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Interleaver Technology: Comparisons and
Applications Requirements

S. Cao, J. Chen, J. N. Damask, C. R. Doerr, L. Guiziou, G. Harvey, Y. Hibino, H. Li, S. Suzuki, K.-Y. Wu, and P. Xie

Abstract—An overview of interleaver technologies is presented,
based on the workshop held at the Optical Fiber Communications
Conference, March 23, 2003. The requirements for and several re-
alizations of interleaver filters are detailed.

Index Terms—Optical components, optical filters, wavelength
division multiplexing (WDM).

1. INTRODUCTION

N March 23, 2003, a workshop on interleaver technolo-

gies was held as part of the Optical Fiber Communica-
tions Workshop Series. The authors of this paper were the or-
ganizers of and speakers at the workshop, and this contribution
is intended to capture an overview of the field as it is currently
practiced. The speakers were invited based on their original con-
tributions to the field.

An interleaver is a periodic optical filter that combines or
separates a comb of dense wavelength-division multiplexed
(DWDM) signals. The periodic nature of the interleaver filter
reduces the number of Fourier components required for a flat
passband and high-isolation rejection band. This is in contrast
to single-channel add/drop filters that synthesize a single
narrow-band filter over a wide rejection band. Because the
interleaver requires fewer Fourier components, the same flat
top, sharp edge response of a higher-order narrow-band filter
can be realized with only a few sections.

As a functional block, interleavers come in many varieties.
The original design separates (or combines) even channels from
odd channels across a DWDM comb, Fig. 1(a). This is denoted
a 1:2 interleaver. The logical extension is the periodic separa-
tion of one in every 2N channels, such as the 1:4 function illus-
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Fig. 1. Interleaver functional types. All filter functions are periodic in
frequency and are reciprocal. (a) Original interleaver: even and odd channels
are separated onto two different ports. (b) Separation of channels out to 1:4 or
higher. (c) Banded interleaver, separates even and odd bands of channels. More
difficult than 1:2 interleaver because of higher filter roll-off. (d) Asymmetric
interleaver separates one channel in N.

trated in Fig. 1(b). A different variation is the banded interleaver,
Fig. 1(c), where bands of channels are periodically separated.
This is a more difficult filter to make because the filter roll-off
must be steeper in relation to the filter period. Finally, in contrast
with the previous three filters, the asymmetric filter periodically
separates one channel in V, Fig. 1(d).

The filter function of an interleaver and its period are sepa-
rable. Interleavers have been demonstrated that resolve a comb
of DWDM frequencies on 100-, 50-, 25-, and 12.5-GHz centers.
The period is governed by the free-spectral range of the core el-
ements, where narrower channel spacing is achieved by a longer
optical path.

There are many specifications and design goals that are
common to interleavers regardless of the particular technology
used for implementation. On a per-channel level for a repre-
sentative 1:2 interleaver, the amplitude spectrum at either of
the two output ports has a passband and a stopband, Fig. 2(a).
The design goals for the passband are a wide, flat (or nearly
flat) top with minimum insertion loss (IL) and rapid rolloff on
the band edges. The chromatic dispersion across the passband
is to be minimized. The stopband must provide high extinction
across the passband of the alternate port. This usually requires a
tradeoff between maximum extinction and stopband width. For
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Fig. 2. Narrow-band design parameters based on output of one port from
a 1:2 interleaver. (a) Output has a passband and stopband and is periodic
with free-spectral range (FSR). (b) Polarization dependencies: polarization
dependent loss (PDL) and polarization-dependent wavelength shift (PD-X).
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Fig. 3. Wide-band design parameters based on output of one port from a

1:2 interleaver. Arrows indicate ITU-compliant comb of 100 GHz channel
spacing with anchor frequency at 193.1 THz. (a) Error of FSR produces filter
walkoff over intended bandwidth. (b) Frequency-offset error (for matched
FSR) misaligns all channels over the bandwidth.

polarization dependencies, Fig. 2(b), polarization-dependent
wavelength (PD-)) specifies the degree of frequency shift
between s and p states and polarization-dependent loss (PDL)
specifies the differential insertion loss. A third polarization
parameter is the polarization-mode dispersion (PMD) which
in many cases is simply differential group delay between two
paths. Reduction of these polarization-dependent parameters
are goals of any design.

