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Chirped in-fibre Bragg grating dispersion 
compensators: Linearisation of dispersion 
characteristic and demonstration of 
dispersion compensation in 100km, 1OGbitls 
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Indexing terms: Gratings in /ihrr.s. Optical di.spepersion 

An apodised chirped in-fibre B r a g  grating that has a linear 
dispersion characteristic is reported. The frequency components of 
an optical pulse (centre wavelength 1551nm; IOGHz bandwidth) 
incident on the grating are reflected with a relative delay that 
varies linearly from 0 to 13Ops across the spectral width of the 
pulse. The dispersion compensator is used to correct for the 
dispersion in a IOOkm link (nondispersion shifted fibre) operating 
at a IOGbiVs transmission rate and a wavelength of 1551 nm. 

Introduction; It is well known that chirped (aperiodic) refractive 
index Bragg gratings can be used for compensating the dispersion 
of optical fibre waveguides [l]. More recently, the fabrication of 
chirped Bragg gratings using fibre photosensitivity [2] has been 
reported [3-5] in the literature. 

The application of aperiodic gratings for dispersion compensa- 
tion of optical fibres requires the compensator to have a linear dis- 
persion characteristic. That is, the relative delay for the various 
frequency components contained in the optical pulse should be lin- 
ear across the bandwidth of the pulse. Unfortunately, Bragg grat- 
ings with a linear chirp can have a oscillatory dispersion 
characteristic [3]. In [4], it is shown theoretically that the oscilla- 
tions in the dispersion characteristic can be reduced (smoothed) by 
apodising the Bragg reflector. Apodisation consists of photoinduc- 
ing a refractive index modulation with an amplitude along the 
length of the grating that has a bell-like-function shape and with 
an average pitch equal to the desired Bragg centre-resonance 
wavelength divided by twice the effective mode index. Apodisation 
also reduces the sidelobes in the spectral reflection response of the 
Bragg grating. 
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Fig. 1 Theoretical and experimental reflection response of apodised 
chirped Bragg reflector 
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In this Letter, we describe the fabrication and characterisation 
of an aperiodic in-fibre Bragg reflector that has a linear dispersion 
characteristic. Also, we demonstrate the effectiveness of the Bragg 
grating dispersion compensator by correcting for the dispersion in 

a lO0km fibre link (with zero dispersion wavelength at  1300nm) 
operating at a wavelength of 1551nm and a transmission rate of 
IOCbit/s. 

Experimenr and results: We fabricated an apodised chirped grating 
from standard Corning SMF-28 monomode telecommunication 
fibre that had been loaded with hydrogen. The apodisation and 
chirping of the grating is achieved using a double-exposure pho- 
toimprinting method [3]. The Bragg grating is 3.0 cm long, has a 
centre resonance wavelength h, of 1551nm and linear chirp of 
0.015%. The measured reflectivity of the chirped grating as a func- 
tion of offset from the centre frequency is shown in Fig. 1 .  The 
peak reflectivity R at 1551nm is 99.8%. As expected, the sidelobes 
in the grating spectral response are much lower in comparison to 
the spectral response of a similar Bragg reflector that has not been 
apodised [6]. 

Using the coupled-mode equations, we have calculated theoreti- 
cally the reflection response of an apodised Bragg reflector with a 
linear chirp. The results of the calculation are shown as the solid 
line in Fig. I .  The parameters used in plotting the theoretical curve 
are h, = 1551 nm, grating length L = 3.0cm, reflectivity R = 99.8% 
and KL = 9.5, where x is the peak coupling coefficient of the grating. 
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Fig. 2 Theoretical and experimental relative delay characteristic of in- 
fibre apodised chirped Bragg reflector 
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The experimental and calculated dispersion characteristics of 
the same chirped Bragg grating are shown in Fig. 2. The technique 
used to measure the dispersion characteristic has been described 
previously [I. The measured relative delay response is seen to be 
in good agreement with the response obtained by numerical calcu- 
lation of the coupled-mode equations used to model the Bragg 
grating dispersion compensator. At a wavelength corresponding to 
the peak of the reflectivity spectrum, the dispersion characteristic 
is linear (1300pdnm) over more than 1OGHz. 

Fig. 3 illustrates the performance of the dispersion compensa- 
tor. The Figure shows the results of bit-error-rate (BER) measure- 
ments carried out on an optical fibre transmission link (bit rate = 
10Gbitk; link length = 100km; optical fibre chromatic dispersion 
= 1700ps/nm; operating wavelength = 1551nm) as a function of 
power incident on the receiver ( a )  with, and (b)  without dispersion 
compensation. Also shown in Fig. 3 are the BER measurements 
for the receiver and transmitter arranged back-to-back in order to 
provide a baseline for a link with no dispersion. The performance 
of the dispersion compensated link is actually slightly better than 
the performance of the link with no dispersion (back-to-back con- 
figuration) because the LiNbO, Mach-Zehnder modulator has a 
residual blue-shift chirp. 

In summary, we have fabricated an apodised chirp grating that 
has a linear dispersion characteristic. The device was used success- 
fully to equalise the dispersion of a IOOkm, IOGbiUs, optical fibre 
data transmission link. 

