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Design optimization of flattop interleaver and its

dispersion compensation

L.Weiand J. W. Y. Lit

Department of Physics and Computer Science, Wilfrid Laurier University, Waterloo, N2L 3C5, Canada

lwei u.ca

Abstract: The objective of this paper is to present a general strategy for
design optimization of flattop interleavers, and dispersion compensation for
the interleavers, in order to achieve superior optical performance. The
interleaver is formed by two multi-cavity Gire-Tournois etalons (MC-GTE)
in a Michelson Interferometer (MI). An interleaver that has m cavities in
one etalon and n cavities in the other is called an mn-GTE interleaver. Our
optimization strategy exploits the general flattop condition and the
technique of ripple equalization. Any mn-GTE interleaver may be
optimized. The spectral performance can be greatly improved by the
optimization process. As an illustration, we present a comprehensive
analysisfor a11-GTE and a 21-GTE interleaver. The analytical expressions
for flattop conditions, peak and trough positions are derived for
optimization. The optimal performance of the interleavers can be controlled
by the reflection coefficients and the parameters m and n. To achieve low-
dispersion mn-GTE flattop interleavers, we propose to use one additional
MC-GTE as a dispersion compensator to compensate for the chromatic
dispersion. The anaytical expressions of group delays and chromatic
dispersions for an MC-GTE interleaver are derived. The optimization
strategy of dispersion-ripple equalization is explained. The results show that
the dispersion performance can be tailored by changing the reflection
coefficients of the MC-GTE, and the dispersion and bandwidth can be
enhanced by increasing the number of cavities of the MC-GTE.

© 2007 Optical Society of America

OCI Scodes: (060.2340) Fiber optics components; (060.1810) Couplers, switches,
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1. Introduction

Dense wavelength-division multiplexing (DWDM) systems are commonly deployed in optical
transport systems to increase the system capacities. In DWDM systems with many channels,
optical interleavers are widely recognized as an essential component to bridge existing and
new DWDM platforms, and to upgrade existing network capacities. Used as a demux (or
mux) device, an interleaver can separate a set of periodically spaced wavelengths into two
complementary sets — even and odd channels at twice the original spacing (or to combine two
sets of even and odd channels into one set of wavelengths at half the origina spacing). An
interleaver with a 100 GHz free spectral range (FSR) is usualy called a 50 GHz I nterleaver.
The use of interleavers has provided much design flexibility to manage and to route
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wavelengths at any point in a network. Such techniques have been receiving intense attention
[1-26] from alarge number of research groups all over the world.

An interleaver is basically a periodic flattop comb filter. Two types of periodic optica
filters, i.e., finite-impulse-response (FIR) filter and infinite-impulse-response (IIR) filter, can
be used to make a flattop interleaver. The difference between FIR and IIR filters is that FIR
filters have optical feed-forward interference path (without resonance) while IR filters have
optical feed-back interference path (with resonance). A typical example of a FIR filter is a
Mach-Zehnder interferometer (MZI1), Michelson Interferometer (M1) or Sagnac interferometer
(Y1), and that of an IIR filter is an etalon or ring resonator (RR). However, in order to realize
flattop interleavers, interferometers with two or more stages have to be employed, eg.,
cascaded MZI and multi-cavity etalons in FIR and 1R structures, respectively. For example,
FIR lattice structures [2-8] using cascaded multi-stage MZI are commonly used to build
flattop interleavers with different architectures based on planar waveguides[3], fiber couplers
[4-5], optical glass pairs [6], and high birefringence (Hi-Bi) fibers [7-8]; IR structures using
multi-cavity etalon [9-10] or cascaded RR [11] are also commonly used.

Another very atractive approach is based on a combination of feed-forward interference
(e.g., Ml or MZI or SI) and feed-back interference (e.g., etalon or RR). Such an approach may
exploit the advantages of both FIR and IR filters. Various configurations have been proposed
and demonstrated by combining Gires-Tournois etalon (GTE) and MI [12-19], or RR and
MZI [20-23], or RR and Sl [24]. The GTE-MI sructure makes use of GTE to create IIR
where GTE replaces one or both fully reflective mirrors, and this structure may be
implemented in bulk-optic devices with dielectric thin-film mirrors [14-17] or al-fiber
devices with fiber Bragg gratings and a fiber coupler [18-19]. Note that as both GTE and RR
are al-pass filters and an MI can be conceptualy “unfolded” into an MZI, an analogy to
GTE-MI structure is RR-MZI structure. The RR-MZI structure is based on inserting RR (to
create IIR) into one or both interference arms, which may be implemented by 2x2 couplersin
semiconductor waveguide [20-21], 3x3 fiber couplers[22] or dielectric thin-film mirrors [23].
In the RR—S structure [24], the feed-forward interference is realized by using polarization
interference in an Sl. Among these combination structures, GTE based MI has recently
attracted much attention. Dingel et al. [12-13] first proposed one single-cavity GTE based M.
Improved designs have been made by Hsieh et al. using two single-cavity GTES based M|
[14-15] and by Wei et a. using one multi-cavity GTE (MC-GTE) based MI [16]. In order to
accommodate more and more channels in DWDM systems to further increase the transport
system capacities, the specifications of interleavers (e.g., ripple, bandwidth, isolation and
dispersion) are becoming more and more tighter. Therefore, developing flattop interleavers
with superior performance to meet the current tight specifications is a remaining challenge
that has important benefits.

