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Kurzfassung

Betreiber von Telekommunikationsnetzen setzen verstärkt auf die Einführung
neuer Technologien zur Abdeckung des stetig wachsenden Bedarfs an
Übertragungsbandbreite. Die Evaluierung derartig neuer Technologien erfolg-
te bisher vor allem unter Verwendung experimenteller Versuchsaufbauten, was sehr
zeit- und und kostenintensiv ist. Der Einsatz von Software zum computergestützten
Entwurf optischer Übertragungsnetze könnte die Evaluierung neuer Technologien
und deren Weiterentwicklung durch die Reduzierung von experimentellen Tests
verkürzen. Dies hätte eine erhebliche Kostenreduzierung zur Folge.

In der vorliegenden Arbeit wurde der Prototyp der ersten kommerziell
verfügbaren Software für den computergestützten Entwurf der physikalischen Ebene
optischer Übertragungsnetze entwickelt und auf der Konferenz Optical Fiber Com-
munications (OFC), 1997, in Dallas, USA vorgestellt. Diese Software wurde als
offenes System konzipiert und besteht aus einer grafischen Nutzerschnittstelle,
Softwaremodulen zur Modellierung der optischen (z.B. Sender, Fasern, optische
Verstärker, etc.) und elektrischen (z.B. elektrische Filter, elektrische Verstärker,
etc.) Netzkomponenten und Algorithmen zur Steuerung der Simulationsabläufe.
Für einen effizienten Austausch der Simulationsdaten zwischen den Modulen wurde
ein Optischer-Netzwerk-Simulations-Layer (ONSL) entwickelt.

Für Einmodenfasern wurde ein Modell entwickelt, das den Einfluss
der nichtlinearen Fasereffekte in Raman-verstärkten Wellenlängen- und Zeit-
Multiplex-Systemen berücksichtigt. Nach dem Kenntnisstand des Autors
ist dies das erste Modell, welches die Optimierung der Fasereingangsleis-
tung unter Berücksichtigung der nichtlinearen Fasereigenschaften in derarti-
gen Übertragungssystemen ermöglicht. Simulationen in diesem Zusammenhang
zeigen erhebliche Unterschiede bezüglich des optimalen Fasereingangspegels für
Übertragungssysteme, die z.B. verteilte Raman-Verstärkung oder Erbium-dotierte
Faserverstärker zur Signalverstärkung nutzen.

Die entwickelte Software zum computergestützen Entwurf optischer
Übertragungsnetze wurde im Rahmen des europäischen Forschungsprojekts
DEMON zur Dimensionierung eines nationalen, optisch-transparenten Tele-
kommunikationsnetzes eingesetzt. Dabei wurde die Methode der “Normierten
Übertragungs-Strecken [50]” angewandt, wodurch die Simulationszeiten zur Er-
mittlung der optimalen Betriebsparameter der Übertragungsstrecke (z.B. Faserein-
gangsleistungen, Dispersionsverlauf, etc.) erheblich reduziert werden konnten.
Dennoch wurde deutlich, dass aufgrund der eingeschränkten Gültigkeitsbereiche
der Modelle und der meist für die Simulationsergebnisse nicht spezifizierbaren
Vertrauensintervalle immer noch experimentelle Arbeiten zur Validierung der
numerischen Ergebnisse notwendig sind.

Ronald Freund
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Abstract

Telecommunication service providers rely heavily on new technologies to satisfy the
ever increasing demand for bandwidth. Currently, the process of qualifying new
technology starts by evaluating hardware prototypes in advanced technology labs
followed by an exhaustive acceptance testing procedure. Using software for pho-
tonic design automation (PDA), component manufactures and telecommunication
providers can lower the costs of installing new technologies in the field through
savings in time.

In this work, the prototype of the first commercially available PDA environment
for design and analysis of the physical layer in optical networks was developed and
subsequently presented at the Optical Fiber Communication (OFC) conference in
1997, Dallas, USA. The PDA environment is designed as an open system, which
consists of a graphical user interface, a module library for optical (e.g., optical
transmitters, fibers, optical amplifiers, etc.) and electrical (e.g., coders, electrical
filters, etc.) network elements and a scheduler for controlling the simulation tasks.
For efficient data exchange between the modules, an optical network simulation layer
(ONSL) has been developed.

For single-mode fibers, a new modeling approach was developed considering the
nonlinear index effects in Raman amplified wavelength division multiplexed (WDM)
and time division multiplexed (TDM) transmission systems. For the first time, to
the author’s knowledge, this model allows to optimize the fiber launch power with
respect to nonlinear index effects. Numerical simulations predict large differences
for the optimum launch power when distributed Raman amplification (DRA) or
erbium-doped fiber amplifiers are used for signal amplification.

To test the benefit of the developed PDA environment, the simulator was used in
the European Acts project DEMON for a design study of a nation wide all-optical
network. Therefore, the design strategy of “Normalized transmission Sections [50]”
was applied. It could be shown that using this approach, the simulation time to find
the optimum operation conditions (e.g., launch powers, dispersion map, etc.) for a
given transmission link can be drastically reduced. On the other hand, this work
has also shown that due to the limited validity range of the models and the mostly
non predictable confidence intervals of the simulation results, experiments are still
required to validate the simulation results.