0 IEE 1994 
Electronics Letters Online No: 19941214 

K. 0. Hill, S. Theriault, B. Malo, F. Bilodeau, T. Kitagawa, D. C. 
Johnson and J. Albert (Communications Research Centre, PO Box 
1145’0, Station ‘H’ Ottawa, Ontario KZH XS2. Canada) 

K. Takigucbi (NTT Opto-Electronics Laboratories. Tokai, Ibaraki 319- 
11, Japnn) 

T. Kataoka and K. Hagimoto ( N T T  Optical Networks Systems 
Laboratories, Take, Yokosuka, Kanagawa 238-03. Japon) 

T. K. Kitagawa: Visiting Scientist from NTT Opto-Electronics 
Laboratories 

26 August 1994 

References 

HILL. K.o.: ‘Aperiodic distributed-parameter waveguides for 
integrated optics’, Appl. Opt., 1974, 13, pp, 1853-1856 
HILL. K.o., FUJII, Y., JOHNSON. D.c., and KAWASAKI. B.s.: 

‘Photosensitivity in optical fiber waveguides: Application to 
reflection filter fabrication’, Appl. Phys. Lett., 1978, 32, pp. 647- 
649 
HILL. K.O., BILODEAU. F., MALO, 8 ,  KITAGAWA, T ,  THERIAULT. S., 
JOHNSON, D.C., ALBERT. J . ,  and TAKIGUCHI, K.: ‘Aperiodic in-fiber 
Bragg gratings for optical fiber dispersion compensation’. Tech. 
Dig. Postdeadline Papers, OFC‘94, (Postdeadline Paper PD2) 

JOHNSON, D.C., ALBERT, J., and TAKIGUCHI. K. :  ‘Chirped in-fiber 
Bragg gratings for optical fiber dispersion compensation’, to be 
published in Opt. Lett. 

method of producing all fibre photoinduced chirped gratings’, 
Electron. Left . ,  1994, 30, pp. 99C997 

filters written in photosensitive birefringent fiber: suppression of 
sidelobes in filter wavelength response’. OFC‘92, 4 February 1992. 
(San Jose, California), pp. W O 7  (Postdeadline Paper PD23) 

lightwave circuit optical dispersion equalizer’. Proc. 19th European 
Conf. on Optical Communication, ECOC‘93, Vol. 3, pp. 33-36 
(Postdeadline Paper ThC12.9) 

HILL, K.O., BILODEAU, F., MALO, B., KITAGAWA. T., THERIAULT, S., 

KASHYAP, R., MCKEE, P.F., CAMPBELL, RJ. ,  and WILLIAMS, D.L.: ‘Novel 

MALO, E., BILODEAU, F., JOHNSON, D.C. and HILL, K.O.: ‘Rocking 

TAKIGUCHI. K., OKAMOTO, K., SUZUKI. S., and OHNORI, Y.: ‘Planar 

Compact 1 x 16 power splitter based on 
symmetrical 1 x 2 MMI splitters 

M. Bouda, J.W.M. van Uffelen, C. van Dam and 
B.H. Verbeek 

Indexing terms: Optical couplers, Optical waveguide components 

First experimental results of compact 1 x 16 splitters based on 
single I X 2 multimode interference (MMI) power splitters in 
alumina waveguides on silicon are reported. 

Introduction: Power splitters are essential components in many 
optical applications, as for instance in broadcasting-type inte- 
grated optical networks. The various components that have been 
developed to realise optical power splitting can be classified as 
either inter-waveguide coupling splitters, Y-branch splitters, 
diverging beamsplitters, or multimode interference (MMI) power 
splitters. 

In general the key performance parameters are uniformity, loss 
and wavelength characteristics of the components and their repro- 
ducibility. 

lntenvaveguide coupling splitters suffer from poor reproducibil- 
ity, large dimensions, and a large frequency sensitivity. Shani er al. 
[l] and Yanagawa et al. [2] report flattened frequency responses, 
which is obtained at the expense of either larger size or higher 
excess loss. Y-branch splitters perform better. However, 1 x N 
trees based on this splitter tend to be very large. The Y-branches 
reported by Adar et al. [3] for example with an excess loss of 
0.4dB are 3mm long, including access waveguides. Hence for the 
purpose of 1 x N power splitting, diverging beamsplitters and 
MMI-power splitters seem to be more promising. Diverging beam- 
splitters have an inherent nonuniformity which must be compen- 
sated for. A uniformity of 1.3dB has been reported for a 1 x 16 
diverging beamsplitter with a worst case loss of 16.8dB, including 
12.0dB intrinsic splitting loss, waveguide loss of 0.3dB/cm and 
fibre waveguide interface loss of 0.5dB per interface [4]. 

The 1 x 2 MMI power splitters recently introduced by Soldano 
ef al.  [5] that are based on self-imaging effects can be used to real- 
ise more compact, inherently balanced, low-loss power splitters 
with good frequency characteristics and low polarisation sensitiv- 
ity, using a tree structure of cascaded 1 x 2 MMI power splitters. 
Such a tree structure has a much larger bandwidth than a single 
wide MMl coupler with the same splitting ratio. In this Letter we 
present results of the first application of 1 x 2 MMI power split- 
ters in a 1 x 16 power splitter. 

Fig. 1 Principle operation of MMI splitter 

Operation principle: Fig. 1 shows the 1 x 2 MMI power splitter 
that has been used to construct the I x 16 power splitter. The 1 x 
2 MMI splitter operates as follows. If the fundamental mode in 
the input channel waveguide arrives at the begining of the multi- 
moded section, it excites the symmetrical modes, which will propa- 
gate along the MMI section, each with a different propagation 
constant. With a proper design most of the power is coupled to 
modes 0 and 2. When a phase difference equal to n is built up, the 
total profile will present two lobes that couple with high efficiency 
to the pair of output waveguides at the end of the MMI section. 

The facts that only two symmetrical modes are involved and 
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