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Abstract: We introduce a novel transmission technique of periodic
in-line all-optical format conversion between return-to-zero and non-
return-to-zero-like aimed at delaying the accumulation of format-specific
impairments. A particular realization of this approach using in-line normal
dispersion fibre-enhanced nonlinear optical loop mirrors at 40Ghit/s data
rateis presented.

© 2004 Optical Society of America

OCIS codes. (060.2330) Fiber optics communications; (070.4340) Nonlinear optical signal
processing; (230.1150) All-optical devices

References and links

1

10.

11.

12.

13.

14.

F. Forghieri, R. W. Tkach, and A. R. Chraplyvy, “Fiber nonlinearities and their impact on transmission systems,”
in Optical Fiber Telecommunications Il1A, |. P. Kaminow and T. L. Koch, eds. (Academic, San Diego, Cdlif.,
1997), pp. 196-264.

L. F. Moallenauer, J. P. Gordon, and P. V. Mamyshev, “Solitons in high bit-rate, long-distance transmission,” in
Optical Fiber Telecommunications|11A, I. P. Kaminow and T. L. Koch, eds. (Academic, San Diego, Calif., 1997),
pp. 373-460.

E. lannone, F. Matera, A. Mecozzi, and M. Settembre, Nonlinear Optical Communication Networks (John Wiley
& Sons, 1998).

R. J. Essiambre, G. Raybon, and B. Mikkelsen, “Pseudo-linear transmission of high-speed TDM signals: 40 and
160Ghb/s” in Optical Fiber Telecommunications IVB, |. P. Kaminow and T. Li, eds. (Academic, New Jersey,
2002), pp. 232-304.

D. Breuer and K. Petermann, “Comparison of NRZ- and RZ- modulation format for 40Gbit/s TDM standard-
fiber systems,” |EEE Photon. Technol. Lett. 9, 398-400 (1997).

S. -G. Park, A. H. Gnauck, J. M. Wiesenfeld, and L. D. Garrett, “40-Gb/s transmission over multiple 120-km
spans of conventional single-mode fiber using highly dispersed pulses,” |EEE Photon. Technol. Lett. 12, 1085-
1087 (2000).

P. V. Mamyshev and N. A. Mamysheva, “Pulse-overlapped dispersion-managed data transmission and intra-
channel four-wave mixing,” Opt. Lett. 24, 1456-1458 (1999).

A. Mecozzi, C. B. Clausen, and M. Shtaif, “Analysis of intrachannel nonlinear effectsin highly dispersed optical
pulse transmission,” |EEE Photon. Technol. Lett. 12, 392-394 (2000).

K. S. Cheng and J. Conradi, “Reduction of pulse-to-pulse interaction using aternative RZ formats in 40-Gb/s
system,” |EEE Photon. Technol. Lett. 14, 98-100 (2002).

X. Liu, X. Wei, A. H. Gnauck, C. Xu, and |. K. Wickham, “Suppression of intrachannel four-wave-mixing-
induced ghost pulsesin high-speed transmission by phase inversion between adjacent marker blocks,” Opt. Lett.
27, 1177-1179 (2002).

A. V. Kanaev, G. G. Luther, V. Kovanis, S. R. Bickham, and J. Conradi, “ Ghost-pul se generation suppression in
phase-modulated 40-Gb/s RZ transmission,” J. Lightwave Technol. 21, 1486-1489 (2003).

S. Boscolo, S. K. Turitsyn, and K. J. Blow, “ Study of the operating regime for all-optical passive 2R regeneration
of dispersion-managed RZ dataat 40Gbit/susingin-lineNOLMs,” |EEE Photon. Technol. Lett. 14, 30-32 (2002).
S. Boscolo, S. K. Turitsyn, and K. J. Blow, “All-optical passive quasi-regeneration in transoceanic 40Ghit/s
return-to-zero transmission systems with strong dispersion management,” Opt. Commun. 205, 277-280 (2002).
S. Bigo, O. Leclerc, and E. Desurvire, “All-optical fiber signal processing and regeneration for soliton commu-
nications,” IEEE J. Sel. Top. Quantum Electron. 3, 1208-1222 (1997).