The work presented in this thesis was carried out at the Technical University
of Ilmenau, the Heinrich-Hertz-Institut für Nachrichtentechnik Berlin GmbH, and
VPIsystems GmbH in Berlin in collaboration with Sprint Advanced Technology
Laboratories in Burlingame, USA, the Technical University of Denmark, and
T-Systems Nova GmbH in Berlin.

Ronald Freund
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QC constant A
R responsivity of the photo-detector A W−1
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RR recombination rate s−1m−3

Rr power reflectance
RST stimulated recombination rate s−1m−3

S slope of the chromatic dispersion coefficient s m−3

s(t) electrical pulse shape A,V, resp.
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sL(f) spectral shape of the laser s
Sw power spectral density W m−1

S+
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power spectral density of x-polarized mode Ws
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power spectral density of y-polarized mode Ws
T absolute temperature K
t time s
T0 pulse width s
td delay s
Ti(λ) tilt coefficient
tn retarded time s
Tp phonon life time s
Tr power transmittance
trise rise time s
TTFWHM FWHM pulse width s
u1(t), u2(t) input, output voltages V
Va active volume m3

va acoustic velocity m s−1

V0 voltage V
Vπ switching voltage V
Vbias bias voltage V
vg group velocity m s−1

Vm modulation voltage V
vgrj

, vgrk
group velocities of channels j, k m s−1

w mode-width parameter m
Wij stimulated emission, absorption rates s−1

Xthr BER threshold A
ε̂ permittivity of the medium As V−1 m−1
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Chapter 1

Introduction

This chapter briefly presents the ongoing changes in the telecommunications market.
It gives an overview of how optical networks have evolved from simple point-to-point
links to fully meshed optical networks and elaborates on the challenges of this work.

1.1 Evolution of Optical Networking

In today’s society, information is the catalyst of human activities, whether in busi-
ness or in social life. To enable access to information regardless of time and location,
the telecommunication infrastructure is changing dramatically and is characterized
by the amount, cost, and time of accessed information. Changes in telecommunica-
tions are driven politically by the deregulation of the nationwide telecommunication
markets as well as their worldwide globalization. As an economic result, tele-
communication carriers are operating in a competitive global environment and are
becoming increasingly business-oriented as they have to satisfy their shareholders
expectations. Competitive advantages are based on new innovative services and
time-to-market. The ability to enhance network capacity economically and quickly
is one of the key issues for today’s network operators. Therefore, the introduction of
next-generation optical network components provides network operators with sig-
nificant new options. Using new network components, the main issue, from the
network operator’s point of view, is the operability and the compatibility with ex-
isting equipment. Traditionally telecommunications markets were characterized by
stable traffic growth forecasts within 15 to 25 year horizons. The shift from voice
to data oriented networks (s. Fig. 1.1) brings a fundamental rethinking of how to-
day’s telecommunication networks should be assembled. It is a very complex task
to upgrade networks that accommodate the hard-to-predict growth of data traffic.
Therefore network planners must focus on systems that can scale up to handle the
growing volume of data traffic in a time efficient and economic manner. Today’s net-
work operators must consider a multitude of factors in order to answer the question:
How will optical networks evolve?

1
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Figure 1.1: Global peak-hour traffic volumes, 1999 versus 2005 (modified from [37]).

Most traffic has to be handled at the highest level of national and international
telecommunication networks (called core networks or backbones). To bridge
distances of several hundred kilometers, optical fiber communication technology is
already applied in these networks. To enhance this network capacity, operators have
the option to install additional fibers, which is an expensive and labor-intensive
task. In addition to multiplexing in space (SDM), time division multiplexing
(TDM), frequency or wavelength division multiplexing (FDM, WDM), and code
division multiplexing (CDM) are discussed for further optical network evolution.
The obvious solution of simply increasing terminal speed using TDM techniques
does not meet today’s financial requirements. Many of the key components for high
speed TDM (bit rates ≥ 40 Gb/s) such as all-optical 3R regeneration, bit-serial
processing, etc. are still in the research phase. Also, CDM techniques are more
objectives of research than relevant techniques for use in optical core networks.
Driven by the introduction of optical amplifier technology, which eliminated the
need for opto-electronic signal conversion for signal amplification, WDM technology
is the most promising technology able to handle the growing demand for bandwidth
with high cost efficiency. Because prices for optical WDM components have fallen
faster than for high speed electronic equipment, WDM technology has radically
changed the economics of building optical network infrastructures and to realize
the vision of all-optical networking (s. Fig. 1.2). Significant milestones have already
been achieved for:

