The input power into the REDFAs located before and afler the
add/drap devices was  9dBmichannel and —7dBm/channel, respec-
lively, The launched power into cach fibre span was ~3dBm/chan-
nel.
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lig, 5 Change in OSNR gnd eye putiern againse sighal wavelengih
chietnge after 16 cascoded nodes

The net gain dilference betwesn channels after one loop wus
~1dR, which resulls in 7dB3 of optical power variation among the
channels at the receiver. The oplical signal-to-noise ratio (OSNR)
ind Q value after 16 nodes were cascaded ranged from 24,5 to
29dB und {rom 17.5 to 20.5dB, respectively. Fig. 3 shows the
BER afier 16-node, 600km transmission. At 10 * BER, the power
penally is < 1.3dB, The decision level of the reeciver is optimised
to renain error free at o signal OSNR of 2541,

The above resulls were obtained by optimising the alignment
between the filters and the channel wavelength. We then studied
the sensitivity of the system by detuning the fillers and channel
wavelengths. Misalignment causes recciver sensitivily penaltics
cansed by OSNR degradation and/or oye-distortion [5] from the
filtering effects. Fig. 4 represents the reeeived opticul power pen-
alty at BER 10 * measured lov ¢channel 10 for o dierent number
of cascaded nodes. When four nodes were cascaded, the 2dB3
power penalty handwidih was > 04nm while it decrensed to
~L150m aller 16 nodes were caseaded. To investigale the main
reason for the power penalty, we measurcd the changes in the
OSNR and the cye pattern against wavclength detuning afler 16
nodes were cascaded. The results are shown in Fig. 5. The eye
patierns were measured at the oplimum wavelength {1555.4nm)
and with £10GIHz deluning from that wavelength. For the mini-
mum misalignment between (he sipnal and filter, the OSNIE was
~28dB. With 0. [nm detuning, the OSNR decreased to 25dB,
which resulted from a 6413 decresse 1o the signal power and 3dB
decrease in (he accumulaied amplified spontaneous emission
(ASE) noise power density. Since the accumulated ASE noise was
also filtered by the add/drop nodes cascade, the OSNR was less
depraded due to the cllect of detuning. The eye changes asymnet-
tically with detuning, which we attribute Lo the mixed effect of the
filter phase response and the dispersion in the fibre. Based on the
results of 1g. 5, the primary reason for the power penally
appears 1o be OSNR degradation for positive detuning and eye
distorlion for negative detuning.

Conelusions: Trror free operation of 100GHz-spaced and 15
[0CGhivs/channel channel large seale (16 nodes cascaded over a
total distance of 600km) coplical nctwork systems has been
reported. The nodes are implemented using a wuvelength inter-
legving Alter and related multiplexer/demultiplexer. When 16
nodes were cascaded over 600km transimission, the OSNR ranges
from 24.5 to 29dR and (he BER penalty remains < 1.5dB. The
available bandwidth with the receiver sensitivity penaity remaining
< 2dB is ~0.15nm. The penalty is caused by OSNR depradation
and eye distortion.
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Apodised fibre Bragg gratings fabricated
with uniform phase mask using low cost
apparatus

Chingchnng Yang and Yinchieh La:

New exposure schemes for Tabricating apodised ihre Bragg
pralings wsing o uniform phase mask are desceibed, A sidelobe
suppression level as high us 20¢018 in the lower wavelenpth rogion
has been suceessfully achicved. The schemes allow the weiting of
truly apodised {ibre Brage gralings using low cost and simple
dpparatis,

Intracfuction: In dense wavelength division naltiplexing (DWDM)
communicalion systems, libre Bragg gratings (IFBGs) are good
candidales for wavelength sclection or filtering because of their
lovw insertion loss, low polavisation dependent loss (PIIL), low
polarisation modal dispersion {PMD) and high wavelenglh sclee-
tivity. For passive devices in DWDM communication systems,
sharp, well-defined filter amplitude responses are ong of the most
important characteristics {1, Tor a Lypical FBG, (he bandwidth is
usvally limited by the sidelobes in the spectral response [2]. A uni-
lorey I'BG yields highly undesirable sidelobes due o Fabry-Terot
resotiance at the sharp boundarics of the grating, A well-discussed
method for reducing these sidelobes is (o apadise the grating cou-
pling strength along the grating by gradually tapermg the index
madulation amplitude to zoro al 1he (wo edges [3]. This helps to
reduee the sidelobes in the higher wavelength, but it sl leads 10
resonance which occurs at shorter wavelengths, In this way, the
Bragg wavelength al either end of the grating is made smaller than
that at the eentre of the grating, and thas leads (o lavger sidelobes
al lower wavelenpths.

