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3. Equivalent Noise Caused by the Inband
Crosstalk

Neglecting the possible delay arising at each opti-
cal switch, a packet experiences a delay of d,7,
(05°d, < 2".1), when it passes through the PDLM.
Each of the 2/ order crosstalk follows a different
path and henc tﬁ as 2 different delay. Let d7 be the
delay of the i ‘order crosstalk, where (0<ds
2%.1). It can be shown that, by ignoring the hlgher
order terms, the intensity noise caused by thﬁ
interference between the main signal and the 2*
order inband crosstalk at the output of the PDLM
can be expressed as:

i=0.5(E;,) £{2b bye(1-6Y'cos[(d;d)arp(t- dsr) i
(r-d D)} Usi<n)

where £, is the input electrical field, 5; and 5, are
the corresponding “mark” or “space” modulation
states of the signal and crosstalk, w is the carrier
frequency and g(7) represents the laser phase fluc-
tuation.
The phase fluctuation of a DFB laser is com-
monly modeled as Wiener-Levy random pro-
cess[5-7]. According to the Wiener-Levy model,
the DFB laser’s phase variation is a nonstationary
zero-mean (Gaussian random process. However,
its phase difference 4¢ between two times is sta-
tionary and independent zero-mean Gaussian ran-
dom process with a variance given by
Ap=2rdvdt for a laser with its power spectral
density function of Lorentzian line shape, where
Avis the 3 dB linewidth of the laser source and is
the time difference(7].
Applying the Wiener-Levy model, the variance of
the phase diffgrence of the baejmng items in eq. (1)
varies from o 4,=2x4vT 10 0° 1, =2nAU2"-Dr. As
an example, fnr a tirpe-slot duranon =15 ys as
in the KEOPS project[8), and a laser linewidth of
1MHz, the variance of the phase difference varies
from 0.0368 to 9.351 for n=8, covering both the
coherent and incoherent regimes[5].
We now examine each cosine item in eq. (1). The
variance of the phase difference Ap=p(1-d;1)-
o“g -d;z) between the signal and the i crosstalk is:
=2zdvld-d; | . Let ¢;=(de-d)wr, the proba-
blhgy den51ty function Sy of y=cos(@;+dp) is
given by eq. (2) [6]:

fin)=[2r P (1A %
Z{expl - (cos™ (y)-p+ 2mn)’ /(2 2 4 )

oxp{-(-cos™ ! ()gr+ 2an) A2 7 4,)]} (-oo<n<hon)
2)

The mean and variance of each cosine item can be
obtained as in eq.(3).

uFEl vy, F=B ) dvn’ (1<y<1) )

It is reasonable to assume that each cosine item to
be independent because the laser phase noise dif-
ference is considered to be a stationary and inde-
pendent. Hence, according to the central limited
theory, with a reasonably large value of N, when
the main signal is of "mark’ state, the intensity
noise in eq. (1) will be a Gaussian distribution
with the mean and variance given by:

=51, o= E0%) (I i M) @

where r=0.5(E,,Ye(J-£)". Here the probabilities
of the “mark™ and “space™ states of the crosstalk
items are assumed to be equal. In contrast, when
the mair signal is in the “space” state, the beating
item of eq. {1) can be ignored and the noise will
mainly be caused by the receiver noise.

The resultant bit error rate (BER) pbgg(ds) for the
main signal delayed by dg (0<d,<2"-1) can be
obtained following the analysis of BER caused by
Gaussian noise[9]. Since a packet is likely to
experience any of the 2" possible different delays
inr the PDLM, the average BER can be expressed
by eq.(5), assuming an equal probability for each
packet delay.