WDM Point-to-point transmission systems: By the end of 1997, most ma-
jor long distance carriers had deployed WDM in the conventional C-band (1530 -
1570 nm). Used by organizations such as MCI WorldCom and Sprint, they are an
integral part of their long-haul backbone networks. At the end of 1997, more than
4000 WDM systems had been installed to operate over thousands of kilometers
across countries or undersea [55], making the WDM technique the mainstream tech-
nology for long haul point-to-point connections. For point-to-point applications,
WDM is evolving from long-distance and submarine cable systems to metropoli-
tan area networks and enterprise applications all over the world. The tremendous
growth in capacity requirements driven by the explosion of internet-based services
pushes the research to higher bit rate per channel, more channels, and smaller chan-
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nel spacing. Raman amplification and forward error correction are used to produce
longer path length with sufficient transmission quality. While different modulation
formats (multi-level NRZ transmission [122], optical single side band transmission
(SSB) [59], phase shaped binary transmission (PSBT) [96]) are investigated to reach
higher spectral efficiency and to increase robustness to known transmission impair-
ment, optical amplifier research is aimed at widening the available spectrum for
optical amplification. Lasers, amplifiers, and multiplexers are designed to take ad-
vantage of the L-band (1570 - 1610 nm) [66]. For links in long-haul optical networks,
spectral efficiencies of up to 0.4 bits/s/Hz were demonstrated, e.g., by Lucent for
3.28 Tb/s (82x40 Gb/s) NRZ transmission over 3x100 km [87] and NEC for 3.28 Tb/s
(160x20 Gb/s) RZ transmission over 1500 km [62]. Both systems use WDM transmis-
sion in C- and L-band over nonzero-dispersion fibers with dispersion compensation
and contain hybrid Raman/erbium-doped inline amplifiers. The first field trials of
MCI WorldCom and Nortel Networks carrying live traffic bidirectionally over 200 km
non dispersion shifted fiber using 100x10 Gb/s modulated channels in C- and L-band
demonstrated the short time to market for improved WDM solutions.

Figure 1.2: Vision of a future optical network (LAN: local area network, WAN: wide
area network, WLL: wireless LAN)

WDM ring networks using OADMs: The ability to have partial access to
the optical WDM spectrum was a breakthrough for the usage of WDM technology
in ring-based applications. Some of the major challenges in this level of WDM
development was the ability to add and drop signals in any order and to guarantee
a sufficient signal quality (end-to-end performance monitoring). Add/drop ring
networks enable services to be delivered at the optical domain. Further advances
in optical add/drop terminals have paved the way for commercially available
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photonic ring networks. To increase the flexibility of network configurations,
static, non-reconfigurable optical add/drop multiplexers (OADMs) are now being
replaced by dynamic reconfigurable devices. At the same time, Tera bit per second
point-to-point transmission links are available and dynamically reconfigurable
optical network systems for 1.6 Tb/s (40x40 Gb/s) with a spectral efficiency of
0.4 bits/s/Hz have been reported [72].

General meshed WDM networks using OXCs: The need for interconnec-
tion between ring networks using OADMs or more intelligent optical cross-connects
(OXCs) will gain increasing importance with the implementation of all-optical net-
works. The advantages of all-optical networks are that they are agnostic in terms
of bit rate, modulation format, transmission protocol, and content. That allows
such networks to be scaled up quickly as bit rate per wavelength improves. Using
all-optical OXCs, network operators can move large bundles of traffic through their
networks without making inefficient and costly opto-electronic conversions along the
transmission path. The most important functionalities OXCs have to perform are
protection switching, restoration, provisioning, and reconfiguration in the optical
layer. The greater routing flexibility in comparison to optical add/drop multiplex-
ers allows general meshed networks to be built, which can be managed entirely at the
optical layer. OXC technology provides an alternative to the continued enlargement
of electronic cross-connects. In high bandwidth applications, optical cross-connects
are expected to result in cost savings over comparable electronic systems with tra-
ditional protection schemes. In particular, OXC technology promises to offer more
efficient ways for route restoration and protection switching than corresponding
electronic systems.

Development of optical components shows that ultra fast optical time-division
techniques in combination with wavelength multiplexing can be used in networks at
all levels, from the long-haul region to the access region (s. Fig. 1.2).
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1.2 Challenge of this Work

The design of optical networks, in the traditional sense, is done by building
hardware prototypes. In most cases, basic investigations are carried out using
re-circulating loop experiments. At this stage, different system building blocks (e.g.,
modulators, fibers, filters, receivers, etc.) can be characterized without building
up the whole transmission system. But to guarantee system operation within a
given specification, field trials are used in the second stage of design evolution.
This process is very time consuming and expensive. The vision of optical network
design is to use computer aided design software to automate the design process of
photonic network elements. Compared to traditional experimental design, photonic
design automation (PDA) offers the potential to design optical networks saving
cost and time in developing hardware prototypes for network devices and their
components by predicting component and system behavior within existing optical
networks. PDA also simplifies the study of cost efficient upgrade scenarios for
existing optical networks. Even though a wide variety of models for the relevant
photonic network elements (e.g., laser, optical amplifiers, fibers, etc.) have been
extensively studied in the past, at the beginning of this work, no public software
packages were available, which used the idea of PDA from the network point of
view. Telecommunication companies (e.g., Sprint, AT&T, etc.) or system providers
(e.g., TyCom, Pirelli, etc.) realized the potential of such software. Most of them
developed their own software packages for internal use only. At the same time,
research institutes and universities started to develop publicly available design
tools for optical components (e.g., OPALS distributed by Virtual Photonics in
Australia) or developed software for very specific design problems (e.g., X-SPOTS
developed at the Technical University of Ilmenau, which covers detailed analysis
of the optical heterodyne receiver technique). Initially, the main challenge of this
work was to develop a software environment able to integrate the existing isolated
solutions for computer based designs of optical components, optical sub-systems,
and optical networks. The goal was to create a scalable software environment that
would allow the analysis and design of the physical layer of today’s and future
optical networks. The prototype of the first PDA environment was presented at
OFC 1997 in Dallas, USA with the first public version available at the end of 1997.
This was the first publicly available simulator for the design and analysis of the
physical layer of transparent optical core networks. In parallel, at universities a
few other simulators [45, 99] were developed, also focused on the design problems
of all-optical networks. At this point the race started to establish the most widely
used simulator for optical networks. The look and feel as well as the functionality
of the simulator was successively improved by VPIsystems.