To Turther suppress these sidelobes, it i3 necessary (o keep the
average refractive index constant along the graling. Scveral
approaches have been reported [4 - 6. Pan ef ol {4] used an apo-
dised phase mask with variable difftaction efficiency to fabricate
their sleep skirt PBGs, Mola ¢f «f, [5] demonstrated o double
exposure method by vsing shadow masks Lo contrel the index vat-
iation along the fibre. In contrast, Singh and Zippin [6] Fabricated
apodised [ibre gratings by using a uniform phase mask and a sin-
gle NMumination process.

Tn this Letier, we propose new methods for Labricating apodised
TBGs without vsing any intensily mask. FBGs with & uniform
pitch are first pholoimprinted by a UV beain with a Gaussian spa-
tial profile using the standard phase mask approach, However, the
average local refractive indices of the imprinted gralings are cor-
rected (o remain nearly constanl along the whole length of the
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gralmg, We satisly ithis requirement by using either a single expo-
sure process or nultiple exposure processes, bolh without requir-
ing any iniensily mask, Sidelobes at lower wavelengtis huve been
significantly reduced to meet the requirements of DWIDM commuo-
nieation systems,

* input Gaussian beam

| cylindrical lens

reflected Gaussian beams

mask

T fibro

12.5mm

1 roflaction mirror (3077

Fige 1 Schematic diggram of fubricotion of apodised filve Broge grot-
ings By single exposire

Diagram nol Lo scale
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Fig. 2 Reflection spectrinn of podived fibre Brage grating fabriceted oy
in fig. f
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xperinenial setup and resufrs: The basic principle of our schemes
is 1o ulilise the 21 order dilfraction beams produced by the phase
mask Lo mercase the average refractive index at hoth sides of 1he
FBG. In our experiment, a Lanwla Physik Compex 205 cxcimer
laser was used Lo Fubricate the FBGs. Since the beam profile of the
Jaser intrimsically has a Gaussian distribution, the exposed FBGs
are naturaily formed with Gaussian apodisation without requiring
additional optical componenis in the cxposure apparatus. To per-
form better apodisation in 4 single cxposure process, we placed &
reflection imirror hehind the fibre as shown in g, [ An irls was
set in front of the laser beam Lo control the exposure length. The
photosensitive fibres used in this experiment were from Fibercore
and bad o numerical aperture of .12, The exposure leagth was sel
to 12mm, and the reflection mirror was placed 12.5mn1 away
from the mask. The spalial profile of the reflection light rom the

mirror had a shape as shown in Fig. 1. The profile consisted ol

two oflsct Gaussian bemms, which are L1 order beams diffracted
by the phase mask and then relecled by 1he mirror, Since the
reflected lights travel 4 distance much longer (han its coherence
length, they do not lead to tringe formalion, but only serve to
increase the average index at beth sides of the fibre griding. The
reflecdion spectrum of a typical fibre graling fabricated by this

methed is shown in Fig. 2, 'The 3dB bandwidih s ~0.6nm and the
sidelobes at both sides 100GHz [vom the cenire wavelength are -
30dB smaller compared to the maximum reflectivily of the top
band. Tus proves that the present scheme indecd ot suppress
sidelobes ol lower wavelengths,

Another method for ulilising the 41 ovder diffraction beams for
achieving o conslant averape reftactive index iy illustrated in
Iig. 3. This is & multiple exposure scheme, Afler the standard
photoimprinting exposure of the grating (3000 shots), we pull the
phase mask away Ivom the fihre by a distance of 23mm and per-
form the scecond exposure (4300 shols), with the iris adjusied Lo 4
width of' 12mm, We then push the mask towards the fibie by o
cistance of 17mm, adjust the irls o o width of émm, and then
perform the third exposure (3000 shots), The spectra ol a typicul
FBCG fabricated in this way are shown in Fig. 4. We find that the
sidelobes ot the lower wavelength 100GH2 rom the centre wilve-
length are suppressed by - 20403, as shown in 14g. 4,
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Inset: transmission speetrum
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Cuonclivions: We have developed (wo schemes that can be used (o
fabricate a raised Gaussian apodised FRG that has a constant
average index varialion, without requiving the use of intensily
masks. Our methods can provide a tlexible [abrication process and
lead to o low cost and simple fabrication system. A sidelohe sup-
pression of 20dB has been experimentally demonsirated. A higher
suppression ratio could be achieved by carrying oul more post-
exposures, The performance of FRGs mude by this method meet
the requirements of 1PWIM conmmunication syslems,
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Planar lightwave circuit dispersion equaliser
with reduced bias electrical power
employing phase trimming technique

K. Takiguchi, K.Okamoto and T.Goh

A wechnique for redueing the bins electrical power needed for a
chromatic dispersion cqualiser on o planiy fghtwave clreuit 5
mresented. We applied a phuse trimming weehnigue 1o silica
wavepuides (o reduce the operating power reguired  for the
cepetliser. The results Trom preliminary tinyming, experiments, in
which the equaliser wis used o cany out second-arder dispersion
compensalion are presented, The results show 1 suceesstul
reduction in (e aperating power,