Per=2"[L pperldy)) (05d,22°-1) (%

4. Numerical Results of BER and Power Pen-
alty

In order to get a better m‘]derstanding of how the
BER is affected by the 2"° order inband crosstalk,
the BER and power penalty of the signal are
numerically calculated, based on the analysis
given above. In the follow151g discussions we have
assumed that BER=10"12"when there is no
crosstalk (i.e. BER caused by the receiver's noise
alone). Fig. 2 shows the numetrical results of the
BER versus different crosstalk level for various
value of ». Note that Av=1MHz, and T=1.5ps.
For a given value of n, the BER is significantly
increased when the crosstalk level increases from
-30 dB to -20 dB, but the BER is almost not
affected when the crosstalk level is less than -30
dB. When crosstalk level is greater than -30 dB,
the BER rapidly deteriorates as the value of n
increases, because the overall 2™ ord¢lr inband
crosstalk increases in proporticn to n*. Fig. 3
shows the relation between the BER and the laser
linewidth for various values of # with crosstalk
level of -25 dB. This figure clearly shows that, the
BER reaches its maximum at a certain laser line-
width. Further increase or decrease in the line-
width will reduce the BER. For a large value of n
(e.g. #=10), a large linewidth will significantly
reduce the BER.
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Fig 2 BER vs. crosstalk level for various values of
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Fig.4 Power penalty versus the value of n for dif-
ferent crosstalk levels

We have also i Xestigated the power penalty
caused by the 2™ order inband crosstalk. The
power penalty is calculated at the BER of 107,
Fig. 4 shows the power penalty versus the value
of n for different crosstalk levels. The power pen-
alty is less than 1dB when the crosstalk level is
less than -25dB and #</0. The power penalty is

negligible for crosstalk levels less than -30dB.
However, when the crosstalk approaches to
-20dB, the power penalty increases rapidly as n .
increases. A power penalty of 1dB only allows for
n=6 with the crosstalk level of -20dB. When the
crosstalk level is reduced 10 -25dB, # is allowed to
be increased to 10 for a power penalty of 1dB.

5. Conclusion

We have analyzed the inband crosstalk caused by
the synchronization module of photonic packet
switches. It has been found that the 2°¢ order
inband crosstalk is dominant but its contribution
increases with the number of delay lines, which
can cause significantly impact on the BER perfor-
mance. The numerical study has shown that the
BER is significantly affected as the number of
delay lines increases. For a reasonable time reso-
lution (i.e. n>10), the crosstalk level has to be less
than -235 dB so as to ensure the power penalty is
below [ dB.
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Novel Design Method for Generalized Lattice
Filters

S. Agger, J. Povlsen, COM - DTU, Copenhagen -
Lyngby, Denmark; L. Leick, D. Zauner, NKT'
Integration, Copenhagen - Birkerod, Denmartk,
Email: as@com.dtu.dk. .

A new design method for wide-band gain equaliz-
ers using cascaded MZIs is proposed. The
method achieves a given accuracy with fewer
stages than previously described methods. Fur-
thermore, the method is capable of minimizing
PDL.

Introduction

Long haul transmission in the backbone network
and functionalities in the metro- and access WDM
networks require amplification, which is normally
provided by erbium doped amplifiers. Unfortu-
nately, the spectral gain of an erbium amplifier is
non-flat over the C-band, providing different gain
at the individual channels, which decreases the
channet SNR and eventually leads to errors in the
transmission. Gain Equalizing Filters (GEF), hav-
ing the inverse amplifier transmission, are attrac-
tive components for compensating this pain
variation. A possible way of realizing a GEF is to
cascade N Mach Zehnder Interferometers (MZI)
to obtain a transmission, which is an N order
Fourier expansion. Previously, the filter parame-
ters were extracted by a recursive method[1].
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However, the methed assumes wavelength inde-
pendent coupling constants and integer delay
ratios, which limits the viability. As a conse-
quence, the method is only useable for nar-
row-band filters. The necessity of including the
coupler wavelength dependency for wide-band
multiplexers have also been discussed in[2]. In
the present paper a new method is proposed that
includes  coupler wavelength  dependency,
non-integer delay ratios and a dual fitting scheme
that effectively minimizes Polarization Dependent
Loss (PDL). 1t is shown that the new method sig-
nificantly reduces the approximation error
between the desired and the actual transmission.
Theory

The basic lattice element in the filter is shown in
figure 1.

— A A oy —
h N/ NL

Fig. 1: First order MZ1 consisting of two couplers
and one delay line. The framed part is the basic
lattice element.

It consists of & delay line and a directional cou-
pler. The first directional coupler is treated sepa-
rately and a given filter is realized by cascading
basic lattice elements to the first coupler.

The transfer matrix {in field amplitudes) is found
by multiplication of the transmission matrices of
each individual basic lattice element. The k‘th
transfer matrix is related to the (k-I) asf3]. ,

ck(w,, )z""'e'""‘t

iy Jae

—fl}(w,,) .