On a wideband level there are specifications that relate to
the alignment between the comb of DWDM frequencies (nom-
inally allocated on the ITU grid [1]) and the filter function of
the interleaver. The ITU recommendation specifies 100-GHz
channel separation with an anchor at 193.1 THz. Many trans-
mission systems today insert channels every 50 GHz. When the
free-spectral range (FSR) of the interleaving filter is not accu-
rately matched to the ITU grid there is walkoff, Fig. 3(a). The
operational bandwidth of the filter (as opposed to the passband
bandwidth) and the walkoff tolerance on the edge channels de-
termines the allowable FSR error. For example, a 40-nm band-
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Fig. 4. Lattice filter unit cell technologies. (a) Complimentary birefringent
crystals impart differential delay on orthogonal polarization states. A crystal
pair is used to passively temperature compensate the birefringent phase. The
phase compensation plate makes fine adjustment onto the ITU grid. The e-axes
are aligned within a unit cell and cut at an angle determined by the filter
synthesis. (b) Differential delay is imparted on orthogonal polarization states
by an all-glass unit cell. The leading and following PBS rhombs separate the
polarizations and the delay prisms determine the delay and phase.

width on the C-band covers about 2.1% of the optical spectrum,
and a 50-nm bandwidth on the L-band covers about 2.6%. Com-
bination with no deadband requires 5.2% spectral coverage. The
FSR must be accurate to within a channel-location tolerance
(e.g., +/—2.5 GHz) over the appropriate spectral coverage.

When the FSR is matched to the ITU grid there still may be
offset error, Fig. 3(b), where there is a frequency error between
the centers of the interleaver channels. This frequency error is
also called phase error because of the periodicity of the chan-
nels. Thermal dependence of the interleaver is the leading cause
of offset error.

Cognizance of the aforementioned design goals is the back-
ground on which to understand the challenges and appreciate
the remedies characteristic of the various technology solutions.

II. INTERLEAVER TECHNOLOGY APPROACHES

There are three broad classes of interleaver filter technolo-
gies: lattice filter (LF), Gires-Tournois (GT)-based Michelson
interferometer, and arrayed-waveguide router (AWG). Within
the lattice filter class there is the birefringent filter, employing
birefringent crystals and classically known as a Lyot or Solc
filter; the glass-based filter which substitutes an artificial po-
larization-dependent delay for the birefringent elements of the
preceding type; and the Mach-Zehnder filter, which is the analog
to the Lyot filter and is generally made with planar waveguides.
Within the GT class there is the interference filter and the bire-
fringent analog (B-GT). Arrayed-waveguide routers have de-
signs for single-channel and banded filters.
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Lattice filters are typically used for 1:2 interleavers and can be
cascaded to realize 1 : 2N filters. However, 2N — 1 interleavers
are required to produce 2N separate outputs, making such a de-
sign less economic. Lattice filters are also used for banded ap-
plications. The GT and B-GT filters are suitable for 1:2 inter-
leavers and asymmetric interleavers as well. The AWG filters
are well suited for 1 : 2~ interleaving and deinterleaving in a
single stage.

A. Lattice Filters

Lattice filters are made from a cascade of differential-delay
elements where the differential-delay of each element is an in-
tegral multiple of a unit delay and power is exchanged across
paths between the elements. The topic of lattice filter synthesis
is broad and not limited to the optical domain. A general, tech-
nology-agnostic synthesis approach using Z-transforms is found
in [2], [3]. Particular to optical filters, the classic synthesis pa-
pers include [4]-[7].