To become more familiar with the idea of PDA, Chapter 2 discusses the concept of
the simulator and its internal structure. It also gives an overview of the advantages
and drawbacks of computer aided modeling software. In Chapter 3, the key optical
components (e.g., laser, optical amplifier, optical filter, photodiode, etc.) of optically
transparent transmission links are introduced with their mathematical models. Due
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to the rapid changes in optical network technology, new transmission concepts are
discussed to achieve higher system capacities and to bridge longer distances. In
most cases, the existing software needs to be constantly upgraded to allow the
latest inventions in this market to be studied. Chapter 4 introduces a new model
for single-mode fibers taking into account the nonlinear index effects of single-mode
fibers in Raman amplified transmission systems. This model can be used to study
bidirectional ultra high-speed, high-capacity WDM transmission and was developed
in collaboration with Sprint Advanced Technology Laboratories, USA. Chapter 5
shows a design study for transparent optical networks. The results presented here,
were carried out within the European Acts project DEMON. Here, the simulator was
used to study transparency limitations of optical networks, which are using 10 Gb/s
NRZ transmission format. Chapter 6 contains the summary of this work and future
activities leading on from this work.



Chapter 2

Photonic Design Automation

This chapter discusses the challenges of Photonic Design Automation (PDA) for
the physical layer of optical networks. In relation to the network layer model, the
requirements on PDA for the design of optical networks and their sub-systems are
described. This chapter also portrays the basic concept of the developed software
environment for PDA of optical networks.

2.1 Fundamentals of PDA

Trade-off analysis with respect to functionality, costs, and performance play an
important role when designing optical networks. The prediction of the physical be-
havior of optical systems and their components is a very complex task and requires
a detailed understanding of their mathematical models. Whereas the development
of electronic circuits is traditionally based on computer aided design tools, there
is a conspicuous lack of software for the design and analysis of optical networks.
From the physical layer point of view (s. Fig. 2.1), the challenge of such tools is
to offer a comprehensive software environment, which allows the rapid prototyping
of optical components (e.g., filters, fibers, receivers, etc.), optical sub-systems (e.g.,
optical add/drop multiplexers, optical cross-connects, etc.), point-to-point transmis-
sion links (e.g., high speed TDM/WDM links, etc.), and optical networks (e.g., ring
or fully meshed optical networks, etc.). In addition to the transmission layer of
optical networks, the optical transport/switching layer also needs to be incorpo-
rated into the design process. Because the PDA process can be very complex and
time consuming for each of the various network elements, the success of PDA really
depends on the combination of precise mathematical models with less complexity
and fast numerical algorithms. Often, a reduction of computational time needs to
be achieved by tailoring a general approach to a specific problem. Therefore, PDA
has to support models across different levels of abstraction for each of the network
building blocks and the various design tasks. To incorporate further research ad-
vances, these models need to be embedded in an open software environment, which
also has to provide functionality for the scheduling of different simulation tasks and
the presentation of their results.

7
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Figure 2.1: Network layer model, showing the relation of the optical layers to higher
network layers [35] (Tx: transmitter unit, Rx: receiver unit, OA: optical
amplifier, DEMUX: de-multiplexer, MUX: multiplexer, OXC: optical cross-
connect, OADM: optical add/drop multiplexer, SDH: synchronous digital
hierarchy, ATM: asynchronous transfer mode).

For a comprehensive design of optical networks and their sub-systems, the following
requirements need to be considered.

PDA for optical components: An optical component defines the smallest unit
(e.g., optical filter, erbium-doped fiber, isolator, etc.) within an optical net-
work, which can be combined with other optical components to build up much
more complex optical sub-systems (e.g., erbium-doped fiber amplifier, etc.).
The analysis of optical components requires computational models, which al-
low the investigation of their parameter dependencies on arbitrary input sig-
nals. In addition, for the design of optical components, these models must
allow the user to determine the optimum parameter ranges with respect to
the target parameter of the design process. Because universally applicable
component models are highly complex, PDA has to provide models, which are
tailored to a specific problem. In general, these models differ with respect to
the mathematical formulas, boundary conditions, range of validity, complex-
ity, and execution time. Therefore, PDA has to offer an efficient management
of these models and algorithms, in order to select the best suited model for a
given design problem.