Introchuetion: “Leehnigues for compensating for (ibre chromatic dis-
persion are becoming more and more important for advanced high
hil rate oplical communication and network systems, Several
approaches o dispersion equalisation, such as the vse of disper-
sion compengating fibres, chirped fibre Bragg prating dispersion
compensators, and the mid-way spectral inversion wechnigue, have
been actively investigated with the aim of upgrading the capacity
in nstalled fibre cables [1]. Of these approaches, compensaling
fibres are the most promising for praciicul dispersion compensa-
tiom and are widely wiilised. Planar lightwave circuit (PLC) disper-
sion equalisers, which we have developed and consist of several
asymmetrical Mach-Zehnder interforometers (MZI1s), have certain
unicue characteristies including compactness, dispersion viriahil-
ity, and the ability Lo provide dispersion slope compensation [2, 31
‘Therefore, we sxpect PLC equalisers to be used tor precise dispor-
sion compensation in next generation higher bil rate {(more than
several tens of gigabyles per scecond) optical networks. Tn contrast,
it is essential to control the wavegnide phase in PLC equalisers by
utilising (he thermo-optic (VO) effect just 1o achieve fixed charac-
teristics, As a resull, we require a bias clectrical power of us much
as several walls Lo drive the cqualiser [2, 3).

In (lus [etter, we describe a method for reducing the bias power
in PLC equalisers. We have applicd a stable phase timming tech-
nique [4, 3], which was develeped for a TO malrix switch consist-
ing af symmetrical MZIs, to a silica-based futtice-form equuliscr
fot the first time, This preliminary investigation consisied of a suce-
cesslul atiempl Lo reduce the operating power in the cqualiser and
thus realised second-order dispersion compensation [6].

fxperfinents: Fig, 1 shows the couliguration of ihe PLC disper-
sion equaliser we used in our experiments, The equaliser was com-
posed of hive asymimelrical MZs cascaded in series. Uhe relative
index differcnec and the core sive were 0.75% and 7.0 x 7.0pm7?,
respeetively. The arm length difference in the asymmetrical MZIs,
Ad, was set al 3.740mm. The device was [abricated on a silica
waveguide on 8i by flame hydrolysis deposition and reactive ion
erching [7]. A (hin (ilim heater was deposited on every mm to pro-
vide phase control for both timming and the TO effect. We
adopted tixed 3d1 couplers in this configuration and the equaliser
was capable of compensialing for both normal and anomalous
fibwe dispersions with the same absolute vaive [6]. Vor cxample,
the phase shilfl ¢; between the two arms in the asymmelrical
interferometers pst be sed at or designed 1o be at /2, 0, 0, 0, and
-2 with a required centre wavelength for 7= from | o 3, respee-
Lively, in order Lo achicve anomalous fibre dispersion compensa-
Lo, Waveguide fabrication crrovs, however, cause the oplical
path length ta deviate frony these designed values. Therelore, we
normally need to cancel oul these deviations by using TGO phase
shifters. The typical 1otal hias power can be as much as several
watts, This power must be reduced (or practical use,

therma-aptic thy
phaso shifter —
., B

coupler

input autput
— g,,,—J — |
silica
wavaguide s
" 8isubstrate

Vig. | Coviflgnration of PLU dispersian eoqpadiser
A= 073 and AL - 3.74Tom

We trimmed (he wavegnide plase errors using local heating
l4, 5] o realise the anomalous libre dispersion equaliser. The
velractive index increased with time when we applied a much
higher eleetrical power (5 8W) to the thin [im hetter than thal
in the normal TO phase shift (< ~1W). This index change is con-
sidered 1o be due 1o the heating induced stress, which is deseribed
in detail in [3), Figs. 2e and b show the measured loss and celative
delay time characteristics of the PLC equaliser, respectively, belore
and after trimming. We carried out the triniming and measure-
mant for the TH wavepuide mode. We oblained the delay time
characieristics by measuring the optieal phase retardation at cach
Trequency [8L The normal dispersion value of ~450psfiim was
obtained aver a frequency range of ~25G11z.

Table 1: Change of bias cleetricu] power in PLC dispersion cqualiser
telore and aftor phase trimming,

_l.’hu a2 shitler [ Irower helore trimning l’uwc:-nflcr 11‘immi|.1g
I B w_ B w T
oy 1,609 0.0
iy U.S_[IU - 0.0
B iy o 0.377 - 0.0
r':u 0.075 - 0.0 ]
s 1).315 (i |
Total B 1876 - 0.0

Table | shows the change in the bias electrical power in cach
heater and in total hefore and after trimmimg. [t is clear rom this
Table that the total power of 1.R7T6W in all [ive asymmelrical
MZLs was decreased to 0.0W by irimming, Phase trinyming crrors
saused the slight deviation in the characieristics seen in Fig, 2.
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