There are three issues to address in the study of lattice fil-
ters: the realization of the unit cell that generates the differen-
tial delay; the number of unit cells and associated intermediate
power exchange; and the cascade of multiple filters to mitigate
chromatic dispersion. The following lattice filter categories are
distinguished by the technology of the unit cell.

1) Birefringent: The canonical birefringent filter, also
known as the Lyot [9] or Solc filter [10], is constructed from
a cascade of birefringent waveplates placed between two
polarizers. The waveplates impart a frequency-dependent
transformation on the fixed input polarization state, and the
transformation is converted to an intensity profile by the output
analyzer. The filter spectrum is periodic due to the intrinsic
periodicity of the waveplates. A high-contrast filter employs
waveplates whose thicknesses are integral multiples of a unit
thickness, the free-spectral range being set by the thinnest
waveplate. The degrees of freedom available to synthesize a
particular filter function are the number of waveplates in the
cascade, the sequence of waveplate thicknesses, the relative
orientation of the extraordinary axes, and the orientation of the
polarizers with respect to the waveplates.

Telecommunications applications require polarization insen-
sitivity. Birefringent filters are adapted to these applications
through polarization diversity. A polarization diversity scheme
polarizes and spatially separates the input light to form two
distinct and orthogonally polarized rays that are in turn passed
through the waveplate cascade. After the cascade the polar-
izations are recombined onto two output ports. In this way,
the light that would have been clipped by the output polarizer
of the canonical birefringent filter is instead redirected to
a complimentary port. Carlsen and Buhrer seem to be the
first to apply polarization diversity to a birefringent filter by
demonstrating a pair of polarization-splitting rhombs [11],
[12]. Alternative schemes for passive filtering or switchable
routing use birefringent beam walk-off blocks [13]-[19] and
Wollaston prisms [20], [21].

The unit cell of a birefringent filter, illustrated in Fig. 2(a),
is composed of three crystals forming two logical sections. One
section is the differential delay, where one polarization is de-
layed along the slow axes of the crystals while the other is not.

The other section is the phase compensation plate which fine
tunes the filter fringes to the ITU grid. The phase compensation
plate is usually made of crystalline quartz for its low birefrin-
gence. The extraordinary axes are aligned or crossed, and the tilt
with respect to the aperture is set by the filter design. The FSR
of the two-crystal delay section is

c

FSR - A?’LlLl + ATLQLQ (1)

where c is the speed of light, Any 7 is the (group) birefringence
of the associated crystal, and L; o is the respective crystal
length. The birefringence An is a signed quantity, positive
for positive uniaxial crystals and negative otherwise. The
+/— sign denotes alignment (4) or crossing (—) of the
extraordinary axes. A useful unit for the speed of light is
¢ = 299.79 mm — GHz. To minimize the crystal lengths a high
birefringent crystal is preferred, for example rutile or yttrium
orthovanadate (YVOy,). As reported in the product literature,
the birefringence of YVO, at 1550 nm is An = 0.2039,
although batch-to-batch uniformity can be +/—0.01. Using
YVO, alone, an FSR of 50 GHz requires a length of ~24.4 mm.

A central issue of the birefringent crystal is its temperature
dependent retardation. The temperature dependence of YVOy
birefringence has been measured by one of the authors at
—27 X IO*G/OC. At 50 GHz FSR, room temperature, and a
frequency of 194.1 THz there are 3882 birefringent beats in the
crystal. Over the full temperature range (—5 to 470 °C) there
is a change of +/—4 birefringent beats. Use of YVO, alone
as the delay crystal would make the output filter fringes shift a
total of eight FSRs over temperature. This is an unacceptable
shift for the filter.

To mitigate first-order temperature dependence, two compli-
mentary birefringent crystals are used in the unit cell. A mate-
rials pair in commercial use is YVO, and LiNbOj3. The ratio
of crystal lengths determines the combined temperature depen-
dence and the total length determines the FSR. Zero first-order
temperature dependence can be achieved with a total length of
~34.3 mm and a length ratio of ~ 6.5 YVO,/LiNbO3. How-
ever, there is a small quadratic remainder to the combined tem-
perature coefficient that limits the stabilization over a very wide
temperature range.

