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ANALYTICAL MODELLING OF
FIBRE NONLINEARITIES IN
AMPLIFIED DISPERSION
COMPENSATED WDM SYSTEMS
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Abstract

An analytic approach to calculation of Q-factor degradation duc
to the fibre nonlinearities in a wavelength-division multiplexing
system is presented, as well as their interplay with dispersion and
ASE noise accumulation. The derived expressions are applicable
o any channel and any fibre type. The derivation of analytic
solutions facilitates in studying and undersianding complex optical
communication systems in & way thot is not possible using numerical
simulations. The results suggested that the optimum selection of
the power per channel could strongly depend on several system
parameters. The model we have developed ¢an be used in designing
advanced WDM systems with a large number of channels spanning
many amplification bands,
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1. Introduction

The optical communication revolution based on Wave
length Division Multiplexing (WDM} is progressing at an
astonishing rate. Transmission capacity throughput of 10
Th/s has been reported [I. suggesting that the initial as-
sumption of an unlimited capacity optical fibre is now ques-
tionable. Concurrently, the exploitation of optical amplif-
cation beyond the Erbium-Doped Fibre Amplifier (EDFA)
in the C-band, through the proiiferation of Raman ampli-
fiers and agile optical multiplexing [2], marks the dawn of
optical networking within the entire third-low-attenuation
window of standard fibre (3]. The transmission engineering
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of such wavelength-rich networks requires in-depth under-
standing of the combined effect of fibre nonlinearities as
well as their interplay with dispersion and the amplified
spontaneocus emission (ASE) noise accumnlated due to the
use of optical amplifiers.

The influence of nonlinearities on signal quality has
been extensively studied during the last two decades le.g.,
4-16]). To date, fibre nonlinearities like Stimulated Ra-
man Scattering (SRS), Cross Phase Modulation (XPM),
and Four Wave Mixing (FWM) are primarily investigated
independently of each other. Further, it is known that dis-
persion compensation has a different effect on the strength
of each separate nonlinearity. In system studies, the op-
timum $rade-off between dispersion penalty and nonbn-
earity penalty is sought, bui a reliable conclusion cannot
be drawn unless all nonlinearities are studied collectively.
This is because it is possible that the parameter optimiza-
tion adopted considering a single nonlinearity may desrade,
instead of improving, the overall system performance. Cur-
rent system studies that examine the overall outcome of all
the aforementioned adverse effects are based on solving of
the nonlinear Schrodinger equation numericaily.

However, the role of analytical solutions is of primary
importance for understanding the real behaviour of fibre
nonlinearities, deriving systern design guidelines as well as
avoiding very cumbersome and time-consuming numerical
simulations in multi-Th/s applications. Here, the collec-
tive influence of SRS, FWM, and XPM on Q-factor degra-
dation is studied for periodically amplified dispersion coni-
pensated links. The primary objective is to identify the
conditions for which the overall effect of the nonlincarities
is minimized. In the derivation, the following assumption
has been made: the influence of one nonlinearity on the
evolution of the others is very small and the beating of
nonlinearities with ASE noise can be ignored, which was
confirmed by experiments 20 to be valid in submarine
systems, where the amplifier spacing is about 45 km and
the average power per channel less than 0 dBm. We expect
this approximation to be valid alse in MAN and WAN
applications. The assumption above will significantly sim-



plify the complexity of the calculations. A schematic illus-
tration of the point-to-point link is given in Fig. 1. A fibre
link is comprised of a SMF segment of length L, followed
by a DCF section of length L; and an optical amplifier
that exactly compensates the fibre losses. A pre-emphasis
filter that removes the deterministic part of SRS at the
input of each optical amplifier (EDFA) is also assumed,
implying that the input power per channel in all fibre links
is the same. For studying fibre nonlinearitics, one channet
is considered to be the test channel and the rest interfering
channels.
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In this work, the transmitter consists of a laser with
an external modulator operating up to 10 Gb/s using
Non-Return-to-Zero (NRZ) modulation format. Hence, if
P (iw} is the Fourier transform on an NRZ rectangular
pulse of duration 7, it is P (fw)} = POT%.Q—"”TH’Q
where P, is the power of the pulse.

In Section 2 the modeliing of SRS, FWX, and XPM
is presented, and in Section 3 the assumptions used for
calculating the Q-factor are presenied, followed by the
corresponding resulis.

2. Modelling of Fibre Nonlinearities

In subsequent sections the dispersion ¢oefficient as a func-
tion of wavelength for the standard single-mode fibre

{SMF) is given by:
pY
At

with Ap and Sy being the zero-dispersion wavelength and
the dispersion slope at Ag, respectively. The corresponding
approximation for dispersion compensating fibre (DCF) is:

(2)

Dsarr (A) = %)\ ( {1)

Dpor () = 5. (A= Ae) + D,

with 5, and D), being the dispersion slope and the disper-
gion at the wavelength A, = 1350 nin.

2.1 Modelling of SRS

SRS may limit the performance of a WDM system by
depleting the lower wavelength channels [7-9]. In early SRS
studies [e.g., 7! the worst-case scenario is assumed where
all ¥ channels are at the mark state simultanecusly. This
is very rarely true, and in any case the deterministic {mean
value) part of the SRS degradation can be compensated, at
least in principle, unlike the statistical crosstalk. Here both
the mean value and the statistical variation are considered,
but it is assumed that the former is compensated.
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In [ an exact analytical solution for SRS is given.
However, the results bold enly for the most affected chan-
nel, so the derived expressions are not directly applicable
for an SMF /DCF link of two-fibre segments of lengths L,
and Lp with different effective cross-sectional arcas {4,
Az}, fibre attenuation coefficients (or;, «p), and R;;,m;m
gain slopes {g}, ¢g5). Further, in [8] it is assumed that the
dispersion compensated fibre (DCE) does not induce SRS.
Here the derived expressions hold for any channel and the
DCE contribution to SRS was also taken intc account.
However, the effect of pulse distortion, due to dispersion,
on the SRS is ignored.

Assuming that the launched power is equal for all
N channels, that is, P, (0} = Fp (n=1,2,... N), and if
¢, = dg1/df and L. = {1 — e~®11)/g; are the Raman
gain slope and the effective length of the SMF, then the
power P, (L1) of the n*? channel at the end of the SMF is
given by 7]
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However, the varicus channels at the input of DCF
have different power levels. The expression for the power
of the n*® channel at the end of DCF for nonequal channel
launch powers, after [7], is:

Py (Lz) Joe™®2 L2 exp [493&”0{“—1)%:}
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where:

N
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The mean power depletion due to SRS, as measured
on the »*? channel (the channel under test) at theend of &
single link, is defined as:

pDe~(61L1+6252) — P, {L1 =Ly}
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pp (n) =
Equation (3}, using {4}, takes the form:
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