Following our previous work [16], in this paper, we propose to use two MC-GTEsto form
an MI for a flattop interleaver, and an additional MC-GTE as a dispersion compensator to
achieve superior performance on both spectral response and dispersion. The purpose of this
paper is twofold. Firstly, we will present analytical expressions and a general spectra
optimization strategy for the double MC-GTE interleaver. The proposed optimization strategy
exploits both the flattop conditions and the technique of ripple equalization. We will show
how to combine the general flattop conditions and equalization of ripples to achieve spectral
optimization for interleavers. Although the general flattop conditions were introduced in ref.
[16] for an MI with a single MC-GTE, little has been said about the design optimization,
which is obviously much more important for complicated systems such as the present
interleaver with two MC-GTEs. Note that an analogy to the present structure would be a
coupled multi RR in each arm of an MZI. A similar structure formed by a cascaded multi RR
in each arm of an MZI was reported by Madsen [21], and it was analyzed using Z-transform
in a digital processing approach. Such an approach was recently widely applied in optical
filter designs[19, 21, 25]. Pole-Zero diagram approach [26] was also developed for photonic
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filter design. In contragt, in the present approach we use two-beam interferometry analysis to
find the analytical expressions for al physical quantities (such as the intensity, phase, etc.)
and the equations that directly optimize the optical performance. Previous works [12-15, 23]
that are based on two-beam interferometry analysis only examine physical quantities in
single-cavity case.

Secondly, we will present a comprehensive study on chromatic dispersion compensation
for the proposed interleaver. Unlike pure FIR-based interleavers, chromatic dispersion is an
unavoidable issue for [IR-based interleavers; this has been discussed in ref. [15]. GTEs are
commonly employed for tunable constant dispersion compensation [27-28]. However, there is
little study on the use of GTEs for the dispersion compensation of |1R-based interleavers. We
believe that this paper will provide a complete theoretical foundation and excellent design
guidance for researchers in the academic and industry sectors who work on GTE-based
optical devices.

The flattop interleaver formed by two MC-GTEs (with any number of cavities) inan Ml is
presented in Section 2. In Section 2.1, we start with the theory and the formulation for the
proposed interleaver. In Section 2.2, we introduce the general method on how to obtain flattop
spectrum and how to optimize designs. In Section 3 we present the use of an additional MC-
GTE for chromatic dispersion compensation to achieve low-dispersion interleavers. The
general theory is given in Section 3.1 and the design optimization is discussed in Section 3.2.

2. Flattop interleaver with two MC-GTEsin an M|

In this section, we present a new approach for optimizing optical spectral performance of the
proposed interleaver. To analyse and optimize the optical performance, including the
bandwidth, ripple and isolation, the general analytical expressions for the electric fields
together with the phases are first derived. Then we introduce our optimization strategy for
spectral response, which combines the flattop conditions and the technique of ripple
equalization. The general conditions, and the positions of the peaks and the troughs for design
optimization are derived, followed by the results and discussions.

2.1 Configuration and formulations for the proposed interleaver

Figure 1 shows the schematic diagram of the proposed interleaver. It is formed by an MI with
two MC-GTEs for the two arms of the interferometer. Obviously, MC-GTE is the basic
component to build the interleaver. To obtain the general normalized intensities of the
interleaver, we first derive the general formulas for an MC-GTE, and then for the interleaver
with two MC-GTEs, followed by the special features for the proposed interleavers.

M, M, M, M, M,

ER : "
M,
r Beam Splitter "et d
! —ld
INPUT o

' L g Ty

| I—
"o

T
|

Odd channel | s |

Even channel -

—» | —

Fig. 1. Schematic diagram of the proposed interleaver Fig. 2. Schematic diagram of MC-GTE.
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2.1.1MC-GTE

The MC-GTE consists of N +1 equally spaced reflectors, Mg, M1, Ms,..., and M,, as shown in
Fig. 2. The reflectances and reflection coefficients of the N +1 reflectorsare Ry, Ry, Ry, ..., Ry,
and rg, ry, I, ..., I'n, respectively, and the cavity length is d. The reflectance R, of the rear
reflector is assumed to be unity so theoretically the MC-GTE is a lossless al-pass filter,
whereas the resultant phase is dispersive, i.e, wavelength dependent. To find the resultant
reflection coefficient r of the MC-GTE, we start with the last rear single-cavity etalon formed
by M; (with r1) and My (with rg). The resultant reflection coefficient ryo of the last rear single
cavity (see Fig. 2) can be written as[29]:

r+r,e'? 24
=7 T2s T © (1)
+1,r.€
with
¢ =—tan"'(a tan ), 2

where a = (1+r,)/(1-r),andd=2znd /4 is the phase shift of each single cavity, n is the

refractive index of the cavity, and A is the wavelength in vacuum.

Next, we study the rear coupled two-cavity etalon (with Mo, M1, M), treating it as a
single-cavity etalon formed by M, (with r;) and MMy (with ryg), and find the resultant
reflection coefficient r,o of the two-cavity etadon. Similarly, we can treat the rear three-cavity
etalon (with Mo, My, My, M3) as a single-cavity etalon formed by M3 (with r3) and MaM3iMg
(with ry) to find the resultant reflection coefficient rsy of the three-cavity etalon, and so on.
Finaly, by continuing to work toward the left up to reflector M, the resultant reflection
coefficient I',for the MC-GTE can be obtained recursively from I, ), (the reflection
coefficient of the MC-GTE with N reflectors) as:

—i26
_ Irn + r(n—l)Oe _ i 26,
- -i2s T '
1+ 1N 0y0€
The resultant phase of the MC-GTE isequal to 2¢, , which can be recursively found from:

¢, =—tan[a tan(5 - ¢, ,)], 4

©)

rnO

with
a,=@0+r)/A-r,). (5)
2.1.2 Two MC-GTEsin an Ml interleaver

As shown in Fig. 1, the proposed interleaver is constructed with two sets of MC-GTEs, a
50:50 beam splitter, and an optical circulator for outputting the odd channels while the even
channels exit from the beam splitter. The vertically placed MC-GTE-a is an m-cavity GTE
formed by m +1 equally spaced reflectors— M2, M},...,M?2, and the horizontal-placed MC-

GTE-bisan n-cavity GTE formed by n +1 equally spaced reflectors— M2, M?,...,M?, where
the superscripts a and b are used to distinguish the two MC-GTEs. Accordingly, the reflection
coefficients of the MC-GTE-a and MC-GTE-b are r2,r?,..,r2, and rorP .. P

el A AN g
respectively. The cavity length is d and the refractive index of the spacer is n for both MC-
GTEs. Clearly, the interleaver is a modified MI by replacing two regular 100% mirrors
replaced by two sets of MC-GTEs.

In the following, an MI interleaver with two MC-GTEs which have respectively mand n
cavities, is called an mn-GTE interleaver. For example, a 10-GTE interleaver has a regular
reflector (without GTE) in the horizontal arm and a single-cavity GTE in the vertical arm of
the interferometer. This is the interleaver in Ref. [12-13]. In another example, a 11-GTE
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interleaver has a single-cavity GTE in each of the interference arms, such as the interleaver in
Refs. [14-15].

To analyze the optical performance of the interleaver, we need to find the normalized
electrical field and intensity. The electrical field can be written as:

E = Wt At cog(ay — B-aL) (6)
with
{2¢m =-2tan""[a, tan(0 - ¢,,,)] @
26, =-2tan"*[b, tan(6 - 6,,)],
{Al// =6~ @®
al=L,-L,
and

{am=(1+ ) /(1-12) -

b, =@+r’)/(L-r?),
where 2¢_and 26, are the phase shifts of the MC-GTE-a and the MC-GTE-b; L, and L, are
distances from the MC-GTE-a and MC-GTE-b to the beam splitter, respectively.

For an mn-GTE interleaver, both the GTE and MI are interferometers. The phase shift of a
single-cavity etalon for the GTE is ¢ while the phase shift for the MI is f-aL. When
combining both interferometers to build a flattop interleaver, the phase shift of the single-
cavity etalon has to be twice the phase shift due to the Ml (i.e., 6 =24-aL ), analogous to the
L and 2L structures for a flattop digital filter design. By using the relations § =24 -aL, we
can obtain the intensity of the interleaver:

| =(1+ cos(zAz//—é‘))/z. (20)
2.1.3 Special features

There are two specia features of an mn-GTE interleaver that we would like to emphasize:

1) Thenormalized half maximum intensity (i.e., %2 or 3dB) isawaysat §=7/2+2pz (Pis
an integer), no matter what are the reflection coefficients chosen. In other words, all the
spectral curves that result from different values of the reflection coefficients will intersect
at half maximum intensity, i.e., ¥2 or 3dB. This can be easily proved with Egs. (7) - (10).

2) The normalized intensity in the passhand and that in the stopband of the interleaver are
complementary. In a spectrum, the stopband corresponds to a wavelength band with a 7
phase shift relative to the passband. If we use ¢ = 8+ (for the stopband) to replace &
(for the passband) in Eg. (10), we can find the corresponding normalized intensity
' = (1-cos(2ap— 8))/ 2 which is obviously complementary with intensity |, because

| +1 =1. Thisis avery useful relationship as will be seen in the next subsection on the
ripple and isolation performance.
2.2 Srategy for design optimization
From Egs. (9) - (10), we can see that the interleaver spectrum is totally dependent on the two
sets of reflection coefficients r?,r?,...,r2 and r?,r”,...,r". Obviously, for the simple case of
a 10-GTE interleaver, there is only one parameter r°, and one can easily obtain the flattop

spectrum. However, as the numbers of cavities increase in either arm, there are more
parameters that need to be determined and optimized in order to obtain a desirable spectrum,
i.e., flattop spectral response. In this section, we introduce a new optimization method, which
has two steps — bhasic flattop conditions for an initial optimization point and ripple
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equdlization for final optimization. Examples of 11-GTE and 12-GTE interleavers will be
used for illustration.

2.2.1 Initial optimization using basic flattop conditions

The flattop condition [16] for spectral response corresponds to a general condition (including
reflection coefficients), where the transmission has a unit magnitude. By setting ¢ = 2pr, the

unit transmission is established around the central wavelength region, other than the center
wavelength. From Eg. (10), the unit transmission requires

28y -8 =2pr. (11)

Simplifying Egs. (7-11), the general unit transmission equations for 10-GTE, 11-GTE and 21-
GTE interleavers can be expressed as.

2a, =1-tan*(5/2),
2(a,-b)= (1— tan2(§/2))(1+ ab tan® é‘),

2[32(1+ ai)—bl(l—aitanzéﬂ =(1- tan2(5/2))[1+(a2(1+ al)bl—ai)tanzé}
From Eq. (12), by setting § = 2 pz, one can obtain the flattop conditions for the 10-GTE, 11-

GTE and 21-GTE interleavers as the following:

2a, =1
2(a-h)=1, (13)
2(a,(1+a)-h)=1.