The need for the phase compensation plate comes from the
difficulty to polish the delay crystals to a sub-micron precision.
The birefringent beat length in a crystal is the length over which
the e- and o-rays slip one full wave. The beat length for YVOu
is ~ 7 pm. Given that the practical length tolerance on a long
crystal is +/ — 3 pm, the birefringent phase of any crystal is
random over nearly a full beat. When a single unit cell is placed
between crossed polarizers, change of the birefringent phase im-
parts a frequency shift of the output intensity spectrum. As a
design rule, the birefringent phase of each unit cell in the cas-
cade must be the same, and the phase must further be adjusted
to align the filter to the ITU grid.

2) Glass-Delay: The glass-delay unit cell [22], [23],
Fig. 2(b), is a substitute for the birefringent unit cell. An artifi-
cial polarization-dependent delay is created with glass blocks
in place of the natural birefringence of crystalline materials.
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Fig. 5. The Mach-Zehnder unit cell consists of planar waveguides. (a) The
path-length difference of the arms between the power couplers imparts differen-
tial delay. The heating pads adjust the phase permanently. (b) Power coupler
structure for relaxing the fabrication tolerance. Cascade of four couplers with
equal coupling ratios and three appropriately designed delays transfers coupling
dependence from fabrication-sensitive « to fabrication-insensitive A L.

The advantages are that a higher “birefringence,” or differ-
ential-delay per unit length, can be achieved; the temperature
characteristics of the glass materials are more linear than their
crystal counterparts; and the thermal expansion of the glass
materials is better matched to the hermetic housing materials.

As illustrated, the glass-delay unit cell is made with two po-
larization beam splitting (PBS) rthombs on either end and an
glass-prism pair loaded in one of the two arms. To realize a
high-quality unit cell the thin-film coatings on the PBS rhombs
must produce low PDL (<0.1 dB) and exhibit high contrast
(>35 dB) over a wide band (+/—20 nm or more). The differ-
ential delay comes from the different nL products on the two
paths. The thermal dependence is mitigated by judicious se-
lection of indices, thermal dependencies, and dimensions. As
most all passive components are hermitically sealed to satisfy
GR-1221 qualification requirements [24], the air-gaps in the
unit cell should not experience phase drift that would otherwise
be due to humidity or pressure changes [25]. To synthesize a
filter function, several glass-delay unit cells are placed in cas-
cade and each cell is rotated along the optical-transmission axis
to impart the necessary power exchange.

3) Mach-Zehnder: The cascaded Mach-Zehnder (MZ) filter
[26], [27], based on planar waveguide technologies [28], is the
isotropic analog to the birefringent filter; the MZ filter has a lat-
tice structure with interferometric unit cells but the birefringent
filter has one with birefringent unit cells. The unit cell, Fig. 5(a),
imparts differential delay between two parts by making one path
longer than the other. Since the effective index of the wave-
guide is well controlled by the deposition process and the path
lengths are well controlled by printing from a master photolitho-
graphic mask, the differential delay and associated FSR can be
well aligned to the ITU grid. Final phase adjustment is done per-
manently with thermal-optic heating pads located above the two
interferometer arms [29].

Unlike the preceding bulk technologies, active temperature
stabilization is required to remain locked to the ITU grid over
operational temperature, but as this is the same requirement for
AWGs the increment cost for the temperature control on a mul-
tifunction chip is marginal.
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The interleaver uses directional couplers to set the power
ratio between the MZ unit cells. However the coupling ratio
based on a simple directional coupler is sensitive to fabrica-
tion variations such as the waveguide gap and waveguide width.
This sensitivity results in serious performance degradation of
the filter. On the other hand, the planar waveguide technologies
have features such as highly accurate waveguide delay lengths
and good uniformity of coupling ratios for like couplers in a
small area. Taking advantage of these features, the novel cou-
pler structure shown in Fig. 5(b) was developed for stabilizing
the coupling ratio [30]. This coupler has four individual di-
rectional couplers and three wavelength order delay parts. The
delay values of the two ends are set at A\/4 and —\/4, and
the center value is set at between 0 and /2 depending on the
desired coupling ratio. These values are so small that the two
waveguides in these delay sections can be located close together.
Consequently, these wavelength-order delay sections are very
stable with respect to fabrication conditions. The total coupling
ratio 7 of the circuit as a function of the individual coupling ratio
(k) is

