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Cascadability of Passband-Flattened
Arrayed Waveguide-Grating Filters
In WDM Optical Networks

T. Otani, N. Antoniades, |. Roudas, and T. E. Stern

Abstract—The cascadability of passband-flattened arrayed filters are likely candidates for MUX's/DMUX’s in national
waveguide-grating (AWG) filters is studied using experimental scale optical networks. Arrayed waveguide-grating (AWG)
and theoretical transfer functions. The formalism is general filters, on the other hand, can not only demultiplex very

and can be used to cascade any type of filter at any channel . . .
spacing. For example, modeling indicates that transmission dense WDM signals, but can be effectively utilized as all-

through 100 such AWG (de)multiplexers at 200-GHz channel Optical wavelength routers. However, unlike Ml filters, AWG
spacing, assuming 10-Gb/s data streams introduces distortion- filters are susceptible to cascading due to their round transfer

induced penalties below the widely acceptable 0.3-dB limit, functions [5]. One method for flattening their passband is
provided that certain filter design requirements are satisfied. All :
X : ' i~ presented in [6].
simulations focus on the filter cascadability and central frequency o K f det ininal th dability of h
misalignment effects, and neglect nonlinearities and crosstalk. ur work focuses on de ?rm'n'ng e'casca abllity of suc
passband-flattened AWG filters assuming 200-GHz channel
spacing. A realistic and easily extendable to any type of
filter simulation study of the filter-induced distortion based
on experimental data as well as an analytical model for the
I. INTRODUCTION individual transfer functions is presented. Laser/filter mis-
AVELENGTH-DIVISION-MULTIPLEXED (WDM) alignment tolerances are obtained by studying their effect on
optical networks of the near future can potentiall§he 3-dB bandwidth of the optical filter cascades. We show
include a significant number of optical filters, e.g., optica'@ Passband-flattened AWG filters are good candidates for
(de)multiplexers (MUX/DMUX's) [1]. Filter concatenation national scale networks, provided that certain requirements on
will make the effective passband of the cascade narrowBgir passband flatness, ripple and bandwidth are satisfied. On

due to the passband curvature and ripple of the individuk¥e other hand, the results on 100-GHz spacing round-passband
filter transfer functions. In addition, filter and laser centrffWWG'S indicate that such devices are extremely susceptible to

gascading and can not be used for such applications.

Index Terms—Arrayed waveguide grating (AWG) filter, filter
cascadability, frequency misalignment, WDM optical networks.

frequency misalignments will further reduce the bandwid
of the filter cascade. All the above will give rise to signal
waveform distortion [2] which can lead to eye-closure and I

can introduce significant network performance degradations.

The above impairment can impose strict requirements on th_é\/leasurements of 16 transfer functions of a set of a commer-
filter/laser allowable misalignments, affect the filter selectiof@l Passband-flattened AWG wavelength router are conducted.
criteria for networks and limit the number of optical nodedis is the 200-GHz spacing device with the transfer functions
that can be cascaded. Although the feasibility of large scAlbeach individual channel of the AWG router having a slightly
all-optical WDM networks where a large number of Opticaqilffe_rent shape and centered at a slightly different frequency.
filters can be found is still under debate [3], it is nevertheleddeir central frequency offsets from their channel nominal
of great importance to know the exact number of filters thatfieauencies vary in the range-10 GHz, +14 GHz]. The
signal can go through and the effects on its performance. average of their 3-dB bandwidths (defined as 3-dB down
The cascadability of multilayer interference (M) filters afom the minimum transmission point) is 129 GHz with a

well as Fabry—Perot (FP) filters has been investigated usipigndard deviation of only 2 GHz. Assuming that the transfer
simulation models in [2] and [4]. It was shown that mifunctions of all AWG chz_;mnels are mdepenc_zlent, we calculate
the generalized geometric medransfer function as thé/th
Manuscript received May 20, 1999 revised August 5, 1999. root of the product of alll/ measured transfer functions [4].
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Elg. dlﬁ tEtEqul\éafvr&térzﬂgigrgggggogs (f;;r g?i?ﬁear?;? ggéo'a?]%' I?]r(]:?ué-l?l 0 ?ﬁ% ssband-flattened AWG filters (dotted lines) versus number of cascaded filters
and-rattene P ’ 9 r different uniform central frequency laser misalignment9 és well as

random misalignments. experimental data from measured filters (individual points). Also included is
. the corresponding curve for round-passband AWG's (solid curve) obtained by
data and the calculated geometric mean approach. We obseitit&) a single Gaussian curve on measured data.

that the 3-dB bandwidth of the cascade of 100 filters is now

reduced to about 25 GHz. There appears to be passband ripple 100 P
near the central nominal frequency, which is rather small (of [
the order of 2 dB). However, the ripple effect is systematic & 80|
inducing an asymmetric passband for the equivalent transfer &= [ 38.7 GHz
function of the cascade. % 60 |-
A simplified theoretical study of the cascadability can be g !
done as follows: the transfer function of the passband-flattened © 40 [-
AWG filters is approximated by a combination of two Gaussian ® i
functions [6] with different 3-dB bandwidths which are offset § 20 '_51'6 Gz ]
from each other for best fit. Such an approximation is shownto = :Bsda‘“’=64-5 GHz 3
fit well the measured transfer functions. Assuming a uniform T

distribution of the filter central frequency offsets in the 0 > 4 5 8 10 12
range F«, +a] where« is a positive constant, an analytical
relationship can be derived describing the effect of bandwidth
narrowing as a function of the number of cascaded filteF®@- 3. Contour plots of the 3-dB bandwidth of the equivalent transfer
and the maximum allowable fier centra frequency offsets finclon fr cascates of passband flatered AN flers ae & funcln of e
Fig. 2 shows the effect of bandwidth narrowing as a function