For example, a laser device requires exact modeling of the interaction between
the carriers and photons with respect to the spatial and spectral device param-
eters as well as the time dependence of the electrical input signal. Thereby,
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the correlation of the physical parameters (e.g., carrier density, photon den-
sity, photon life time, etc.) and the more abstract system parameters (e.g.,
emission frequency, average output power, etc.) is given by the solution of the
laser rate equations. Alternatively, computational models based on the trans-
fer matrix description or the transmission line laser model (TLLM) can be
applied, which are more complex but better suited to account for the spatial
parameter dependencies of the laser device.

PDA for optical sub-systems: A sub-system is composed of a certain number
of optical components. In general, the behavior of an optical sub-system is
also determined by the order of the optical components the system consists
of. A universal method to build up the computational model for optical sub-
systems consists of the appropriate composition of the computational models
of their optical components. Because in this case, the simulation time can be
unacceptably long, there is a need for more abstract modeling approaches for
optical sub-systems. The most promising are the so called black-box-models,
which can predict the behavior of optical sub-systems without detailed knowl-
edge of their elementary optical components. These models characterize an
optical sub-system using an overall transfer characteristic.

Such models have been established to model erbium-doped fiber amplifiers
(EDFAs). Based on measured data, they give a fast and precise prediction,
e.g., of the frequency dependent gain and noise figure of an EDFA. Because
the models are based on measured data, they have the additional advantage of
being characterized without detailed knowledge of their physical parameters
(e.g., length of the erbium-doped fiber, etc.).

PDA for optical point-to-point transmission systems: Optical point-to-
point links consist of a certain number of optical components and optical
sub-systems. In general, their behavior is also determined by the order of
their optical components and the sub-systems they consist of. Because the
black-box models are not available for all the relevant sub-systems of optical
point-to-point transmission systems, their computational model is assembled
by the appropriate concatenation of the computational models of the optical
components or sub-systems they consist of. To quantify the performance of
point-to-point transmission systems, PDA has to support, e.g.,

• the calculation of the optical signal to noise ratio (OSNR) at the receiver,
and the electrical signal to noise ratio (SNR) at the decision circuit,

• the estimation of bit error ratios (BERs) and Q-values at the receiver,
and

• the characterization of a transmission link by its receiver sensitivity
penalty or eye opening penalty (EOP).

To design and optimize optical point-to-point transmission systems, it is nec-
essary to study the influence of component parameters (e.g., filter bandwidth,
chromatic dispersion, etc.) on the above listed quantities. General points of
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interest are, for instance, the comparison of optical point-to-point links with re-
spect to different modulation formats (e.g., amplitude-, phase-, and frequency
modulation, etc.), optical multiplexing techniques (e.g., optical time division
multiplexing (OTDM), wavelength division multiplexing (WDM), etc.), and
receiver concepts (direct detection or coherent detection). PDA also has to
support the analysis of different transmission path architectures to compare,
e.g., different concepts of optical signal amplification, different types of trans-
mission fibers, and different techniques of dispersion compensation.

PDA for optical networks: In comparison to point-to-point transmission sys-
tems, the additional add/drop and switching functionality need to be con-
sidered for optical networks. For efficient modeling, PDA has to support the
ability to

• investigate different types of add/drop devices and optical cross-connect
architectures,

• discuss different concepts for optical space stages and optical frequency
converters,

• quantify crosstalk that arises, e.g., from the nonideal filter characteristic
of the add/drop devices or the limited extinction of the optical switches,

• investigate different methods of protection switching for optical networks.

Solving design tasks at either network, system, or component level, the model behav-
ior will depend on how accurately the model parameters can be defined. In general,
better prediction of the system behavior can be achieved, if measured data (e.g., op-
tical filter transfer characteristics, amplifier gain shapes, etc.) can be incorporated
into the simulations.

2.2 An Environment for PDA

At the beginning of this work there were several software environments, which could
support the idea of PDA for optical networks (e.g., Matlab, LabView, SPW etc.).
After a careful comparison of these different environments with respect to their
simulation performance, their graphical user interface, and their possibilities to in-
corporate customer specific modules into the simulation kernel, Ptolemy, a software
package issued by the University of California at Berkeley [15], was judged the most
attractive tool to incorporate the ideas of PDA for the physical layer of optical
networks. Ptolemy is a flexible and extendable platform built up for electronic
design automation (EDA). In recent years, the Ptolemy project was motivated by
the increasingly important role of high-level system design and studies heterogeneous
modeling and design of concurrent systems, thereby focussing on embedded systems.
Because this software includes a large set of internal building blocks and object-
oriented interfaces, it can be extended to fulfill the requirements (s. Section 2.1) for
PDA of optical networks. In this work, the signal-flow-driven simulation paradigm
was chosen to model both the optical transmission layer and the optical switching
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layer (s. Fig. 2.1). This is a very natural and convenient way of modeling optical
networks, where the network itself is described by a block diagram. Each block rep-
resents an optical component or sub-system of the network. Their interconnections
define the signal flow in the network. The basic principle is a one to one mapping of
the functional blocks onto software modules, each module implementing a specific
functionality. The modules are programmed as classes and linked with the simula-
tion control program, Ptolemy. In Ptolemy, specific interfaces are provided, which
can be used for the data exchange between the modules.

Figure 2.2: Basic concept of the PDA environment.

