head with wider bandwidth. MPT-induced 'breathing' of one
channel at the expense of the other allowed us to estimate a PDL
of -1.8dB, mostly due to the EDFAs. In an optimal averagepower limited system with small PDL, the associated worst-case
penalty equals -U2 of the PDL value in decibels. The BER was
measured in the RX at 2.5 Gbit/s by demultiplexing a regenerated
10Gbit/s signal. Transmission was nearly error-free (1 error in
45"
at 2.5Gbit/s, i.e. BER 1.5 x 10-13).
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Fig. 4 Eye diugrnms corresponding to Fig. 2 (left) and Fig. 3 (right)
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A decision-circuit threshold was scanned. Extrapolation of the
measured Q values 23 yielded Q factors of 11.2 back-to-back and
10 with slowly rotating MPT, respectively (Fig. 5).
Each polarisation transformer was accessed in intervals of
1.2ms. A ten-fold speed increase could be obtained without shortening the measurement intervals if data transfer times to an external PC (presently 80Y0 of the time) were eliminated, and if one
microcontroller were provided per channel.
PolDM detection is also possible if each receiver branch maximises the autocorrelation product (bli,),(b2i2)between its decision
circuit input and output signals (dotted lines in Fig. 1). This was
also tried, with results virtually identical to Figs. 3 and 4 right.
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Optical switching by coherent collision of
spatial solitons
J.A. Andrade-Lucio, B. Alvarado-MCndez,
R. Rojas-Laguna, O.G. Ibarra-Manzano,
M. Torres-Cisneros, R. Jaime-Rivas and E.A. Kuzin
The authors study experimentally the coherent collision of two
one-dimensional spatial bright solitons in a photorefractive
crystal. Depending on the relative phase of the solitons and their
intersecting angle, effects such as fusion, energy exchange and
soliton birth have been observed. The experimentd and numerical
results are in good agreement.

Introduction: Spatial optical solitons have been suggested for alloptical guiding and switching in nonlinear-optical media. The predictions and observations of optical spatial solitons in nonlinear
materials, which require considerably less laser power than Kerrtype materials, are the subject of increasing interest. Spatial
solitons in photorefractive crystals (PRCs), for example, have been
observed [l - 41. These soliton-induced waveguides can be used to
guide and steer another optical beam, which in this case constitutes the simplest optical element. One of their more promising
characteristics for practical applications in photonics are the structures formed by intersecting waveguides such as X or Y junctions
[5, 61. Such intersecting waveguides can be implemented by colliding two or more solitons. Recently collision between mutually
incoherent 2D spatial solitons in an SBN crystal was reported in
171, interaction forces between one-dimensional spatial solitons in
parallel propagation were observed in [8], and the fusion and birth
of 2D spatial solitons caused by the collision and annihilation of
photorefractive solitons was reported in [9, 101.