. AL
n = (8k — 24k2 + 32k° — 16K*) cos? <7FT> )

when AL = )\/6 and £ ~ 50%), the total coupling ratio is 50%.
Even if the « value varies in manufacturing between 30~70%,
the 7 value is stabilized within 48 ~50%. This means this novel
coupler structure has relaxed fabrication tolerances on the cou-
pling ratio . By designing appropriate AL values, the desired
coupling ratio 1 can be realized with a wide x tolerance. The
proposed coupler compensates well for the deviation caused by
fabrication error and polarization dependence and also reduces
its wavelength dependence.

Using any of these three differential-delay unit cell types, an
interleaver core can be realized. Interleaver cores used in the in-
dustry include two unit-cell filters where one unit cell is twice
the length of the other (a 1:2 sequence) and three unit-cell fil-
ters having a 1:2:2 delay sequence. Since the design goal is a
periodic square-wave amplitude response, which has only odd
Fourier components, a sequence such as 1:3:5 cannot be used.
Generally, the more unit cells the better the isolation. However,
there is the obvious economic tradeoff between isolation and
cost.

Due to the absence of reflections, a lattice filter in any tech-
nology can be designed to be free of chromatic dispersion be-
cause its transfer function has a finite-impulse response (FIR)
and contains only zeros. By carefully choosing the zero loca-
tions one can design a pair of complimentary filters with the
same amplitude response and opposite delay response.

The first demonstration of a two-stage dispersion-compen-
sated MZ-type interleaver was by Hitachi Cable [31], [32].
There, the first- and second-stage filters are the same and the
output ports of the first filter are connected to the input ports of
the second filter to compensate the dispersion. As an alternative
but equivalent configuration, the second-stage filters can be
shifted by 1/2 FSR and the connections to the outputs from the
second-stage filters are altered. This configuration can be an
advantage for chip layout.
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Fig. 6. Mach-Zehnder and birefringent dispersion-compensated dual-stage lattice filters. (a) Three MZ unit cells in a 1:2:2 design. The first filter has channels
centered at f, while the second pair of filters is shifted by 1/2 FSR. This design is implemented in a folded-coin layout to maximize real-estate utilization. (b) Two
birefringent unit cells in a 1:2 design. The filters of the first and second stage are offset by 1/2 FSR as in the MZ design. The second stage of the birefringent filter
uses path diversity to achieve two optical filters from the same physical filter. Inset shows the relation of beam paths to the cells.

Fig. 6 illustrates Mach-Zehnder and birefringent dual-stage
lattice filters that compensate for chromatic dispersion. For the
MZ, Fig. 6(a), the first interleaver is followed by an interleaver
pair, one for each output port, where the center frequency of the
pair is shifted by +/ — FSR/2. For example, in the case of a
50-GHz interleaver, the center frequencies of first and second
filters are 194.10 and 194.05 THz, respectively. The interleaver
pair cancels the positive dispersion on the first stage with equal
negative dispersion on the second stage. This technique is em-
ployed in all commercially available lattice filters. The authors
from NTT have realized this waveguide circuit using a “folded-
coin” layout that fold the 200-mm path length into an area of
56 x 22 mm. Eight chips can be arranged in this way on a six-
inch wafer. The FSR shift of the second stage was used to enable
monitor waveguides to run along the folded-coin layout without
any waveguide crossovers.