of the number of cascaded filte®¥. The 3-dB bandwidth Selection process of optical filters. For example, if the central
BY). after N filters is normalized by that of one filteB(),. frequency offsets of our manufactured filters are within the
The solid and dotted lines describe the above analytical modieil2.5 GHz,+12.5 GHz] region, the 3-dB bandwidth of a
for different maximum allowable central frequency offsetsascade of 100 such AWG filters will be reduced to about
We observe that filter misalignments introduce an additiondf%. compared to the individual filter 3-dB bandwidth. It is
narrowing of the passband. The individual points are expeHUs clear based on Fig. 3 that passband-flattened AWG filters
mental data obtained from Fig. 1. The specific measured filté¥§ 1€ss susceptible to cascading than their round-passband
exhibited very small central frequency misalignments of abofVG counterparts but are more susceptible to filter/laser
2.5 GHz and their transfer functions were highly asymmetriglisalignments which must be tightly controlled to avoid the
As a result of mainly this asymmetry, the analytical modé&teep parts of the curves of Fig. 3.

and the experimental data differ as shown in Fig. 2. For

comparison, the round-passband (nonflattened, used for 100- IIl. CALCULATION OF SYSTEM PENALTY

GHz spacing systems) AWG filter curve is also included in We now calculate the intersymbol interference (ISI) on the
Fig. 2. It is clear that these filters are very susceptible &ignal at the receiver, which is caused by the amplitude and
cascading since their 3-dB bandwidth is reduced to less thaimase distortion introduced by filter cascading and laser/filter
10% of its original value after 100 filters. Fig. 3 presentmisalignments using an in-house developed simulation tool.
contours of the 3-dB bandwidth of the overall filter cascadexternally modulated lasers with zero chirp are assumed, the
of the passband-flattened AWG's as a function of the numbsignal waveform at the output of the transmitter follows a
of cascaded filters and the filter nominal central frequen@erfect ASK modulation, the bit rate is 10 Gb/s, the bit
misalignments. The contours are computed using the analytisauence of “0111 101 011 001 000" is sent, and a third order
filter model, and provide us with some useful insight for thButterworth lowpass filter with cutoff frequency 6.5 GHz

Filter misalignment [GHZz]
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(experiment) indicate that the actual filters are in general
asymmetric, exhibit passband ripple, and have different laser
misalignment tolerances than the analytically modeled ones.
Included in Fig. 4 are the eye diagrams for laser misalignments
of +£20 GHz for both the experimental as well as the theoretical
data. For the former, the eye-diagrams in both cases are
attenuated and distorted but are not the same fo#2@GHz

and the—20-GHz laser misalignments due to the exhibited

asymmetry in the filter transfer functions. On the other hand,
the eye-diagrams corresponding to the theoretical transfer
functions are symmetric.

IV. CONCLUSION

The cascadability of passband-flattened AWG filters was
studied based on measurements as well as an analytical model
for the individual transfer functions. The work was motivated
by the need to calculate the signal wavelength distortion that
is introduced when the signal propagates through cascades of
optical filters whose nominal central frequencies can naturally
vary because of manufacturing defects, aging or temperature
variations. It was shown that a cascade of 100 passhand-
flattened AWG filters is, in principle, possible provided that
laser/filter misalignments are maintained within some range,
filter transfer functions are symmetric about the central fre-
guency and exhibit minimum passband loss. Asymmetric filter
characteristics along with passband ripple lead to additional
bandwidth narrowing of the equivalent transfer functions of
the filter cascades and introduce unwanted distortion-induced
loss. Our formalism is very general and can be also used for
studying cascadability of passband-flattened AWG’s used in

Fig. 4. (a)-(d) Calculated eye-diagrams and (e) distortion-induced loss vg'po'GHZ spacing SYStemS as opposed to the 200-GHz spgcmg
sus laser misalignment for a cascade of 100 passband-flattened AWG fil@yStems presented in this work [1]. It must be noted that since
based on experimental data as well as the analytical model. Eye-diagramg study focused exclusively on the effects of cascading a

are at: (a)—20 GHz; (c)+20-GHz laser frequency misalignments for th
analytical model and at: (b}-20 GHz; (d)+20 GHz for the experimental
data. Externally modulated lasers with zero chirp are assumed.

%arge number of AWG filters, it did not include important
effects such as fiber dispersion, fiber nonlinearity and crosstalk.

. ) . . Different signal waveforms, including chirped waveforms, will
is used at the receiver. Since the purpose of this papgL, pe addressed in a future study.

is to study the distortion due uniquely to filtering, fiber
dispersion, nonlinear effects, and crosstalk are neglected. For
our case due to the 200-GHz channel spacing, crosstalk was
shown to induce negligible penalty, however depending oftl
the channel spacing and component crosstalk performance it
can potentially place significant constraints on the networke]
size. Bandwidth reduction and laser misalignment cause signal
attenuation (excess loss) and waveform distortion (distortion-
induced loss). Excess loss can be compensated by usiig
optical amplifiers whereas distortion-induced loss causes eye-
closure and thus penalty in the network performance that cgm
not be compensated [2]. Fig. 4 shows the distortion-induced
loss versus laser frequency misalignment after a cascade
of 100 filters. The analytical curves are derived assumings]
uniformly distributed filter central frequency offsets in the
range [12.9 GHz,+12.9 GHz]. Adopting the widely used
0.3 dB as the maximum allowable distortion-induced penaltys]
[2], laser misalignment tolerances dfl6 GHz are obtained

for the analytical case and19H4-9 GHz for the experimental
one. Results derived using the measured transfer functions
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