Accordingly, the flattop condition for an mn-GTE interleaver is

2] a,(1+a,,(1+a, ,-))-b, (1+b,,(1+b, ,--))]=1. (14)

To illustrate how the basic flattop condition works, as an example, we present a 11-GTE
interleaver which has two variable parameters r® and rlb. Figure 3(a) shows the periodic

(12)

spectra for different values of r”, where r} is determined by the flattop condition
2(a —h)=1. It is clear that all the curves intersect a half maximum intensity %2, and the

normalized intensity in the passband and that in the stopband of the interleaver are
complementary. These are the two special features mentioned earlier.

Peak
1.0(a) yr 1.0 (b) o .
4
Trough

0.8 0.94 2
£ Z
2 z 0.1

=
§ 0 0.2
E 0.6 g 087 0.3
= -0.2 = — 04
GE» —-04 E’ o -0.5
= 044 —-06 = 074 0.6
£ -0.8 E —-0.7
s — 09 = 0.8
Z 02 Z 0.6 — 09
—
0.0 / . 4 : = 0.5 T T T T T
1550.9 1551.3 1551.7 1552.1 1551.0 1551.1 1551.2 1551.3 1551.4
Wavelength (nm) Wavelength (nm)

Fig. 3. (8). Periodic spectra of 11-GTE interleaver with different reflection coefficients and (b)
detailed spectra of (a).
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To clearly see how the reflection coefficients affect the spectral responses, Fig. 3(b) gives
the spectra (only passband region) for different values of r” from -0.1 to —1. It is very clear
from Fig. 3(b) that there is a flattop region around the central wavelength region, which
confirms the flattop condition. Note that the curve with r? =—1 falls between the curve
r’ =-0.3 and r? =-0.4. Thisis because that r? = -1 is a specia case where the one-cavity

GTE becomes a single regular reflector. So, it is equivalent to a 10-GTE interleaver. From the
first equation in Eq. (13), one can easily obtain the optimal reflection coefficient for a10-GTE
interleaver, which is—1/3, i.e., —0.333 [13]. This is the reason why the curve falls between the
curve r” =—-0.3 and r” =-0.4.

It can also be seen that as the value of |r°| increases, one pesk and one trough

symmetrically appear on either side of the center wavelength; these extreme points move
outwards and the trough gets deeper, resulting in a wider bandwidth but with a large ripple.
The positions of the peak and the though determine the bandwidth, ripple, and isolation. The
peaks correspond to the condition of unit transmission while the troughs correspond to the
local minima. The position of the peak can be obtained by using the second equation in Eq.
(12) and the flattop condition 2(a —b) =1:

)
tan® p?“’k =1-4ab. (15)

The position of the trough can be derived by differentiating the normalized intensity relative
to the phase shift: dl /do = 0. The results may be written as:

2 2
SN B = o as)
1-a’)(1-b)
Both Egs. (15) and (16) are quadratic equations. There are two roots for the peaks +6 and
two roots for the troughs +6 g0 which correspond to the positions of two peaks and two
troughs on the left and the right of the center wavelength. Obviously, the positions of the peak
and the trough depend on the two reflection coefficients r?* or rlb, as the flattop condition
requires 2(a, —b)=1. By using Egs. (15) and (16), we have plotted the positions of the peak
and the through, and the ripple as functions of the reflection coefficient r” (see Fig. 4), where

are the optical phases

1 h

r? is chosen based on the flattop condition. Note that § ek and Srong

and they may be used to represent the bandwidth. When Jis equal to 90°, the maximum (or
ideal) bandwidth is reached. By inspecting Fig. 4, one can see the following points:

#79720 - $15.00USD  Received 5 Feb 2007; revised 10 Apr 2007; accepted 17 Apr 2007; published 11 May 2007
(C) 2007 OSA 14 May 2007 / Vol. 15, No. 10/ OPTICS EXPRESS 6446



0.8
© 45° 77 / 0.6
L/ /|

w 30° 0.4

15% /Z 0.2

o° 0.0
-0.5 0.6 -0.7 -0.8 -0.9 -1.0

Reflection Coefficient rll’
Fig. 4. Phases and ripples as functions of reflection coefficients.

(gp) aiddry

1) The curvesfor the positions of the peak and the trough cross at r,” = —0.53. The value of

r,> a the cross point can be precisely found from Eq. (15) and Eq. (16) by setting both
equations to zero and imposing the flattop condition. It is interesting to see that both
equations give the same reflection coefficients r” = -5+ 2./5 = —0.53; this suggests that
the two curves converge a r° = —0.53.

2) The pureflattop region actually occurs at |r°|< 0.53, but from Fig. 4, one can see that the
ripple can be extremely small a |r°|<0.62. When |r°|>0.62, the ripple increases with
increase of |rb|, but the phase & e also increases, i.e., the passband bandwidth is
enhanced.

2.2.2 Final optimization using ripple equalization

From the above discussion, we can see that the general condition works well when |r°| < 0.62.

In this subsection, we shall demongtrate that optimization may be completed by using the
technique of ripple equalization when |r°|> 0.62 for the 11-GTE interleaver. This method is

also applied to optimize a21-GTE interleaver in this subsection.