#4915 - $15.00 US Received 2 August 2004; revised 21 September 2004; accepted 24 September 2004
(C) 2004 OSA 4 October 2004/ Val. 12, No. 20/ OPTICS EXPRESS 4875


mailto:boscolsa@aston.ac.uk

15. L. Xu, B. C. Wang, V. Baby, I. Glesk, and P. R. Prucnal, “All-optical data format conversion between RZ and
NRZ based on a Mach-Zehnder interferometric wavelength converter,” | EEE Photon. Technol. Lett. 15, 308-310
(2003).

16. H. Nakatsuka, D. Grischkowsky, and A. C. Balant, “Nonlinear picosecond-pulse propagating through optical
fibers with positive group velocity dispersion,” Phys. Rev. Lett. 47, 910-913 (1981).

17. M. Suzuki, H. Toda, A. H. Liang, and A. Asegawa, “Improvement of amplitude and phase margins in an RZ
optical receiver using Kerr nonlinearity in normal dispersion fiber,” IEEE Photon. Technol. Lett. 13, 1248-1250
(2001).

18. N. J. Smith and N. J. Doran, “Picosecond soliton transmission using concatenated nonlinear optical loop-mirror
intensity filters,” J. Opt. Soc. Am. B 12, 1117-1125 (1995).

19. S.Boscolo, J. H. B. Nijhof, and S. K. Turitsyn, “Autosoliton transmission in dispersion-managed systems guided
by in-line nonlinear optical loop mirrors,” Opt. Lett. 25, 1240-1242 (2000).

1. Introduction

To release the full potential of optical fibre transmission systems and achieve higher trans-
mission capacity, a lot of research on modulation formats has been done in recent years. In
conventional transmission lines, return-to-zero (RZ) and non-return-to-zero (NRZ) are the two
modul ation formats most often used. At high bit-rates, for both modulation formats transmis-
sion islimited by the accumulation of nonlinear impairments along theline[1, 2, 3, 4]. Recent
studies [5, 6] have shown that in long-haul transmission systems RZ turns out to be superior
compared to NRZ [5], in virtue of a higher robustness to nonlinear signal distortion. There-
fore, to reduce the impact of nonlinearity, typically NRZ is used at low powers, and conse-
quently, systems employing such a modulation format are mainly limited by degradation of the
signal-to-noise ratio due to accumulation of amplified spontaneous emission noise. In high bit-
rate, strongly dispersion-managed RZ systems, the optimal transmission regimes are at higher
powers (compared to NRZ) and are limited by nonlinear effects [4, 7, 8]. Such nonlinear im-
pairments mainly manifest themselves as signal amplitude noise (amplitude fluctuationsin the
“ones’ and/or growth of noise and radiative background in the “zeros’), and signal timing jit-
ter. Even when the amplitude noise is reduced [9, 10, 11, 12, 13], timing jitter can be still an
important limiting factor in RZ transmission systems. It is also well-known that the NRZ mod-
ulation format is resistant to timing jitter. Thus, in high bit-rate systems with strong dispersion
management the key limiting factors are different for different data formats, or in other words,
are format dependent.

All-optical modulation format conversion might become a necessary technology for future
al-optica networks, which may employ miscellaneous formats. Although various all-optical
format converters between RZ and NRZ have been demonstrated, including nonlinear optical
loop mirrors (NOLMs) [14], and semiconductor optical amplifiers [15], to the authors best
knowledge, the feasibility of optical datatransmission using periodic in-line format conversion
has not been reported before. In this paper, we propose a novel transmission technique based
on periodic in-line al-optical conversion between RZ and NRZ-like formats. The aim of the
approach is to aternate format-specific transmission impairments in order to delay their ac-
cumulation aong the link. As an example of the general method, the following transmission
scheme is examined at a 40Ghit/s datarate. The RZ pulses transmitted in afirst stage (400km)
are reamplified, cleaned up, and converted to NRZ-like pulses by a nonlinear signal processor
based on anormal dispersion fibre (NDF)-enhanced NOLM. After the RZ-format transmission
stage, the timing jitter of pulses is accumulated. In a second stage (also 400km), the lower-
power NRZ-like pulses are gradually reconverted to RZ pulses by means of optical filtering
and fibre dispersion, and regenerated by a conventional NOLM. The partial propagation in the
form of NRZ-like reduces the jitter accumulation, and thus, leads to overall improvement of the
system performance.
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2. System description
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Fig. 1. Schematic diagram of one element of the periodic transmission system.