Conclusions: 2 x 10 Gbit/s PolDM transmission has been demonstrated with equal optical and clock frequencies in the two channels, for the first time to our knowledge. The signals are acquired
using correlation products. PDL (1.8dB) and endless polarisation
changes (-1 radis speed) in the transmission fibre are supported.
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Fig. 1 Experimental results between colliding solitons
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Experimental results: The experimental setup used to study the
soliton collision was similar to that used in our previous investigations of soliton interactions [SI. One He-Ne CW laser beam 1 (A =
632.8nm) was expanded and collimated and split into two beams
of equal intensity by means of a cube beam splitter and subsequently recombined. The two beams were focussed by means of a
cylindrical lens. Separation of the beams was controlled using one
of the mirrors of a Michelson interferometer. The relative phase
between the beams was controlled by means of a mirror mounted
upon a piezoelectric transducer, allowing for variable delay (and
relative phase) between the two beams when a DC field drove the
transducer. We obtained appropriate widths (13 p FWHM) for
the beams arriving at the SBN crystal (6 x 6 x 6 m 3 ) by using the
cylindrical lens. The trajectories of both beams were slightly convergent so that they would intersect symmetrically inside the crystal. The other He-Ne laser beam was expanded and collimated to
illuminate the crystal uniformly. The intensity of this uniform
beam was equal to the peak intensity of the focussed beams, i.e. p
= 1. The focussed beams were polarised parallel to the applied
external field. The exit face of the crystal was viewed using a CCD
camera and processed by a frame grabber in a personal computer.
Initially each beam was propagated separately in the biased
crystal. A DC electric field (necessary for soliton formation under
drift nonlinearity) was applied to the crystal parallel to its c axis.
In most cases, an electric field of 2.3kV/cm was applied to the
crystal when the input and the output widths of the beam were
identical. This fact is a clear indication of the formation of a
bright spatial soliton [I]. In the next step, we allowed both beams
to intersect symmetrically inside the crystal. For different angles of
collision, we found that for angles > 0.8", the beams emerged from
the collision virtually unchanged for different relative phase
between them (see Fig. la). The strong phase sensitivity of the
soliton collision was particularly evident after the intersection
angle was decreased to < 0.8". For example, for an angle of collision of 0.4", effects such as the birth of a new beam and energy
transfer were observed after collision for different relative phases
among the solitons, as shown in Figs. Ib and c. For an angle of
0.2", we observed fusion for Orad of relative phase between the
solitons, as shown in Fig. Id
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Conclusions: We have presented an experimental and numerical
study of soliton collision in a photorefractive crystal. We have
shown that this can result in energy transfer, birth of a new beam
and repulsion, and have obtained good agreement between the
experimental and numerical results. This result opens the way for
designing optical switches or optical logic gates based on the collision of spatial solitons by properly choosing the relative phase
between them.
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Fig. 2 Numerical results hetween colliding solitons

DUREE, G., MORIN, M., SALAMO, G.,
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a 0.8" angle of collision and relative phase of Orad
h 0.4" angle of collision and relative phase of Orad
c 0.4" angle of collision and relative phase of d2rad
d 0.2" angle of collision and relative phase of Orad

Numerical results: A scalar one-dimensional model of laser beam
propagation through a PRC with drift nonlinearity yields the ibllowing equation for the beam envelope [I 1, 121:

where q represents the beam envelope normalised to dIr, and I, is
the peak intensity of the initial beam. In this equation, p = IJIOis
the saturation parameter, where Jj is the intensity of the uniform
illumination provided to the crystal. R = L,/LNL, where L, =
n,k,x,2 is the diffraction length and LNL= l/(/c,6n,) is the characteristic nonlinear length. n , is the linear refractive index, IC,, is the
wave number, x, is the width of the initial beam envelope, and 6n,
= (1/2)rni V J L is the nonlinear contribution to the refractive
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index, where r is the electro-optic coefficient, V, is the externally
applied voltage, and L is the transverse width of the crystal.
Finally, X = x/x,and Z = z/LD.
We now compare the experimental results with those of the
numerical solutions of this equation. We assume that the input
beam follow the Gaussian profile, and .q, = 1 3 p . Using no =
2.35, we have LD = 3.94mm and a normalised crystal length of
ZOld= 1.52. For our SBN crystal, r = 220pmN and
= 1.4kV.
Therefore R = 6. For each angle of collision, we need to know the
separation between the beams Ax, normalized to x,, angle of collision or transversal velocity V, and the relative phase between
them. The critical parameters for the numerical simulations are:
Angle of 0.8": Ax = 6, V = 3.94, separation between beams of
7 8 ~ .
Angle of 0.4":
Ax = 2.8, I/' = 1.82, separation between beams of
3 6 ~ .
Angle of 0.2": Ax = 1.53, V = 1.01, separation between beams of
20p.
Fig. 2 shows the numerical results for 0.8" angle of collision and
Orad of relative phase between the solitons (Fig. 2 4 , 0.4" angle of
collision and 0, 7d2 of relative phase between the solitons (Figs. 217
and c), and filially 0.2" angle of collision and 0 rad of relative
phase (Fig. 2 4 .
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bit sequences were shifted against each other by (2’ 1)in bit periods with n = 2, 4, 8, 16. The 160Gbitis data signal (wavelength
1 . 5 5 ~ ~ 1pulsewidth
,
1.6ps at the SMF input, transform-limited
pulses) was transmitted over 160km SMF (0.22dB/km, PMD <
O.OSps/l/km). The DCF (27.3km, O.SdB/km, D,, = -98ps/nm/
kin, S = 4.33ps/nm2/km, PMD < 0.18ps/dkm) was placed at the
receiver (post-compensation) as in [3]. For the adjustment of the
optimum dispersion compensation an additional section (7 km) of
SMF was needed.
~

