired
transfer function of H1(Z) can be obtained, and its
numerator and denominator power expansion coefficients
are listed in Table I. After obtaining the power
expansion coefficients of H1(Z), we determine the
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 zn requires a coupling ratio of an = 1- |z/| 2
and a phase of arg(zn 3) . Thus, by using Eqns (4) and
(7), the design parameters of , and f \ =1, 2) are
obtained and shown in Table I. 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 HR
three-channel interleaver. 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. 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 HR 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 HR
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 IlR interleaver are improved
greatly. Furthermore, only two 3x3 couplers are
required in the HR optical interleaver, while three
are used in the FIR interleaver. Therefore, it can be
concluded that the proposed three-port HR interleaver
can achieve superior performance more efficiently than
the FIR three-port interleavers.TABLE I ORDER OF Z- k,
NUMERATORPOWER EXPANSION COEFFICIENTS,
DENOMINATORPOWER EXPANSION COEFFICIENTS, AND CIRCUIT
PARAMETERS FOR SIX ORDER MR THREE-PORT INTERLEAVER. In
practice, the design parameters are 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 interleaver performance with respect to the 



design parameters and the insertion loss of the
couplers. In the simulation, 5% tolerant deviations in
the design parameters kh ,- and f1 (i = 1, 2),
respectively, are considered. The coupling loss is
considered by substituting hz ~3 for z 3, where loss
in decibels for one feedback path is -20log\0{h) .
Fig. 4 shows the spectral responses of the interleaver
with the design parameters and the coupling loss
varying within the tolerant range. The results clearly
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 HR optical interleaver 500 in
another embodiment of the present invention. The
interleaver 500 comprises one 3 x 3 directional
coupler 502 linked port-to-port by three differential
delay paths 504, 506, 508 respectively. The three
delays off the delay paths 504, 506, 508 are chosen as
AL, 0, - 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.In the
example embodiment, the partial and all-pass
reflectors e.g. 516, 520 comprise Bragg gratings
written into optical delay paths 504, 506 and 508,
which are in 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 by mirrors. In one such embodiment,
the mirrors may be produced 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
embodiment, the three channels of transmission of the
interleaver 



500 are obtained from one input port to three output
ports. For example, an input signal enters at arm 524
into the 3 x 3 coupler 502, with the three channel
transmissions exiting at arms 524, 526 and 528
respectively, which in the example embodiment are in
the form of optical fibres. It will be appreciated by
a person skilled in the art that the input signal can
be separated from the transmission channel at arm 524
utilising known optical devices, such as an optical
circulator. In the example embodiment shown in Figure
5, transmission signals collected from one or more of
the optical delay paths 504, 506 and 508 can be
further analysed to obtain/monitor the transmission
characteristic of the interleaver 500. Again, the
individual 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 E(
respectively to three output ports E1 0 , E  , and 3
are considered. To obtain three channels of 2p / 3
phase-shifted but identical transmissions satisfying
desired specifications, the interleaver is designed by
choosing appropriate parameters including the coupling
ratio K of the 3x3 fiber coupler, the phase shifts yu
(i = 1,2) in the differential arms, the phase shifts
fu (i = 1,2) in between the reflectors, and the
reflectance of the partial reflectors p u(/ = 1,2) .
To this end, the three channels of transmissions are
expressed into the functions of the design parameters.
First, it is known that for an 3x3optical fiber
coupler, the input optical fields and the output
fields of a symmetric 3x3 coupler can be related by a
3x3 transfer matrix 



MQc) as follows: (20) where En and Em  represent
respectively the input field and the output field at
the m-th port for Qn = 1,2,3) \ \2 and | d |2 denote
the through-port and the cross-port power coupling
ratios of a 3x3 directional coupler. They are given by
g - (eJ2k +2e~j k )/3 and d = (eJ2k - e~JIC )/3, where
j stands for V-T and K is a production of the coupling
coefficient cand the length of the coupling region L ,
i.e., K = ex 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 reflectors. The proposed embodiment structure can
be replaced functionally by a structure shown in FIG.
6. Denote z as a unit time delay given by z 1 = e
~2J&Lmf where l 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 round return transmissions of two cavity
reflectors by S1(Z) and S2(z) , respectively. The
lossless partial reflector with a phase shifter
connected to an all reflection reflector is an
all-pass filter. Its transfer function can be written
as: (21)where p Xl is amplitude reflectance of the
partial reflectors on the i-th (/ = 1,2) fiber arms.
Since all S1[Z) are functions of z~ , they are denoted
by S1(Z ) in the subsequential 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
Therefore, the normalized electric fields transfer
functions from the three inputs to the three outputs
can be expressed in the following transfer matrix: 



Denote H 1(z), H 2(z) , and H 3(z) as the
transmissions from one input port E1 7 respectively to
three output ports 1 0 , E2 0 , and E3 0 ,
respectively. They can be obtained in the following
equations: H1(Z) =e2j gm -iSl(z ) +dd + e2j ddz S2(z
3) (24) H2(z) =e2jY gdz - S (z 3) +d +e2j ddz 1S2(z 3)
(25) H (z) =e2JV rdz iSi (z 3) +dd +e2b! -2dgz S2(z 3)
(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 1(X) I2 , \H 2(z) \2 , and |H 3(z) |2
have a shift of 2 / 3 in frequency, but they have
identical spectral shape, where |H , = H 1H * (/ =
1,2,3) is the power transfer function in theproposed
configuration. In addition, it is highly desired that
the passbands and stopbands of I 1( ) I2 , |H 2(z) |2
, and |H 3(z) |2 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 shape for all the three
channels, the desired design parameters shall satisfy
the following equationsl H z) 2 H 2(ze-J2p n ) \2= \H
(ze-J4p l 3) \2 . Clearly, solving these equations
imposes a great difficulty due to the complicate
expressions of St (z) and H ,(z) . However, thanks to
the proposed structures of St (z3) , we can solve the
above equation in an efficient way. It is seen from
FIG. 5 that the path length of 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 frequency 