Fig. 6(b) illustrates one realization of a chromatic-dispersion
compensated birefringent interleaver. The input and output
are single- and dual-fiber collimators, respectively. As illus-
trated, the two interleavers are of 1:2 type, where each stage
is a glass-type delay. A birefringent-crystal delay is equally
suitable. The mode mixing between segments in a stage is
done by physical rotation of the elements. The walk-off (w.0.)
blocks together with the associated waveplates (wp) establish
the polarization diversity paths that separate and later combine
the polarizations. A Wollaston (W) prism is used to deflect
the parallel beams into the angular aperture of the dual-fiber
collimator. It should be noted that there are many folded
lattice-filter designs that are designed to multiply transit the

same differential delay element, reducing the cost and size of
the filter [33]-[37].

For either the three-element MZ or two-element birefringent
lattice, the zeros (6 and 4, respectively) of the transfer function
are complimentarily arranged about the unit circle, which pro-
vides for dispersion-free design.

B. GT-Based Filters

The GT-based interleavers operate on the periodic response
of a GT interferometer (GTI). Such an interleaver is configured
as a Michelson interferometer where a GTI is loaded into each
arm. There are two types of GT based interleavers: the interfer-
ometric type [38]-[43] that operates on the phase returned from
the two Michelson arms and the birefringent type [44]-[48] that
operates on the polarization returned from each arm, Fig. 7 and
8 respectively. In either case, there are two outputs for a single
input and, while the illustrations show one output coincident
with the input, there are usually two different collimators or a
single dual-fiber collimator on the input side. This requires a
small tilt of the various reflectors.

An analog of the GTI is the ring-resonator filter. In such a
filter, traveling waves in the ring rather than standing waves in
a GT cavity are used to generate a filter response on an evanes-
cently coupled waveguide. These filters show promise [49], [50]
and are in the development stage.

1) Interferometric: Fig. 9(a) illustrates the cavities in a
glass-based GT interleaver. The GTI is constructed with a
leading partially reflective mirror and a following fully reflec-
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polarization and is cross-analyzed by the PBS going to output 2. At output 2
the s and p polarizations passively combine.
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tive mirror. The gap between mirror planes sets the FSR. The
phase shift ®; imparted on path (1) is

1+VR

&) = —2tan~ [ ——
! 1-VR

tan(kL) 3)
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Fig. 9. Isotropic and birefringent GTIs. (a) Isotropic GTI and comparison

between two paths. Gap between HR and R reflectors sets the FSR. The 90°
phase shift between cavities (1) and (2) makes one resonator anti-resonant
while the other is resonant. The 45° bias makes a good filter response.
(b) Birefringent GTI where two paths are replaced with one, path (3), and
polarizations p and s distinguish the even- and odd-channel conditions.
The A/4 waveplate (wp) inside the cavity imparts a frequency-dependent
polarization conversion. The A/8 waveplate bias makes a good filter response.

where R is the amplitude-squared reflection, k is the
wavenumber, and L is the cavity length. The GTI transited by
path (2) includes a quarter-wave shift inside the cavity that adds
a 7 /2 shift to the kL product. Finally, path (2) also includes an
eighth-wave shift outside of the cavity that adds a phase bias to
the Michelson response. The overall phase difference between
the two arms is

1+ VR

AD = —2tan~' [ ——= tan(kL
1-VR (kL)
1+\/R e T
2tan 1| —2—1t kL + — - —. 4
+2tan l_man( +2) 5 “)

The 7 /2 phase shifts are themselves frequency dependent, but
the phase-shift bandwidth is maximized using true zero-order
shifts. Finally, the 50/50 splitting cube mixes the phase response
of the two arms so that the output intensities are

AD AD
I, = 1, cos? (7> , I, =1,sin® <T> NG

A reflectivity value used by one of the authors is R = 18%.
Values may be tailored for a particular application.

