Based on the above analysis, the following pruning procedures are
proposed.

(1) Train the network with the local EKF equations in an ascend-
ing order of i and then a descending order of n.

(i1) Evaluate the sensitivity of each weight using eqn. 12 for all i, k
and n and rank the importance of all the estimated weights
according to their AE} . The ranking list is denoted by {S), S, ...,
Si,t» With AEg < AEg if i <.

(iii) Set Awg, = Wy, for k = 1 to k" and Awg, = 0 for k > k’, and
reform Aw [ by Awsg,.

(iv) Estimate the incremental change in the mean prediction error
due to the removal of the weights from wg, up to wg,.:

M-1 N,
AEs, 5,0 = »_ Y 8(AWHTP!(oo) 2(AW])  (13)
n=1 =1
(v) If AE < threshold, set & = &” + 1 and go to step (iii). Other-
wise, stop and remove the weights from wg, up to ws,. , from the
trained network.

Simulation: The proposed algorithm is applied to recognise hand-
written digits. The sparse trace network of [3] with 20 x 20 input
units, 14 x 14 hidden neurons and 10 output neurons is adopted
here. The trace of the ith hidden unit for the mth class input pat-
terns is defined as 7},(2) = T,,(t — D+(1 — n)xt(¢) [4], where 1 is
a control parameter, and x/(7) is the output of the ith hidden neu-
ron. The hidden layer self-organises to extract the invariance of
the input patterns according to the trace learning rule and eqns. 3
— 5 (in which the desired output d(¢) is replaced with the trace T(¢
— 1)). The classifier, which consists of hidden and output layers, is
trained by a local supervised EKF algorithm and categorises the
input patterns using the extracted invariance. 5 X 5 input units are
locally connected to the ith hidden neuron while the connection
from the hidden to the output layer is global. The handwritten
digit database previously used by Wallis [4] was adopted here.
There are 20 sets of data (10 for training, the remaining 10 for
testing) and each set contains 10 digits (from 0 to 9). We take P(0)
=1 (I is the identity matrix) and 1 = 0.7. The initial traces 7(0)
are fixed at zero.

Figs. la and b show the estimated and actual values of average
square error against the number of weights pruned in the hidden
and the output layer, respectively. The stopping criterion for the
pruning process is set at a 2% increase in error. From the Figures,
we observe that the estimated errors give an accurate prediction of
the actual errors. Recognition rates for the training and the testing
sets after 4040 weights (3460 in the hidden layer and 580 in the
output layer) are removed are 100 and 70%, respectively, which
are much higher than the results by Wallis (95 and 55%) as well as
those by Peng (95 and 64.83%). The pruning processing improves
the generalisation ability of the network.

Conclusion: The computational complexities per iteration are
O(5.0 x 10%) and O(7.8 x 107) for the local EKF training and
pruning approaches, respectively. The corresponding storage
requirements for training and pruning are both O(5.0 x 10°). The
computational costs for global EKF training and pruning are
0(4.7 x 107) and O(3.2 x 10'1), respectively, while the correspond-
ing storage requirement is O(4.7 x 107) for both training and prun-
ing. The local EKF algorithm requires a much lower
computational complexity and storage requirement than the global
one, which makes the local EKF training and pruning approach
more practical for large-scale problems.
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Demonstration of thermal poling in holey
fibres

D. Faccio, A. Busacca, W. Belardi, V. Pruneri,
P.G. Kazansky, T.M. Monro, D.J. Richardson,
B. Grappe, M. Cooper and C.N. Pannell

A second-order nonlinearity is induced for the first time in a
holey fibre by thermal poling. Non-phase matched second
harmonic generation with a ~10"%/W conversion efficiency is
observed and the electro-optic coefficient is measured to be
~0.02pm/V.

Introduction: Thermal poling, first demonstrated in bulk silica-
glass [1], is a well established technique for creating a second-order
optical nonlinearity (x®) in centro-symmetric materials. Soon
after the first demonstration in bulk glass, a ¥ in thermally poled
germano-silicate fibre was reported [2]. Despite the relatively low
x® of 1pm/V, poled fibres represent an extremely attractive non-
linear medium, offering major advantages over more established
crystalline materials in terms of waveguide length, damage thresh-
old, loss and fabrication cost. On the other hand, holey fibres
(HF), also known as photonic crystal or microstructured fibres,
are of great interest for their unique waveguiding properties
{3 — 5], many of which are important for nonlinear applications.