-

Unrepeatered 16OGbit/s RZ single-channel
transmission over 160km of standard fibre
at 1.55pm with hybrid MZI optical
demuItiplexer

data out
(1.55 bm)

R. Ludwig, U. Feiste, S. Diez, C. Schubert, C. Schmidt,
H.J. Ehrke and H.G. Weber
The authors report on single-channel, single-polarisation,
IbOGbitis, RZ, IS5pn transmission over 160km of standard

I

fibre without inlinc optical amplifiers, with passive compensation
of dispersion and dispersion slope, and using an optical 160 to
10Gbit/s deniultiplexcr based on a hybrid Mach-Zehnder
interferometer.

Introduction: Installed fibre networks comprise predominantly
non-dispersion-shifted fibre (standard fibre, SMF) exhibiting chromatic dispersion values D = 16ps/hn/nm at a wavelength of
1 . 5 5 ~in the window of an erbium-doped fibre amplifier
(EDFA). There is an increasing interest in expanding existing
WDM systems based on standard fibre transmission to high single-channel bit rates.
A prerequisite for high bit rate transinission over standard fibre
is dispersion compensation. To date, the best dispersion compensation technique is based on dispersion-compensating fibre (DCF).
There are many single-channel transmission experiments with data
rates > 40Gbitis [l]. Using standard fibre, however, there are only
few transmission experiments with data rates 40Gbitis [2, 31.
In this Letter, we report on 160Gbitis RZ data transmission
(single wavelength channel) over a transmission line, which coniprises a single unrepeatered (no EDFA in the transmission line)
standard fibre span with a length of 160km (without DCF). This
is the largest unrepeatered transmission span for a bit rate >
80Gbit/s [3]. We used a DCF for dispersion compensation, which
was fabricated and provided by Lucent Technologies Denmark A/
S. This DCF enabled us to compensate for both chromatic dispersion D and the dispersion slope S = dD/&. The compensation of
D and S is an essential ingredient for the transmission of singlechannel bit rates of 4OGbitis and above [4] and for the simplification of WDM systems. Without changing the adjustment of the
dispersion compensation, we show that the wavelength of the
pulse source (the channel wavelength) can be tuned over at least
lOnm before the pulsewidth becomes too large for error-free
I60Gbitis data transmission [3].
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Experiment: The experimental setup is shown in Fig. 1. The
160Gbitis data transmitter comprised a tunable modelocked laser
fabricated by LKF Advanced Optics GmbH, a modulator and a
fibre delay line multiplexer. The modelocked laser generated a
IOGHz pulse train, which was intensity modulated with a pseudorandom bit sequence (PRBS Z7 - 1) using an external modulator. The 10Gbit/s data signal was then multiplexed by a fibre
delay-line multiplexer (four stages) to a 16OGbit/s single polarisation data signal. To ensure a multiplexed PRBS data stream, the
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In the receiver, the 160Gbitis data signal was optically demultiplexed to a lOGbit/s data signal using an optical switch based on
a hybrid Mach-Zehnder interferometer (MZI) with semiconductor
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