First, for a 11-GTE interleaver with two single-cavity etalons in an M, in generdl, it is
expected to have two resonant peaks and two troughs symmetrically distributed on either side
of the center wavelength. This can be confirmed by the condition of unit transmission in Eq.
(12). Smplifying the second equation in Eq. (12), one can obtain a quartic equation for the
peak positions:

tan*(8/2)+ B, -tan?(5/2)+C, =0, 17
where B =2(a —b)-2+4ab and C =1-2(a -b). The quatic equation above may be
reduced to a quadratic equation as

2
tan? &~ TBLEVB —4G, (18)

2 2

This equation has four roots, i.e, i5peak1 and +6 corresponding to two peaks on either

peak2 !

side. If the flattop condition is enforced, then B, =4ab and C, =0, and Eq. (18) returns to
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Eq. (15). Smilarly, by differentiating the normalized intensity | relative to 8, one can find
another quartic equation for the positions of the troughs:

A -sin*8+B,-sin*6+C, =0, (19)

where A, =(1-a%)*(1-b!)*, B, =2a(af -1)-2b(a’ -1)-a’ ~b’+2, ad C,=2(a ~y)-1.
The quartic equation may be reduced to a quadratic equation as

~B,+./B2-4C, 20)

2A,
The above equation has four roots, i.e, +6, ougnt and +G,ougnz corresponding to the two troughs

on either side. If the flattop condition is enforced, then Eq. (20) is reduced to Eqg. (16).

Now, we are ready to optimize the 11-GTE interleaver for the cases of |r°|>0.62. Since
there are two troughs, it is apparent that ripple equalization would be the best approach to
optimize the optical performance of the interleaver by minimizing the ripple in the passband
and maximizing the isolation in the stopband. For a given set of reflection coefficients, the
two ripples can be straightforwardly found by substituting the solutions of Eq. (20) into Eq.

(10). For any reflection coefficient r°, the initial value of r2 can be calculated from the

flattop condition. Then, the optimization can be obtained by slightly varying r,* with an offset

until the two ripples are equal.

As an example, we have plotted the optimized spectra in Fig. 5. In Fig. 5(a), we set
r? =-0.9, and compare the two spectra, one (in red) obtained by using ripple equalization,
and the other (in grey) without ripple equdization. Of course, the flattop condition has been
applied to both cases. It is very clear that the ripple is greatly reduced with a negligible
reduction of bandwidth. Figure 5(b) shows the effect of the reflection coefficients ron the

spectra. One can see that as || increases, both the optimized pesks (P and P') and the

troughs (T and T') move outwards, and the magnitudes of the ripples increase. The effect of
the reflection coefficient |r°| on the positions of the peaks and troughs are shown in Fig. 6,
where the P's and T's have meanings as indicated in Fig. 5(b); the symbols with subscripts
refer to cases where ripple equalization has applied; symbols without subscripts refer to cases
that have the flattop condition only. One can clearly see that as |r”| increases, the phases of

peaks and troughs increase; in other words, the bandwidth is improved.

sin’o =
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For interleavers, the ripple, bandwidth and isolation are the basic specifications. Assuming
a losdess device, the maximum intensity at the center wavelength is unity. Based on this
assumption, if the normalized intensity at the trough position is P, then the magnitude of the
ripple is equal to —10log,, P dB. In industry, bandwidth is usually defined as the spectral

width at a given power level. Here we define bandwidth as the spectral width at the power
level P (i.e., normalized intensity at the trough position). Since bandwidth always varies with
the free-spectra range (FSR), we use the bandwidth ratio, i.e., the ratio of the bandwidth to
maximum bandwidth (which is equal to half of FSR) to evaluate the bandwidth so that it is
independent of the channel spacing of the device. As to isolation, in industry, it is defined as
the power difference between maximum insertion loss measured within a given passband
window and the minimum insertion loss measured within the adjacent stopband window. Due
to the complementary feature of the normalized intensities in the passband and in the
stopband, the isolation can be evaluated from the ripple in the passband, based on the same
bandwidth of passband and stopband. For example, if the normalized intensity at the trough
position is P, the isolation can be expressed as ~10logy, [(1-P)/P] and as stated above the

ripple can be written as ~10log,, P - The relation of the ripple and the isolation is plotted in

Fig. 7. This suggests that if such an interleaver has an extremely low ripple, it surely will have
an extremely high isolation.
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Based on the definitions above, Fig. 8 shows the bandwidth ratio and isolation as
functions of the reflection coefficient K Obvioudly, as Ir?| increases, the bandwidth ratio

increases, but the isolation decreases. In Fig. 9, we have plotted the optimized reflection
coefficient r2 and ripple asfunctionsof rP for therange of |r”|>0.62 in two cases —with and

without the technique of ripple equalization. The large reduction in ripple produced by
optimization is very obvious. It can aso be seen that beyond the flattop region
(i-e,]r”|>0.62), with regard to the optimized reflection coefficient r?*, the difference between
applying and not applying ripple equalization (denoted by “offset” in the figure) increases as
|r°| increases.
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Fig. 8. Bandwidth ratio and r r,

isolation as functions of
reflection coefficient. Ripple
equalization has been used.

Fig. 9. Optimized and ripple as
functions of for 11-GTE
interleaver.  Dotted  lines:
flattop condition used only.
Solid lines: ripple equalization
also applied.

In above discussion, we have seen that our optimization strategy works well for a11-GTE
interleaver. The proposed optimization strategy can aso be applied to high-order GTE
interleavers. As a demonstration, we show how the optimization strategy works for a21-GTE
interleaver to achieve enhanced performance.