Figure 2.2 shows the basic structure of the developed PDA environment. The con-
figuration of a system can be carried out graphically using a schematic block editor,
which allows modules to be selected from a library, parameters to be set, and con-
nections to be built up for the desired optical network or sub-system. The schematic
block editor also provides a convenient interface to make a layered network design.
Several component models can be grouped to form sub-systems, which have their
own parameters and graphical representation in the form of an icon. The specifica-
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tion of each simulation task is directly generated from the graphical representation
of the network in a hardware architecture independent meta language (in this case
PTCL). A scheduler controls the simulation process. After a simulation process
has been finished, its results can be post-processed for visualization. In addition to
the available libraries, which contain the models for optical components and optical
sub-systems, the PDA environment also supports so called co-simulation interfaces.
These interfaces allow for the usage of functionalities (e.g., visualization, mathe-
matical algorithms, etc.), which are provided by other software tools (e.g., Matlab,
Mathematica, etc.).

Figure 2.3: Structure of a computational module within the developed PDA environ-
ment, which contains functionalities for module selection and execution.

In Fig. 2.3, the structure of a computational module within the PDA environment
is shown. After validating the module parameters, the input data is evaluated
and an appropriate computational model is selected from the library. Then the
model is controlled by the scheduler, which ensures its appropriate initialization and
execution. Afterwards, the whole input data is processed and the module is prepared
for a new simulation task. The following list gives a more detailed description of the
basic blocks that compose the simulator.

Graphical user interface (GUI): The graphical user interface is offered by the
Ptolemy environment. It supports the graphical editing of the optical network
models and their sub-systems. All parameters, either for parameter specifica-
tion or the scheduling of a simulation, can be edited graphically. Arbitrary
modules can be grouped hierarchically to represent function units, which are
represented by their own icons. For each function unit, arbitrary parameters
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can be defined. The GUI also supports the graphical representation of the
libraries to model optical networks and their sub-systems.

Scheduler: Before a simulation set-up can be executed, the order must be known
in which its modules have to be invoked. This is the task of a scheduler.
Signal-flow driven simulations can be basically controlled either statically or
dynamically.

Within the optical transmission layer, the route does not change over time
for an optical signal that flows from source to sink. This makes it simple to
determine the link-graph, the order in which the modules have to be sched-
uled, only once before a simulation is executed. The applied static schedule
mechanism offers the advantage of no additional control overhead during the
simulations.

In addition to the optical transmission layer, the optical transport/switching
layer contains optical cross-connects and/or optical add-drop multiplexers.
These switching devices consume input data in a data-dependent fashion. In
this optical network layer, the link-graph is not necessarily fixed during sim-
ulation and needs to be calculated at run-time, dynamically. Therefore, the
schedule algorithms have to ensure that no dead-locks occur during the simu-
lation process.

The greatest advantage of the developed PDA environment is that these dif-
ferent schedule approaches easily fit into each other, which is necessary to
perform a comprehensive modeling of both optical network layers (s. Fig. 2.1).

Processing of results: Different post-processing methods can be used to prepare
the outcomes for 3D-visualization (e.g., using Matlab, etc.) or for other soft-
ware packages (e.g., SPW, etc.), which are better suited, e.g., for the design
of electrical devices. In addition, the real-time monitoring of data structures
allows for an easier investigation of alternatives.

The PDA environment consists of a pre-compiled software kernel that offers low-level
access to computer system resources and allows dynamic linkage of particular func-
tionality at run-time. Its scripting capability allows the programming of arbitrary
optimization routines. Parameter variations of the current simulation can be con-
trolled using results of previous simulations. This eliminates the need to evaluate
and optimize network designs through manual repetition. Interactive simulations
allow an immediate evaluation of different parameters at run-time.

2.3 Developed C++-Class Libraries

Unfortunately, the Ptolemy software is not equipped with models for optical net-
work components (e.g., laser, optical amplifier, receiver, etc.), which could be used
for computer aided design of optical networks. Therefore, the basic idea was to
build sharply focussed object libraries, which can be easily embedded into existing
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software environments, such as Ptolemy. The source code of the PDA environment
is structured as shown in Fig. 2.4. For the different requirements, four C++-class
libraries were developed. The choice of the C++ programming language was based
on the need for an efficient and object oriented design. In comparison to available
software covering the physical effects of optical components, mostly written in C
or FORTRAN, this approach promises the development of better maintainable and
reusable software components. The following list gives a more detailed description
of each library.

Figure 2.4: Developed C++-class libraries.

Library of optical components: This library contains the algorithms that math-
ematically describe the transfer characteristics of the network components. For
the different kinds of components (e.g., optical filters, single-mode fibers, etc.),
individual C++ classes were designed. The next chapter gives a more detailed
overview of these models.

Mathematical library: This library contains mathematical algorithms (e.g., for
interpolation, integration, differentiation, etc.) that are needed to solve numer-
ically the mathematical models that represent optical components or optical
sub-systems. Most of these routines are optimized with respect to memory
usage and execution time. For models, which are computed in the frequency
domain, this library supports the (inverse) fast Fourier transformation (FFT).
The chosen FFT algorithms (FFTW) were developed at the Massachusetts
Institute of Technology (MIT).

