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Abstract: In this paper we determine the exact direct detection re-
ceiver decision statistics independent of optical and electricai filter
cheice, pulse shape and on modulation scheme, propose an ad-
vanced receiver model for the optically amplified comsmunication
system and a novel multipath interference (MPI) model indepen-
dent of MPI crosstalk level, modulation format, optical and elec-
trical filter choice as well.

The channel is modeled as a stationary additive noise channel with
intersymbol interference (ISI} The additive noise composed of the
amplifier spontaneous emission, multi-path interference and other
additive noise sources can have arbitrary statistics. The validity
of the proposed receiver model is verified by Monte Carle sim-
vlations for different moduialion schemes such as npon retarn to
zero {(NRZ), return 1o zero (RZ), chirped returs to zero (CRZ) and
carrier suppressed return 1o zero (CSRZ) in the presence of ampli-
fier spontanecus emission (ASE) noise, MPI and IST An excellent
agreement is obtained for the all considered schemes.
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1. Introduction

Additive white Gaussian noise (AWGN) is commonly
used to describe the amplifier spontaneous emission
{ASE) noise {141, [9]. In contrast to terrestrial commu-
nication links, a typical undersea fiber communications
system operates at a signal power below 0dBm (even
less than —3 dBm) per channel for N % 10 Gb/s systems,
with relatively short amplifiers spacing (less then 45 km)
and properly chosen dispersion compensated fiber pairs
to minimize the influence of the fiber nonlinearities and
dispersion [}]. The validity of the AWGN fiber channel
model in considering ASE noise was confirmed for such
applications through experiments [1]. However, in most
terrestrial optical commumication systems the AWGN
assurnption is not completely accurate. For example in
terrestrial long-haul wavelength division multiplexing
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(WDM) systems, due to the interaction of fiber nonlin-
earities and dispersion, the WDM carriers can act as a set
of pumps, and the amplifier spontaneous emission {ASE)
noise spectral components can be selectively amplified.
In other words the noise enhancement is much higher in
certain spectral regions. This gain introduced by these
effects is known as a parametric gain [4]. In this case
the ASE noise is neither white nor Gaussian. Moreover,
an optical filter colors the white (ASE) noise in every
amplifier stage, even in the absence of parametric gain.
Apart from ASE noise, in long-haul communication sys-
temns, especially those with Raman amplifiers, muitipath
interference (MPI) becomes an important factor in per-
formance degradation. In an all-Raman amplifier based
long-haul communications MPI is even more important
factor in performance degradation. Therefore, in order
to characterize the receiver performance and to design
an optimal receiver it is of great importance to deter-
mine the statistics of samples at the input of the decision
device.

In this paper we tackle the problem of determining
such statistics in the presence of colored Gaussian noise
at the receiver input and in the presence of intersymbol
interference (ISI} caused by filtering.

A number of models were proposed recently {2-4].
Unfortunately, all these models lack generality. They are
either restricted to a specific modulation scheme or appli-
cable to a narrow class of optical/electrical filters. Some
of them do not even consider the influence of optical fil-
ter [9}. Although the formal procedure for finding the
decision statistics is weil-known [3-4], {6} the probabil-
ity density function (PDF) of deciston statistics has been
determined only a rectangular/l.orentzian optical filter
transfer function and for integrate-and-dump electrical fil-
ter [3].

We propose a universal method to determine the de-
cision statistics independent of the optical and electri-
cal filter choice, the pulse shape or modulation scheme.
The ASE noise is modeled as a Gaussian stationary col-
ored noise with a zero-mean and known autocorrelation
function. The model also takes into account the inter-
symbol interference. The proposed method is also ap-
plicable to other types of additive noises that accom-
pany the ASE noise, such as multi-path interference. To
compare the proposed method for finding PDF with fre-
quently used Gaussian approximation of decision statis-
tics, we use the skewness and the kurtosis coefficients,
defined in [7-8] The proposed method is illustrated for
the case when the optical filter is modeled as a super-
Gaussian filter and the electrical filter is modeled as
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