An alternative design is to use only one GTI and make the
linear delay between the two arms highly multimoded. While it
may be a cost advantage to eliminate one of the resonant cav-
ities, the path-length difference between the two arms must be
tuned with an auxiliary tuning plate and the dispersion between
the two arms is not matched, yielding relatively higher overall
dispersion.

Temperature dependence of the cavity phase and FSR is a
central challenge for the GT interleavers. Thermal-dependent
index change is avoided by making cavities air-gap type. The
mirrors are made from thin-film coatings deposited on glass
parts, and after dicing the mirror surfaces are placed facing the
inside of the cavity. Ultralow expansion materials maintain the
mirror gap. Since the beat length in an air-gap cavity is the
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free-space wavelength, the GT cavities must be activity aligned
to achieve the right FSR. This requires submicron alignment.
Moreover, the two GTI’s must be activity aligned to the split-
ting cube to perfect the filter shape and lock the spectrum to the
ITU grid.

2) Birefringent: The birefringent Gires-Tournois (B-GT) in-
terferometer was invented in response to the tight tolerances of
an isotropic GTL. In particular, for a dual-GTT interleaver, the
two cavities must be out of phase by one-half wavelength. Also,
the phase reference planes with respect to the splitting cube must
be a quarter-wave out of phase. At 1.55 pm this requires sub-mi-
cron alignment and lifetime stabilization. However, if these two
phase slips can be achieved via polarization retardation, then
waveplates with a birefringent beat length of \,/An can be
used. The birefringent beat length at 1.55 mm for crystalline
quartz is ~ 184 pm, and waveplate retardations are typically
produced to within A/500.

Fig. 9(b) illustrates a B-GT in analogy to the isotropic coun-
terpart. Rather than two distinct paths (1) and (2), a single path
with dual polarizations is used, path (3). The light impingent
on the B-GT is linearly polarized by the common PBS, as illus-
trated in Fig. 9(b). The light first transits the bias \/8 waveplate
and then enters the B-GT cavity. The B-GT cavity is an air-gap
GT with a quarter-wave waveplate added inside. The extraordi-
nary axis is tilted 45° with respect to the TE polarization of the
PBS. Ignoring the leading A/8 plate for the moment and con-
sidering, without loss of generality, that the input linear polar-
ization state is p, the B-GT responds on resonance by reflecting
a mix of p and orthogonal s light. In anti-resonance, however,
only the p state is reflected, conversion to the s state being ex-
tinguished. Adding back the bias plate, the extraordinary axis
being aligned to the quarter-wave waveplate, allows filter-pro-
file tuning. In analogy to the isotropic case, a A/8 plate generates
a balanced response.

The B-GT interleaver transforms several tolerances into po-
larization dependencies. The two B-GTIs must be identical. Dif-
ference in the loss translates to PDL and error in the cavity
phase translates to PD-)\. Imperfections in the common PBS
also contribute to polarization impairments. Difference in the
path lengths between the PBS and the B-GT cavities corre-
sponds to PMD.

GT filters have infinite impulse response and corresponding
poles in the filter transfer function. Filters with poles in-
herently have residual chromatic dispersion. The dispersion
produced by a GT interleaver can be reduced via cascading
with it a second complimentary GTI. The second GTI is a
single all-pass resonator with its resonance shifted by one-half
FSR. The ability of the dual-stage GT to cancel dispersion
depends on the Q of the resonator, or equivalently the partial
reflectivity of the leading mirror. A high reflectivity sharpens
the phase response and reduces the resonance bandwidth; the
nonlinearity of the phase cannot be completely canceled. A
low reflectivity has a more sinusoidal delay response that
can better be compensated. In practice the GTI’s in an inter-
leaver core are low Q and dispersion can be limited to below
20 ps/nm for a compensated design. For a general treatment
of dispersion in optical filters, see [51].