b c
Fig. 1 Core region and mode profiles of thermally poled holey fibre

a Core region of thermally poled holey fibre
b Mode profile of fundamental at 1550nm
¢ Mode profile of generated SHG at 775nm

Indeed, many applications based on these properties have already
been studied for third-order nonlinear effects [6] and these may be
extended to x® based phenomena. For example some HF designs
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allow endlessly singlemode propagation [3] and our calculations
also show that the overlap between interacting modes at widely
different wavelengths can be further optimised so as to improve
second-harmonic generation (SHG) efficiencies relative to conven-
tional poled fibres. Moreover, we have found that the conversion
bandwidth in a quasi-phase matched fibre may be significantly
increased as a result of the greater flexibility for broadband
waveguide-dispersion control [4]. Second-harmonic generation
(SHG) due to surface effects has been observed in HFs [5],
although we expect the nonlinearity induced by thermal poling to
be much higher. However, the mechanism underlying thermal pol-
ing in silica glass is one of ionic migration which may not be pos-
sible in such a complex air:glass structure (see Fig. 1). In this
Letter we demonstrate for the first time that thermal poling in
HFs is indeed possible.
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Fig. 3 RF spectrum from heterodyne Mach-Zehnder interferometer

Holey fibre sample poled at 280°, 4kV for 30 minutes. Electro-opti-
cally induced phase shift was ~n/20 and electro-optic coefficient was
0.017pm/V

Measurements and results: The holey fibre had a guiding region as
shown in Fig. la. The central core (6um diameter) is made from
Herasil-grade silica (from Heraeus) and is multimode at 1550nm,
although in our experiments we were able to efficiently couple
light into the fibre in such a way that at least 80% of the total
power at 1550nm was in the fundamental mode, shown in
Fig. 1b. The outer cladding structure (not shown in the Figure)
has two holes 70um apart into which the electrode wires were
inserted. The nearest hole to the core was used to house the anode
and is placed 27um away from the guiding region. Note that if
such a large anode-core separation were to be used in a standard
fibre then the induced nonlinearity would not overlap with the
core. A number of samples of the fibre were poled over a length of
7cm in air at 280°C for 30min and no dielectric breakdown was
observed. The samples were then tested for SHG using 5W peak-
power pulses of 200ns duration (ImW average power) from a
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1550nm CW diode laser which was acousto-optically modulated
at 1kHz and amplified in an Er-doped fibre amplifier. The cou-
pling efficiency into the fibre was ~40%. SHG was absent in the
untreated samples but was observed in all samples after poling
although the signal varied greatly from one sample to the other
due to the fact that the interaction was not phase-matched. We
found a 1:4 ratio in the SH power generated between orthogonal
pump polarisation states instead of the theoretical 1:9 ratio for a
C..,-symmetric nonlinearity induced by poling but this discrepancy
may be well accounted for by the complex geometry of the HF.
Fig. 2 shows the quadratic dependence of the SH on the funda-
mental power and the average conversion efficiency was estimated
to be 108/W. Fig. lc shows the SH mode profile, which is more
similar to the LP,; mode rather than to the LPy; mode of the fun-
damental wavelength. To assess the actual value of the nonlinear-
ity we carried out electro-optic measurements using a heterodyne
Mach-Zehnder interferometer. The reference arm of the interfer-
ometer is modulated at 50kHz (carrier frequency) whereas the
sample arm is modulated with a peak-to-peak voltage of ~150V at
3-5kHz, far from any mechanical resonances. The output from the
interferometer is measured by a photodiode connected to an RF
spectrometer — in the RF spectrum two sidelobes appear on
cither side of the carrier frequency, as shown in Fig. 3. The elec-
tro-optically induced phase shift in our samples was ~t/20 and we
measured an electro-optic coefficient of 0.017pm/V, which, in sil-
ica, corresponds to x® ~0.04pm/V. This value, of the same order
as that found in many germano-silicate fibres at 1.5um, may be
greatly increased by optimising the poling conditions and most of
all the fibre geometry.

Conclusions: We have thermally poled for the first time a holey
fibre and we have induced a second-order optical nonlinearity of
the same order to that observed in many standard germano-sili-
cate fibres. There is much room for improvement of this result. In
particular, the distance between the anode electrode and the core
region was not optimised in our fibre and careful design of the
fibre geoemetry should lead to a significant increase in the nonlin-
earity reaching the same values observed in bulk silica, i.e. 1pm/V.
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