For a 21-GTE interleaver, three peaks and three troughs are expected to be located on
either side of the center wavelength. By simplifying the third equation in Eq. (12), we can
obtain a polynomial equation for the positions of the peaks as

tan®(5/2)+ E, - tan*(8/2)+ F tan* (6/2)+ G, =0, (22)

where g =4x+z-2, F =4y-2z+1,ad G =z With x=ha (1+a)-a, y=a +ba(l+a)-a,
and z=2a,(1+a,)—-2b —1. This equation has a degree of 6, which suggests that there will be

six roots, corresponding to the six peaks. Equation (21) can be further reduced to a cubic
equation, giving three different roots, corresponding to the three different pairs of peaks that
distribute symmetrically relative to the center wavelength. Similarly, we can aso obtain a
polynomial equation for the positions of troughs as:

D,sin®6+E,sin*§+F,sin?6+G, =0, (22)
Where Dz = hlhzhsz* Ez = 2a1h1k1 + (l+ Zbl)hzhsz - kl(hl + hlhsz)v Fz = Zal(hl + k1) - (1+ 2b1)(hl + hlhsz) - kl’
and G, =2ah,—2b -1, With h,=a2, -1 k= b?-1, and h,=a +1. Once again, Eqg. (22) is a
polynomial equation with a degree of 6, which can be reduced to a cubic equation that gives
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the positions of the three different pairs of troughs located symmetrically relative to the center
wavelength.

By using both the flattop condition and the technique of ripple equalization, we can
optimize the spectrum for a 21-GTE interleaver. For illustration, we have plotted the

optimized spectra for three different reflection coefficients |r°| as shown in Fig. 10. One can

see that there are three pairs of peaks and three pairs of troughs as predicted and the ripples
are al equalized for optimal performance. It can also be seen that low ripple and high isolation

can be obtained by choosing small |r”|, while a large bandwidth can be obtained by using
large |r°|. Note that for a given reflection coefficient |r°|, there is only one set of optimized

values for |r?| and |r,’|, which would have al three ripples equalized. This means that for a

particular ripple, or bandwidth specification, the reflection coefficients are uniquely
determined. The relations of the three optimized reflection coefficients are displayed in Fig.

11. It shows that the optimized |r?| and |r?| increase with the increase of |r,”|, and that the
reflectivity (i.e., [r*f) of M? (the reflector closest to the rear 100% reflector) is much higher

than that (i.e., [rf[?) of M 2. Thisis due to the recursive feature of a GTE device, which will
be seen in the next section about chromatic dispersion compensation.
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Fig. 10. Optimized spectra of 21-GTE interleaver with different reflection coefficient rl": (a
detailed passband and (b) one FSR.
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In the above discussion, we presented the optimization method for a 11-GTE and a 21-
GTE interleaver. The motivation of employing more cavities is to enhance the optical
performance. Note that each optimized set of reflection coefficients will give one set of
optimized bandwidth ratio, ripple or isolation as shown in Fig. 8. To compare the optical
performance of different configurations, we show the bandwidth ratio as a function of
isolation for a 10-GTE, a 11-GTE, and a 21-GTE interleaver in Fig. 12. The figure clearly
shows that assuming a fixed isolation, the bandwidth ratio can be improved by increasing the
number of cavities, and vice versa. In Table 1, we give alist of bandwidth ratios a three fixed
isolations for different configurations. For example, if the isolation is fixed a 28 dB, then the
ripple is 0.0069 dB, and the bandwidth ratios that can be reached by optimization are 62.6%,
89.1% and 96.8% for thel0-GTE, 11-GTE and 21-GTE interleaver, respectively. As stated
earlier, the stopband bandwidth for isolation is equal to the passband bandwidth, which means
that the isolation of 28 dB is based on the stopband bandwidth ratio of 89.1% for a 11-GTE
interleaver; on the other hand, the bandwidth ratio is calculated based on the ripple level,
which means that the passband bandwidth ratio is 89.1% &t a power level of 0.0069 dB down

for a11-GTE interleaver.
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Fig. 12. Bandwidth ratio as a function of isolation for GTE interleavers with different
configurations.
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Table 1 Bandwidth ratio for different configurations

Bandwidth ratio

|SO (dB Ripple (dB
(dB) | Ripple(dB) =557 T 11.6TE | 21-GTE
24 0.0173 70.6% 92.8% 98.0%
28 0.0069 62.6% 89.1% 96.8%
32 0.0027 55.1% 84.8% 95.0%
P, P3P, P
0.0001 (a) N4 A
—— 10-GTE
-0.002 4 LLOTE
-0.004 — 21-GTE
B 0.006 22-GTE
% -0.008
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Fig. 13. Optimized spectra for interleavers with different configurations: (a) detailed passband and (b) one FSR.

From both Fig. 12 and Table 1, we can see that the optical performance is greatly
enhanced by increasing the number of cavities. As a demonstration, in Fig. 13, we have
plotted the spectra for four different configurations based on the same ripple level of 0.0004
dB, corresponding to the isolation of 40 dB. It is very clear that the spectra are well optimized
with the proposed optimization strategy. As the number of cavities increases, the number of
resonant peaks increases; this leads to an enhancement of the bandwidth. Note that the number
of peaks or troughsis equal to the sum of the cavities m+n. For example, a 22-GTE interleaver
has four peaks and four troughs on either side of the center wavelength.

3. Chromatic dispersion compensation for flattop interleaver

Chromatic dispersion is another key specification for interleavers. It is an unavoidable issue
for IIR-based (e.g., etalon-based) interleavers. It greatly degrades the performance of the
optical network systems. In order to achieve a low-dispersion interleaver, chromatic
dispersion compensation for flattop interleaver is necessary. In this paper, we propose to use
an additional lossless MC-GTE to compensate for the dispersion introduced by the proposed
interleaver. Since our proposed interleaver is aso based on the MC-GTE, in order to anayze
the dispersion property of MC-GTE based devices, i.e., the dispersion compensator and the
interleaver, firstly, we need to find the general analytical expression of the group delay and
dispersion for the MC-GTE, and investigate the chromatic dispersion of the proposed
interleaver. Then we will present the principle of the dispersion compensator, followed by
design optimization for dispersion compensations.