According to the authors, FFTW is usually faster (and sometimes much faster)
than other available Fourier transform programs. Moreover, FFTW’s perfor-
mance is portable, because FFTW automatically adapts itself to the machine,
the cache, the memory size, and all the other factors that normally make it



2.3. DEVELOPED C++-CLASS LIBRARIES 15

impossible to optimize a program for more than one machine. Even if one
wants to run the same program on two binary-compatible machines that have
completely different performance characteristics, FFTW will run optimally on
both, without requiring recompilation of the program.

Library for basic objects: All the above listed libraries are based on elementary
objects like strings, lists, or maps. Therefore, the public GNU library was
chosen. For storage and manipulation of simulation data, respective vector
classes were developed, which were optimized with respect to memory usage
and access time.

ONSL library: To speed up the simulation performance of photonic systems, an
optical network simulation layer (ONSL) has been developed. This C++-class
library contains the definition of data structures, which are needed to perform
efficient modeling of optical networks.

Figure 2.5: Supported base-band transformations. 1) Multiple WDM channels are rep-
resented by a common complex field envelope (full field approach). 2) Each
WDM channel is represented by its own complex field envelope (frequency
decomposition approach). The frequencies ν1 · · · νN and f1 · · · fN denote
the carrier frequencies of the WDM channels before and after application
of the base-band transformation, respectively, and |A(f)|2, |Ai(f)|2, i ∈
[1, 2, 3, · · · , N ] denote spectral power density of the envelopes.

With respect to optical networks based on WDM, this library supports two
different types of base-band transformations (s. Fig. 2.5). In the general ap-
proach, the different WDM channels are represented by a joined complex field
envelope and an additional parameter νref , which holds the information of the
absolute frequency location of the envelope. The base-band transformed car-
rier frequency of each channel is given by the difference between its absolute
frequency and the chosen reference frequency fN = νN −νref . In the literature,
this approach is often called the full-field approach, because it takes care of the
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whole occupied bandwidth of a WDM signal. If the WDM channels are well
separated in frequency, a simpler base-band transformation, the frequency de-
composition approach can be applied. In this case, each of the WDM channels
is represented by its own complex field envelope and an additional parameter,
which stores its absolute frequency position. The basic idea of the frequency
decomposition approach is to increase the simulation speed by splitting the
large occupied bandwidth of a WDM signal into several parts of smaller band-
width. The speed of the numerical calculation can be increased, if the expense
for modeling the inter-channel dependencies (e.g., XPM, SRS, etc.) is less than
the gain due to splitting the bandwidth. The ONSL library also supports sam-
pling rate conversion, data storage, and the conversion of the above described
types of base-band representations into each other. Figures 2.6, 2.7 show the
top-level window of the PDA environment and the graphical representation of
a 16x40 Gbit/s WDM system, respectively.

Figure 2.6: Graphical representation of the module libraries. Left, the top-level window
of the PDA environment is shown. It establishes access to the libraries,
which can be used to model optical networks. The right figure shows a sub-
window, which gives access to models that can be used to build up an optical
transmission link.
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Figure 2.7: Graphical representation of a 16x40 Gb/s WDM transmission system where
the optical transmitters are modeled as sub-systems. The transmission path
is modeled by cascading a transmission section, which consists of sSMF,
DCF, and two EDFAs. The number of cascades is controlled by the param-
eter setting of the loop switches (MUX: multiplexer, sSMF: standard single
mode fiber, DCF: dispersion compensating fiber, EDFA: erbium-doped fiber
amplifier, PIN: photodiode, SA: spectrum analyzer, MZM: Mach-Zehnder
modulator).





Chapter 3

Optical Module Library

Transparent optical transmission links are usually divided into the transmitter sec-
tion, the transmission path, and the receiver section. Their classifications are as
manifold as the different components these three parts consist of. Typically, they
are characterized by the modulation type of the transmitter (e.g., OOK using exter-
nal or direct modulation of the laser device, FSK, etc.), the type of transmission
fiber (e.g., sSMF, TWF, DSF, etc.), the amplification technique (e.g., EDFA, SLA,
distributed Raman amplification, etc.), or their receiver concept (e.g., direct detec-
tion, heterodyne detection). This chapter gives an overview of the models for active
photonic components and filters, which are integrated in the developed PDA environ-
ment. Section 3.1 introduces the different modeling concepts for optical transmitter
devices, Section 3.2 explains the modeling techniques for optical amplifiers, Sec-
tion 3.3 is devoted to modeling of optical filters, and Section 3.4 summarizes the
modeling techniques for optical receiver devices. A description of the developed mod-
els for passive components (e.g., coupler, splitter, etc.) can be found elsewhere (e.g.,
[1], etc.).

19
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3.1 Modeling of the Optical Transmitter

The key to the success of multi-gigabit transmission systems lies in high performance
optical transmitters and receivers. Although there are many types of modulation
formats, in the PDA environment presented here, the most commonly used modu-
lation techniques were implemented for both incoherent and coherent transmission
systems (s. Fig. 3.1). For on-off keying transmission systems, component models for
direct modulation of the laser current as well as models for externally modulated
laser devices are available. Appendices A - E list the mathematical descriptions of
the sub modules (e.g., information source, continuous wave laser, modulator, etc.) a
transmitter model can be built up. For on-off keying, which is currently the preferred
modulation technique in transparent optical core networks, the following sections
introduce its generation by direct and external modulation of the laser device.