C. Arrayed-Waveguide Router Filters

The arrayed-waveplate router (AWG) is an alternative to
the cascaded Mach-Zehnder lattice filter and can be designed
for interleaving applications. An AWG 1is a generalized
Mach-Zehnder, where the former has many arms that interfere
at the output while the latter has only two interfering arms.
Fourier filter components are produced by adding arms to the
grating, each arm being monotonically longer (or shorter) than
an adjacent arm by a fixed amount. Unlike a Mach-Zehnder,
an AWG can have many outputs for a single input, making the
AWG suitable as a single-stage 1 : N interleaver.

The multiple waveguides between the two star couplers es-
tablish a grating. The free-spectral range of the grating is

C

FSR =
ngAL

(6)

where ng is the group index of the waveguides at the center-
channel wavelength and AL is the path-length difference be-
tween adjacent grating arms. The center frequency for a grating
order m is simply

£ = mFSR. (7

The same center frequency can be reached via a large grating
order and small FSR or a small grating order and large FSR.

Generally AWG’s used for multiplexing applications have an
FSR that covers the entire operating bandwidth. For instance,
32 nm will cover the C-band. A low grating order is correspond-
ingly required. For interleaving applications, however, the FSR
is reduced so that one in every N channels is output on the same
port. In particular, the FSR is selected as

FSR= N x C (8)

where C is the channel spacing. Across an operating band, such
as the C-band, there are M bands each an FSR wide.

Within an FSR there are N channels and N corresponding
output ports. Within a particular grating order the output
waveguides are placed to accept light from each of the IV
channels. This requires a certain lateral separation between
adjacent ports. The problem is that for different grating orders
the optimal waveguide separation is different. Or, equivalently,
for fixed output locations, the channel spacing within a grating
order differs from order to order. The worst-case channel offset
in frequency from its target frequency is [52]

M(FSR)?
2FSR + 4f

For example, for an FSR of 800 GHz, 5 bands, and f =
193.1 THz, the worst offset is 4 GHz. This is a fundamental
design tradeoff for AWG interleavers that limits the channel-
spacing—bandwidth product. That is, the narrower the channel
spacing, the narrower the operational bandwidth.

Passband flattening is achieved by the star-coupler and wave-
guide-interface design. Both physical and interferometric pass-
band flattening schemes have been proposed and demonstrated
[53]-[55]. The AWG filter is an FIR filter that has relatively low
dispersion. Cascading devices to compensate dispersion is not
required.

Af|max = 9)
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TABLE 1
REPRESENTATIVE INTERLEAVER SPECIFICATIONS VERSUS TECHNOLOGY

Specification GTI Bulk Lattice WG MZ AWG Units
Channel spacing 6.25 - 200 (50 nom.) 25 -200 (50 nom.) 25-200 (50 nom.) 25-200 (50 GHz
nom.)
Insertion loss 0.7 1.5 2.0 5.0 dB
-0.5dB +/-16 +/- 10 +/-11 +/-11 GHz
Pass band -1.0dB +/- 19 +/- 14 +/-13 +/-13 GHz
-3.0dB +/-22 +-17 +/-16 +/-16 GHz
Rejection band -20dB +/- 16 +/- 18 +/- 16 +-16 GHz
-25dB +-12 +/- 16 +/-14 +/- 14 GHz
IL ripple 0.3 0.4 n/a n/a dB
Wavelength accuracy
Frequency centering error 1.0 +/-1.0 2.0 +/-2.0 GHz
Center frequency drift over temp 2.0 +/-2.0 (+/- 0.5 temperature temperature GHz
glass) stabilized stabilized
Polarization dependencies
PDL 0.2 0.3 0.2 0.3 dB
PMD 0.2 0.2 < 2.3 (for CS=25G) 0.5 ps
PD-A 0.5 1.0 2.1 1.0 GHz
Chromatic dispersion +/- 80 (10 w/ comp) +/- 15 +/-20 +/-20 ps/nm
Operating temperature -5to +70 -5 to +70 stabilization req’d stabilizationreq’d  °K
III. DISCUSSION [5] S.E.Harris, E. O. Ammann, and I. C. Chang, “Optical network synthesis
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