3.1 Group delay and chromatic dispersion for MC-GTE

From our earlier discussion in section 2.1.1, we obtained the optical phase for an MC-GTE
with any number of cavities as given in Eq. (4). It isarecursive function, with the initial phase
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¢, =—tan"(a, tan ) . Accordingly, the group delays for 1-, 2-, 3-, and n-cavity GTE can be
derived as:
GD, =2zc, (one cavity),
GD, = 2rc,(1+c,)  (two cavities), (23)
GD, = 27¢,(1+¢, (1+¢))  (three cavities),

GD, =2rc, +¢,GD,; (n cavities),

with
c = o , (24)
1+(a,-1)"sin*(6-¢,.,)

where 7=nd/c is a unit time delay of a single cavity. Based on Egs. (23) — (24), the

corresponding chromatic dispersions can be written as:
CD, =2hrg, (onecavity),

CD, = 2hz'[g2 (1+c)" + glch (two cavities),

, (25)
CD, = 2hr[g3 (1+6,1+6)) +¢,(g (L +c)* + glcz)] (three cavities),
CD, = 2m[gn [GDJ ‘e, [CDlj] (n cavities),
2rc, 2ht
with
h=2znd/ A2, (26)
_ (& -Da,sn2(5-¢,,) 27

[1+(a2 -1 sin2(6-¢, )|
It is very interesting to observe the following points about group delay and chromatic
dispersion of an MC-GTE from above equations:
1. From Egs. (23) and (24), the group delay of a single-cavity GTE has an Airy function,
similar to the transmitted intensity of a Fabry-Perot etalon [30]. The group delay has a
periodic response with a maximum vaue of 275 and a minimum vaue of

2za,/[1+(af -1)°]-

2. From Eq. (25), one can see that the chromatic dispersion is proportional to (nd)2. This
suggests that for a GTE, if FSR is halved, the chromatic dispersion will be increased by
four times as FSR isinversely proportional to (nd)?.

3. Like the resultant reflection coefficient and the resultant phase, the group delay and
chromatic dispersion of an n-cavity GTE are al recursive functions.

Now, from Egs. (6) and (7), one can find that the phase of any mn-GTE interleaver is the
sum of the phases (i.e,, ¢ +6,) of the two MC-GTEs, so the group delay and chromatic

dispersion of any mn-GTE interleaver are the sum of those of the two MC-GTEs, each of
which can be obtained from Egs. (23) and (25). In Figs. 14(a) and 14(b), we show the
responses of group delays and dispersions for a 10-GTE, and a 21-GTE interleaver, with the
same reflection coefficients used in Fig. 13. Obvioudly, there are dispersion and dispersion
slope in passband, and with increasing the number of cavities, group delay, dispersion and
dispersion slope increase.
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Fig. 14. (a). Group delay and (b) dispersion responses for 10-GTE and 21-GTE interleaver;
(c) group delay and (d) dispersion responses for typical MC-GTE dispersion compensator.

3.2 Principle of chromatic dispersion compensator and design optimization

In principle, to completely compensate the chromatic dispersion (CD) and dispersion slope
(DS of the proposed interleaver in passband, the dispersion compensator must have exactly
the same dispersion and dispersion slope as that of interleaver, but with opposite sign, i.e, -
CD and -DS respectively. From Fig. 14(b), one may notice that there are positive and
negative sloping sections in the pink curve (though the two slopes are not equal) for a10-GTE
interleaver, which suggests that MC-GTE may have similar dispersion curve shape as the
phase of mn-GTE inteleaver is the sum of the phases of the two MC-GTESs. Thisis why MC-
GTE may be used as dispersion compensator. Figures 14(c) and 14(d) show the group delay
and dispersion responses for a typical MC-GTE dispersion compensator; the compensation
band in Fig. 14(d) with negative slope could be used to compensate for the dispersion with
positive slope in the passband in Fig. 14(b). Note that the FSR of an mn-GTE interleaver for
spectrum in Fig. 13 istwice of that for group delay and dispersion in Figs. 14(a) and 14(b) due
to the setting §=24-aL (see Section 2.1.2). Therefore, the FSR of the MC-GTE for

dispersion compensators has to be twice of that for building inteleavers, as can be seen in
Figs. 14(d) and 14(b). Note that when cascading the compensator with the interleaver, it is
necessary to align the center wavelength by shifting half of the FSR as the compensation band
of the compensator is centred in the stopband of the interleaver. By suitably choosing the
reflection coefficients of the MC-GTE, the shape of the dispersion curve may be tailored to
cancel the dispersion and dispersion slope introduced by interleavers within a certain
passband.

In the following we demonstrate the compensation of the dispersion of a 21-GTE
interleaver by using an MC-GTE. As seen in Eq. (23) and Eg. (25), the group delay and
chromatic dispersion of an n-cavity GTE are al recursive functions. This suggests that the
performance of the dispersion compensation can be enhanced by using more cavities, because
more parameters, i.e., reflection coefficients are available to tailor the shape of the dispersion
curve. It is the unique recursive relations that allow MC-GTEs to be powerful devices for
dispersion compensation, as can be seen in Fig. 15.