response of the ring resonators -(Z3) (i = 1,2) will
not change with a shift of 2 / 3 or 4p / 3 in
frequency. This can be seen directly from Si z3) Si
((ze-J2 / 3g ) = Si ((ze-JAp/ 3g ) for (/ = 1,2) .
Using this property, the first requirement of an
interleaver can be fulfilled by choosing only the
design parameters K . As a result, = 2p / 9 can be
obtained, and thus, we have U/. - A n immediate
conclusion from this equation is that IH1(Z) I2 ,
|H2(z) |2 , and |H3(z) |2 have identical shapes with
only a phase shift of 2 / 3 between each of them.
Therefore, the problem of the threeport optical HR
interleaver design is converted into one of designing
S,(z) such that one channel transfer function, e.g.
IH1(Z) I2 , 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 passbahd, 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 isdesigned to
deliver three channels of transmissions that are
interleaved by 2p l2> with each other and each
passband bandwidth is chosen as 85% of the channel
spacing at - 0.5dB. Following the two steps design
scheme developed in the last section, the coupling
ratio of the 3x3 coupler is obtained first as k 2p / 9
, so that the three channels of transmission are
obtained and their transmissions are identical but
shifted in phase by 2 7 3 . Then, one of the
transmission, e.g., H 1(Z) , is designed to satisfy
the passband requirement. Using the least-squares (LS)
method, the desired transfer function of H 1(z) can be
obtained, and its numerator and denominator power
expansion coefficients are listed in Table II. 



TABLE Il - k 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 1(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 zn requires a coupling ratio of p n =| . Thus, the
design parameters of p u , fu , and Yu ( = 1,2) are
obtained and shown in Table II. With these design
parameters that we have obtained, an HR three-port
interleaver is obtained with the specified
performance. FIG. 7 shows the interleaving
transmission spectra of the designed MR three-channel
interleaver. Compared with the three-port HR
interleaver that is implemented with all-pass ring
resonators structure, the proposed HR 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 concludedthat the
proposed invention provides a more efficient
architecture for achieving the same filter
performance. In addition, the proposed HR interleaver
also overcomes the difficulty in achieving a wider
channel spacing of the interleaver, which is limited
by banding radii in the ring resonator case. Since the
design parameters have the unavoidable deviations in
fabrication and the fiber coupling may suffer from
certain loss, simulation studies are carried out to
investigate the sensitivity of the interleaver
performance with respect to the design parameters and
insertion loss of the couplers. In the simulation, 5%
tolerant deviations are considered for the design
parameters K , p u , fu , and Y1 . (/ = 1,2) ,
respectively. The coupling loss is considered by
substituting hz~3 for z~2 , where loss in decibels for



one( feedback path is -201oglO(7) . FIG. 8 shows the
spectrum responses of the interleaver with the design
parameters and the coupling loss changing in the
tolerant range. The results have clearly shown that
the performance of the proposed HR interleaver is
tolerant to both design parameters and coupling loss.
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.CLAIMS
1. 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 (HR) 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. 2. An
optical interleaver comprising an optical 3 x 3
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 3 x 3 coupler, an infinite impulse
response (HR) 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 HR element comprises a ring cavity. 4. The
optical interleaver as claimed in claim 2, wherein
each HR 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
other end . 6. The optical interleaver as claimed in
claim 5, wherein the partial reflector element
comprises a Bragg grating.7. The optical interleaver
as claimed in any one of claims 4 to 6, wherein the
all-pass reflector element comprises a Bragg grating
or a mirror. 8. The optical interleaver as claimed in
claims 1 or 2, wherein differential delays between the
three delay lines are DL, 0, and - DL. 9. The optical
interleaver as claimed in claims 1 or 2, wherein 3 x 3
couplers comprise optical fibre couplers. 10. The
optical interleaver as claimed in claims 1 or 2,
wherein the delay lines comprise optical fibres. 10.
The optical interleaver as claimed in claim 3, wherein
the ring cavities comprise optical fibres. 



11. The optical interleaver as claimed in claims 1 or
2, wherein the optical xxx 3 x 3 couplers comprise
schemetrical 3 x 3 optical couplers. 12. The optical
interleaver as claimed in claims 1 or 2, wherein the
three frequencies shifted transmission channels output
signals have a shift of 2 r / 3 in frequency. 13. 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 (MR) 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 (MR) 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. 16. A
method of filtering a broadband optical signal, the
method comprising receiving the broadband optical
signal at one input port of a first optical 3 x 3
coupler, coupling the broadband optical signal into
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 a second optical 3 x
3 coupler, subjecting the coupled signals in two of
the delay lines to an infinite impulse response (HR)
element, and interfering the coupled signals in the
three delay lines 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. 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 (MR) 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
DL, O1and - DL 19. The method as claimed in claims 16
or 17, wherein the optical 3 x 3 couplers comprise
schemetric optical 3 x 3 couplers.20. The method as
claimed in claims 16 or 17, wherein the three
frequency shifted transmission channels output signals
have a shift of 2p l in frequency. 