As a sample system for demonstration of the technique, we consider a periodic transmission
line where each amplifier span consists of effective core area enlarged positive dispersion fi-
bre (EE-PDF) and NDF [13] (see Fig. 1). The dispersion is 20ps/(nmkm) for the EE-PDF and
—20ps/(nmkm) for the NDF. The effective areais 110 um? for the EE-PDF and 30 um? for the
NDF. The attenuation is 0.2dB/km in the EE-PDF and 0.24dB/km in the NDF. Each span also
includes an erbium-doped fibre amplifier (EDFA) that compensates for the energy losses, and
an optical Gaussian filter that limits the bandwidth of the noise. The EDFA has a noise figure of
4.5dB. Note that the transmission performance of the considered system is severely degraded
by both nonlinear interactions-induced amplitude noise and timing jitter when regenerators are
not used [13]. One element of the periodic transmission system is composed of two cells, and
each cell amounts to ten amplifier spans. The length of NDF within an amplifier span is 20km
for both cells, while the length of EE-PDF within an amplifier span is 20.027km for the first
cell and is varied about 20km in the second cell. A nonlinear optical pulse processor consist-
ing of a section of NDF and a NOLM follows the first cell. The NDF is 0.5km long and has
the same fibre parameters as those of the NDF used in transmission. The NOLM incorporates
a 50:50 coupler, and a 1.5km loop of dispersion-shifted fibre with zero dispersion, an effec-
tive area of 25um?, and an attenuation of 0.3dB/km. Unbalancing of the NOLM is achieved
with an optical attenuator asymmetrically placed in the loop, and the loss of the loop attenuator
is —27.1dB. The NOLM is operated in the stable region just after the peak of its switching
curve. An extra gain is added to the EDFA prior to the pulse processor so as to provide both
adequate enhancement of the nonlinearity in the NDF and adequate power level at the NOLM
input. During propagation in the NDF, the temporal waveform of a RZ pulse is changed to
a rectangular-like profile by the combined action of group-velocity dispersion and Kerr non-
linearity [16]. As a result, the pulse width is broadened and the centre portion of the pulse is
changed to be flat. By utilising this property, the phase margin of a pulse train is improved
[17]. The phase margin improvement enables reduction of the influence of the displacement
of pulse position in time caused by timing jitter. The unbalanced NOLM acts as a saturable
absorber and, hence, filters out low-intensity noise and dispersive waves from the higher-power
pulse [18]. This alows for restoration of the pulse amplitude and cleaning up of the distorted
pulse. In the case of apulsetrain, the noise and radiative background in the zero timing slotsis
suppressed by the saturable absorption action of the NOLM, and the amplitude jitter of onesis
also reduced [12]. An optical attenuator lowers the pulse power at the pulse processor output.
During porpagation in the second cell, the NRZ-like pulse emerging from the pul se processor
isgradually reconverted to a RZ pulse by the combined action of filtering and fibre dispersion.
An identical NOLM to the one used in the pulse processor is placed at the end of the second
cell. It provides 2R (reamplification, reshaping) regeneration function [12].
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Fig. 2. Pulse shapes at the input and ouptut of the NDF-NOLM pul se processor.
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Fig. 3. Evolution of the stationary pulse width (left, upper curve), chirp (Ieft, lower curve),
and bandwidth (right) over one period of the system.