T =
o)

where c¢(w,) is the through-coupling constani,
s(m,) the cross-coupling constant, my is the ratio
of the k™ lattice elements Free Spectral Range
(FSR) and the FSR of the entire filter. The vari-
able z™ = exp{-jma,t} is the harmenic in the nor-
malized frequency wyt = 2r(ff) 550 W FSR =
2n(f-f1595nm) . Where £ is the optical frequency,
FSR the Free Spectral Range and T=1/FSR is the
delay difference between the arms of the interfer-
ometer. If my>0, the delay is in the upper arm and
if m<0, the delay is in the lower arm. In practice,
the phase ¢, is applied with thermo-optic heaters
placed along the longer arm of the interferometer.
A non-linear Levenberg-Marquardt  algo-
rithm[4 ]iteratively searches the amplitude of the
mairix element T;; comespending to the input/
output port of interest for the best fit in a relative
least square error  sense xz='?(|l-](mn -
Ty (@q:a))* /H(w, ) de, where a is a vectot of
the fitting parameters and H(w, ) = Gin /G(w, )
is the inverse amplifier gain. The fit is made rela-
tive to enhance contributions from small values,
thereby improving the fit in a logarithmic scale.
Notice, that the phase response is not controlled,
as the dispersion of wide-band fiiters is low.

The coupling constants are found by modal analy-
sis in a 3D-BPM program, where the difference in
the supermode propagation constant is linearly
expanded in the wavelength. To provide a realistic
design, the BPM waveguide parameters have
been adjusted for best agreement with measure-
ments. The fitting parameters of the design
method is the k™ straight coupling length L, the
phase shift ¢, and the delay ratic m;,

Linear method vs. Iterative methed

To evaluate the performance of the iterative
method, it is compared with a design routine
based on linear constant-coefficient Fourier
expansion. The linear method is implemented
with integer delay ratios and wavelength indepen-
dent coefficients. Adjusting the phase response in
order to improve the amplitude fit optimises the
linear least square. Furthermore, the free spectral

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 03,2010 at 07:35:42 EST from IEEE Xplore. Restrictions apply.

FRIDAY MORNING / OFC 2003 /VOL. 2/709

range is enlarged in an attempt to minimize thﬁ
error within the bandwidth of the filter. The 2™
and 5 order responses are shown in figure 2 as a
function of normalized frequency found by the
linear method. |

Fig. 2: Filter transmission as a function of normal-
ized frequency for two different filter orders
(physical delay number) in the ideal case of con-
stant coefficients. Punctuated lines indicate the
C-band. Notice the increase in FSR for improved
fit.

The filter was fitted to a measured inverse ampli-
fier response transmission, having a dynamic
range of 8 dB over the whole C-band.

Notice the convergence of the fit as the order
increases. The punctuated line indicates the
C-band, illustrating the adjustment of the filters
FSR. For a direct comparison of the lingar and the
iterative method, the relative least square error
has been calculated for each method for 5 differ-
ent lattice numbers and the result is shown in fig-
ure 3,

a.014
4

0.0

4 5
Physica! Detaye

Fig. 3: 7(_2 as a function of physical delay number
(lattice number) for the linear- and iterative
method. The iterative method shows superior per-
formance due to non-integer delays and coupler
wavelength dependency. Notice that the ideal lin-
ear fit refers to the case of wavelength constant
couplers,

The iterative method shows superior performance
already at low lattice numbers in comparison to
the ideal constant coefficient linear filter. At two
delay stages, the iterative method gives error esti-
mate as good as that of a 4™ order linear method.
For all the considered lattice numbers, the itera-
tive method has an error estimate - < 0.002,
which corresponds to a maximum transmission
error of less 0.5 dB over the entire C-band. The
linear method only achieves this for lattice num-
bers larger than 4. Including coupler wavelength
dependency and non-integer delay ratios is seen
to have the effect of enhancing the filter perfor-
mance. The iterative method shows remarkable
improvements, especially for low delay numbers.