Figure 15(a) shows the dispersions of a 21-GTE interleaver compensated by 2-, 3- and 4-
cavity GTE compensators. The black solid line is the dispersion of the 21-GTE interleaver
without compensation, the dotted lines correspond to the dispersions of compensators with 2,
3 and 4 cavities, and the colored solid lines give the resultant dispersions of the 21-GTE
interleaver after being compensated by 2-, 3-, and 4-cavity GTESs. One can clearly seein Fig.
15(a) that the colored solid lines have a quasi-flat region in the passband, which confirms that
low chromatic dispersions are achieved. The details inside the quasi-flat regions are shown in
Fig. 15(b). One can see that there is a dispersion ripple of +2 ps/nm. Similar to the
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optimization strategy for spectrum, i.e., ripple equalization, we use the approach of the
dispersion ripple equalization to optimize the dispersion compensators. For example, for a 4-
cavity compensator, there are two troughs (T, and T,), and two peaks (P, and P,) on either side
of the center wavelength. The absolute vaues of the dispersions a the four points are
equalized by suitably choosing the reflection coefficients of the four reflectors for dispersion
optimization.
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Fig. 15. (4). Resultant dispersion of 21-GTE interleaver compensated by MC-GTEs with
different number of cavities. (b). Details of the quasi-flat dispersion region.
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In general, for an interleaver, chromatic dispersion is defined as the maximum dispersion
within a given passbhand bandwidth. So, to evaluate the dispersion performance of our
dispersion-compensated interleaver, we use dispersion CD, bandwidth [see Fig. 15(b)] and
bandwidth ratio. Here the dispersion ripple is actually the dispersion CD; the bandwidth is the
width within which the maximum dispersion is CD; the bandwidth ratio is the ratio of
bandwidth to half FSR as defined earlier. Note that the number of troughs and peaks is equal
to the number of cavities. Obviously, based on the same dispersion ripple, the bandwidth is
clearly enhanced by increasing the number of cavities.
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Fig. 16. Interleavers compensated by MC-GTEs with different number of cavities. (a)
Bandwidth ratio as a function of dispersion; (b) Dispersion and (c) optimized reflectivities as
functions of reflectivity Ry.

To compare the dispersion peformance of 21-GTE interleavers compensated by MC-
GTEs with different number of cavities, we have plotted the bandwidth ratio as a function of
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CD inFig. 16(a). It is clear that for the same CD, the bandwidth ratio can be greatly enhanced
by adding more cavities. For example, within £5 ps/nm of dispersion, the bandwidth ratio can
reach 47%, 58.6%, and 66.6% for 2, 3 and 4 cavities, respectively. High bandwidth ratio can
be achieved by relaxing the specification of the dispersion CD. For example, within +10
ps/nm of dispersion, the bandwidth ratio can reach 52.3%, 62.7%, and 70% for 2, 3 and 4
cavities, respectively.

To see how the reflection coefficients can change the dispersion for different number of
cavities, we have plotted the dispersion as a function of reflectivity Ry in Fig. 16(b), and the
optimized reflectivities are shown in Fig. 16(c). From Fig. 16(b), one can see that for the same
dispersion the reflectivity R; increases with increasing number of cavities; low dispersion can
be obtained by using small values of R;. From Fig. 16(c), one can see that all the optimized
reflectivities, R, R;, and R4, increase with increase of R;, and the values of reflectivities
follow the order of R; >> R, >> R; >> Ry, which can be attributed to the unique recursive
relations of MC-GTEs.

4, Conclusion

We have thoroughly studied MC-GTE interleavers, including design optimization of spectral
response and chromatic dispersion compensation to achieve flattop low-dispersion
interleavers. For spectral response, flattop response is desirable and essential. The
optimization strategy that we have proposed for flattop spectrum includes using the flattop
conditions and ripple equalization. The flattop spectrum can be realized by suitably choosing
the reflection coefficients based on flattop conditions. However, this method works well only
when the reflectivities are small. As the reflectivities increase, the ripples degrade the
performance. In such cases, the ripple equalization can be used to optimize the interleaver to
achieve minimum ripples within wider passband bandwidth. Special examples of 11-GTE and
21-GTE interleavers are given to illustrate how the reflection coefficients can control the
flattop response, the bandwidth, the isolation, and the ripple. Note that for an mn-GTE
interleaver, the ripple and the isolation are interdependent because the intensity in the
passband and that in the stopband of the interleaver are complementary. We aso found that
the number of peaks (or troughs) is equal to the sum of cavities (m+n) of an MN-GTE
interleaver. When the number of cavities increases, the number of peaks increases, and the
spectrum becomes wider, giving rise to an enhanced spectral performance.

For any mn-GTE interleaver, the chromatic dispersion is a challenging problem. We have
thoroughly analyzed the dispersion and dispersion compensation of an mn-GTE interleaver by
using an MC-GTE as a dispersion compensator. We have derived the expressions for the
group delay and chromatic dispersion for mn-GTE interleavers. Dispersion ripple equalization
is a strategy we have proposed and used to optimize the dispersion compensator. We have
discussed the dispersion performance using MC-GTEs with different number of cavities. The
results show that the dispersion performance can be tailored with the reflection coefficients of
the MC-GTE; the dispersion and bandwidth can be enhanced by increasing the number of
cavities of the MC-GTE. Note that the analytical expressions for the reflection coefficients,
phase shifts, group delays, and chromatic dispersions are al recursive. The rule of thumb to
choose the reflectivititesfor an MC-GTE isR, >> R, >> Ry >> R,.
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