3. Transmission simulations and results

First, to illustrate the technique, single chirp-free Gaussian-shaped pulses are launched into
the system, with a peak power and a full-width at half-maximum (FWHM) pulse width of
approximately 1.5mW and 6ps, respectively. The pulses settle to a steady state after a short
initial transition distance because of the stabilising effect of the regenerating elements in the
system. Figure 2 shows an example of the stable pulse shapes for the system at the input and
output of the NDF-NOLM based pulse processor. The evolution of the stationary root-mean-
sgquare (RMS) pulse width, chirp parameter, and RM S bandwidth over one period of the system
isplotted in Fig. 3. The starting and ending point is the output of the conventional NOLM. One
may see that the pulse dynamics along the transmission line is quasi-linear. Indeed, the pulse
bandwidth keeps a constant value within each amplifier span, while undergoing a jump at the
filter locations. On the other hand, the bandwidth exhibits a large change at the locations of
the nonlinear regenerative elements placed into the system. This indicates that the periodical
deployment of such elements into the system changes the quasi-linear propagation regime into
astable autosoliton propagation regime which is strictly nonlinear. Here, the term “ autosoliton”
means a stable pulse whose characteristics are fixed by the system [19].

Next, the stationary pulse peak power, width, and chirp reached during single pul se propaga-
tion are used asinput parameters for transmission of 27 — 1 pseudorandom single-channel pulse
trains at 40Ghit/s. The signal quality is evaluated in terms of the standard (Gaussian-based) Q-
factor. A fifth-order Bessel filter is used as a receiver electrical low-pass filter. Figure 4 shows
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Fig. 4. Eye-diagramsin the NDF-NOLM signal processor.
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Fig. 5. Q-factor at the NDF-NOLM signal processor output versus the span average disper-
sion of the second cell of the system period.

an example of signa eye-diagrams in the NDF-NOLM based signal processor after 12000km
transmission. Here, the cut-off frequency of the receiver electrical filter is30GHz. The eyesare
generated from asingle pulsetrain. It can be seen that the eye at the NDF input is closed mainly
dueto asignificant timing jitter of the optical pulses. Thereis no visible amplitude noise on the
zero level of the pulses because the accumulation of background noise is efficiently suppressed
by the in-line deployed NOLMs. Dispersion and nonlinearity in the NDF broaden the pulse
duration and simultaneously flatten the pulse shape. In this example, the FWHM pulse width
is broadened from 6.2ps to 24.3ps. Consequently, the eye opening at the NDF output is wider
than at the NDF input. The broadening and flattening of the pulse temporal waveform leads
to an effective reduction of the timing jitter. Indeed, broadening of the pulse width to approx-
imately a bit duration causes the center of mass of the pulse portion contained in the bit slot
to move towards the pulse top, where timing jitter is less than in the pulse tails as a result of
flattening of the pulse envelope. It is also seen that the amplitude jitter of pulses at the centre
of the bit dot is dightly smaller. The eye opening at the NOLM output is wider still, dueto a
sensible reduction of the amplitude jitter given by the NOLM.

An important issue to be investigated is the tolerance of the transmission scheme to the path-
averaged dispersion of the line. Here, the line path-averaged dispersion is tuned by varying the
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span average dispersion in the second cell of the periodicity element of the system. Figure 4
shows the signal Q-factor at the NDF-NOLM signal processor output after 12000km transmis-
sion as a function of the span average dispersion of the second cell of the system period. Here,
the cut-off frequency of the receiver electrical filter is optimised to 80GHz. To account for
more statistical realizations, the Q-factors are averaged over four pseudorandom pulse trains.
It is seen that the optimum average dispersion is zero. This dispersion value yields unchirped
pulses at the nonlinear signal processor input.

4, Conclusion

We have proposed a hovel transmission technique based on periodic in-line conversion between
RZ and NRZ-like formats aimed at suppressing the accumulation of format-specific impair-
ments. As a particular realisation of the general idea, we have investigated the performance of
a system with in-line NDF-enhanced NOL Ms spaced by 800km at 40Ghit/s data rate.
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