Dual fitting scheme

Yet another interesting ability of the iterative
method is to include polarization effects in the fit-
ting process. Assutmng a linear system and that
the transfer function for the filter is known for
two orthogonal polarization eigenstates, then the
transfer function of an arbitrary polarization state
is given by a linear combination of the two eigen-
states Fop oo = @Fojgenstarel T(1-00F eigenstarez
implying that firting both responses to the same
inverse amplifier transfer function will minimize
polarization excursions, such as Polarization

5 W00 W0 200 250 300 3% 400

sairpie number .
Dependent Loss (PDL). The idea is illustrated in
the figure 4.

Fig. 4: Principle of the dual fitting scheme. Two
different functions representing two orthogonal
polarization states fitted to two identical inverse
amplifier responses. The fitting routine sees one
of the functions in the left half and the other func-
tion in the right half,

The desired filter response is artificially duphi-
cated. In one iteration step, the fitting routine is
given the response of the first polarization eigen-
state, corresponding to the left half in figure and
the other polarization eigenstate, corresponding to
the right half in figure. The result is a simulta-
neous least square minimization of both
responses, thereby sgueezing the responses of
arbitrary polarization states.

A scalar 3D-BPM modal analysis with appropri-
ately adjusted waveguide parameters have been
applied to obtain the difference in the supermode
propagation constants of the coupler for the two
polanizations. The waveguide parameters were
adjusted to obtain best agreement with polariza-
tion measurements.

Birefringence in the delay section introduces a
polarization dependent phase shift of magnitude
Agy,= k. LAn,, where k_ 1s the center wavenumber,
L is the relative delay length and An, is the differ-
ence in effective indices of the two polarizations.
The phase shift is added to the argument of the
exponential, which is then given by zZ" =
exp(-im(w,tEApy). A birefringence of An=0.001
gives a phase shift of A, = 0.013x for k,=2n/
1545 nm and L=20.1 pm correspending to a FSR
of 40 nm of the basic lattice elements.

In the figures 5 and 6, the sin%}lc - and dual fitting
schemes are compared for a 4 order lattice filter
with birefringent couplers (PDW of 5.1 nm@first
crossstate) and Agy=0.013n
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Fig. 5: Transmission of the polarization eigen-
states as a function of wavelength for a 47 order
lattice filter obtained by the single and dual fitting
schemes. The fits are very good, but notice the
excursion of one of the single fit transmissions.
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Fig. 6: PDL as a function of wavelength for the
dual and single fitting scheme for 4™ order lattice
filter (see figure 5). The PDL is greatly reduced in
the dual scheme.

The singl¢ fitting scheme provides an error esti-
mate of ¥° = 6.3e-4 and x° = 5.3¢-2 for the two
polarization transtpissions, respectively. The dual
scheme provides ¥“ = 4.9e-3 and ¥* = 3.30e-3. The
dual scheme distributes the error on both trans-
missions while minimizing their difference to the
desired transmission and the effect is evident in
the figures, where the PDL of the dual scheme is
seen to be much lower. Integrating the PDL over
the entire frequency band gives a ratio of the sin-

‘gle vs. dual error of 4.16/0.38 @ 11, one order of

magnitude better with the dual scheme. This
proves the dual scheme schemes applicability of
greatly reducing PDL in cascaded MZI filters.

Conclusion

A novel design method for wide-band filters is
presented. It includes coupler wavelength depen-
dency and polarization effects with good perfor-
mance. In the single fit mode, the method shows
improvements of almost two filter orders with
respect to common constant-coefficient Fourier
expansion metheds, In addition, the method has
been extended to minimize PDL using a dual
scheme fit, which effectively distributes the polar-
ization errors between two orthogonal polariza-
tion eigenstate transmissions, while
simultaneously fitting to the desired transmission.
The dual scheme reduces the PDL by an order of
magnitude with respect to the single fitting
scheme.
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Multi-Channel Chromatic Dispersion
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We have successfully demonstrated a low loss
dispersion slope compensator consisting of a
PLC-type modified interleave filter. It has differ-
ent chromatic dispersions to meet the demand of
each 50 GHz-spacing WDM channel in the
C-band.

Introduction

The dispersion compensation of transmission
fiber is indispensable in high-bit-rate (e.g. 40Gb/
s) wavelength division multiplexing (WDM)
transmission systems. Of the various possible
approaches, distributed fiber management is one
of most likely candidates, especially for long-haul
systems. With this method, we can easily design
the chromatic dispersion so that it is zero at a
given wavelength. However, it is still difficulr to
compensate completely for the dispersion differ-
entials between the WDM channels over a wide
wavelength range. Numerous devices have been
developed to remove these residual dispersions,
which are mainly due to the dispersion slope of
optical fiber. These devices include arrayed tun-
able or preset compensators {1-3] and multi-chan-
nel compensators with & channel selector [4,5].
Recently another method has been reported that
employs 2 pair of filters with opposite dispersion
slopes indicating the possibility of compensating
for dispersions in multi channels simultaneously

[6]. However, the filters are composed of bulk
optics, mirrors and a circulator, giving them a
complicated structure and a relatively high inser-
tion loss,

In this paper, we demonstrate a compact and
low-loss dispersion compensator for DWDM sys-

tems fabricated by using planar lightwave circuits
(PLC). The device offers the advantages of dense * .

Integration, precise control of the filter character-
istics, mass-producibility and long-term stability.
The fabricated device was based on a lattice-form
interleave filter and it achieved a different chro-
matic dispersion at each 50-GHz spaced WDM
channel from 1530 to 1565 nm, which gorre-
sponds to a dispersion slope of -5.7 ps/nm*. We
aéls];) ac(:lhieved 2 low insertion loss of 2.5 dB in the
-band.

Operating principle and basic design

Here we describe the basic principle we used for
designing the proposed dispersion stope compen-
sator. Figure 1{a) shows the schematic configura-
tion of the fundamental unit that we used for
constructing the compensator and Fig. 1(b} shows
its simulated transmittance and  relative
group-delay responses.

The compensator consists of three of these funda-
mental units with different center wavelengths, as
described below. The fundamental unit is com-
posed of a lattice-form filter, and is almost the
same as that previously reported as an interleave
filter [7]. The unit is designed to have a rectangu-
lar transmittance and a parabolic group-delay
response simultaneously. This type of filter gener-
ally has a special feature in that we can choose its
opposite group-delay response by selecting its
input and output ports as shown in Fig. 1(b). By
using this feature, an interleave filter with no
chromatic dispersion has been demonstrated by
cascading the fundamental units [8).

Moreover, it is possible to control the chromatic
dispersion of the multi-stage filter by shifting the
center frequency of the units with opposite filter

responses [6], Therefore, we constructed a
multi-channel dispersion compensator by cascad-
ing the filter units as shown in Fig. 2 (a). We used
two kinds of unit (filters 1 and 2 in Fig. 2), which
had slightly different channel spacings (a differ-
ence of 28 between the two spacings) and whose
group-delay responses had opposite convex direc-

* tions. The filter configuration described in Fig. 2
() enabled us to change the chromatic dispersion
gradually at each channel as shown Fig. 2 (b}. The
dispersion slope of total circuit B, which is pro-
portional to that of unit @, is given by the follow-
ing equation.

p=428,

Here A is the channel spacing. With this equa-
tion, we can easily design the dispersion slope
over a wide wavelength range, but as & becomes
larger, the transmission bandwidth of the outer
channels in a high channel count WDM system
becomes narrower. We therefore chose 50 GHz
and 0.2 GHz as the AX and § values to realize a
narrow channel spacing operation throughout the
C-band. The dispersion slope of the fumgamental
unit was approximately +/- 350 ps/nm*. These
values corresponded to the compensation of the
dispersion slope in an 80 km-long gispersion
shifted fiber (DSF), namely, -5.7 ps/um” in the C
band.

Experimental results

We fabricated the dispersion compensator by
using a conventional GeOj-doped silica-based
waveguide on & Si-substrate. The waveguide had
a relative index difference of 0.75% between the
core and the cladding and a core size of 6x6 pm*.
Each coupler in the filter was composed of
three-stage Mach-Zehnder interferometers to sta-
bilize its coupling ratio. The total waveguide
length of the cascaded filter was more than 200
mm. To reduce the chip size, we used a folded
waveguide layout for the cascaded lattice-form
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Fig.1 (a) Schematic configuration of a fundamental filter unit. (b) Simulated transmittances and delay
time responses for each set of input and cutput ports in the filter unit.
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Fig.2 Operating principle of our chromatic dispersion slope compensator. (a) Device configuration con-
sisting of two kinds of fundamenta! unit. (b} Relative group-delay response of fundamental units with dif-

ferent convex directions and channel spacing,
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