Figure 3.1: Overview of the modulation techniques within the PDA environment
(s.a. Appendices A-E).

3.1.1 Direct Modulation of the Laser

On-off keying can be generated by direct modulation of the laser current, where the
data signal directly modulates the gain of the laser. Using this simple concept, no
additional component is needed to perform the modulation of the continuous wave
output of the laser. The relationship between the optical output power and the
electrical input current can be examined by the rate equations, which govern the
interaction of electrons and photons in the active region of the laser device. For



3.1. MODELING OF THE OPTICAL TRANSMITTER 21

mono-mode lasers, these equations [97, 17] can be written in a normalized form

dÑc

dt
=

Ibias + imod(t)

τeIth
− Ñc

τe
−
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(
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)}
|Ẽ|2
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+ FÑc

(t), (3.1)

dẼ
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=
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[
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(
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)
− 1

]
Ẽ + FẼ(t), (3.2)

where Ñc denotes normalized carrier density, G̃ is normalized laser gain, and Ẽ de-
notes the complex field envelope. Whereas the carrier density and the laser gain
are normalized to their values at laser threshold, the complex field envelope is nor-
malized so that its absolute square corresponds to the laser’s total output power
for an injection current of Ibias = 2 Ith, where Ith denotes the threshold current.
In Eq. (3.1), τe denotes carrier lifetime and imod(t) is the modulated current. The
spontaneous emission and the discrete nature of the carrier generation and recom-
bination are modeled by time dependent Langevin noise sources FẼ(t) and FÑc

(t)
[6, pp. 99 - 100], respectively. The photon lifetime

τph = ngr/ [c0(αc + αi)] (3.3)

depends on the group index ngr, the coupling losses αc, and the internal cavity losses
αi, where c0 is the velocity of light in vacuum. The real part � and the imaginary
part � of the laser’s time dependent complex gain G̃ are given by

�
{
G̃

}
=

(
GcÑc − Gc + 1

)
·
(
1 − κ̃|Ẽ|2

)
, (3.4)

�
{
G̃

}
= αlGcÑc − αlGc + 4πτph∆fl, (3.5)

respectively, where αl is linewidth enhancement factor, ∆fl accounts for an addi-
tional offset of the laser’s emission frequency, and κ̃ defines the normalized nonlinear
gain suppression factor. In Eqs. (3.4) - (3.5),

Gc =
Γc0τphNth

ngr
gd (3.6)

denotes the gain coefficient, which is determined by the optical confinement factor
Γ, the differential gain coefficient gd, the photon lifetime τph, the group index ngr,
and the carrier density at laser threshold Nth. Due to the normalization of the laser
gain, G̃|κ̃=0,∆fl=0 = 1 at laser threshold. The recombination rate due to spontaneous
emission and nonradiative transition is linearized around the carrier density at laser
threshold

R̃R(Ñc) = Ñc/τe. (3.7)

Equations (3.1), (3.2) are numerically solved using 5th order Runge-Kutta algorithm
with an adaptive step size control. The SOP of the laser’s output signal is assumed
to be linearly polarized. The basic source code for this laser model was provided by
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TU-Berlin [97]. In this work, the coding was improved and the model was adapted
to the developed optical network simulation layer (ONSL).

As can be seen in Fig. 3.2, for high bit rates beyond 2 Gb/s, the complex dynamics
of the coupling between the electron and photon densities within the laser cavity
cause strong pulse distortions. These difficulties arise because the transition in the
laser current not only changes the gain within the laser cavity, but also changes the
real part of the refraction index within the cavity, which causes shifts of the lasing
frequency and broadening of the spectrum. To eliminate chirp, external modulation
technique seems to be promising and is discussed in the next section.
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Figure 3.2: Laser response due to direct modulation of the laser current for different bit
rates.

3.1.2 External Modulation of the Laser

The technology of lithium-niobate external modulators meets the requirements for
digital transmission systems with bit rates up to 40 Gb/s [125]. In contrast to
the direct modulation of the laser, the advantages of external modulation are the
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high modulation bandwidth, the very low modulation distortion, the high extinc-
tion ratio, and excellent spectral purity of the transmitted signal. Unlike direct
modulation of the laser diode, external modulators can be operated with zero or
adjustable chirp, which helps to reduce system degradations associated with the
chromatic dispersion of fibers. External modulators can be separate devices or can
be integrated onto the laser chip. For both approaches, there are a number of possi-
ble candidate devices [65, pp. 399 - 400]. In this work, only models for the commonly
used non-integrated Mach-Zehnder modulator and the integrated electro-absorption
modulator have been developed. They are described in more detail in the following
sections.

Mach-Zehnder Modulator (MZM)

For external modulation of a laser source, Mach-Zehnder modulators (s. Fig. 3.3) can
be used. In the MZM, the incoming light of the laser is split into two optical paths.
Due to the electro-optic effect, the electric field applied by the electrodes changes
the relative velocity of the light beams in the two arms, which results in variable
interferences when the two beams are recombined. Because the voltage induced
change in the refraction index is small, either large voltages or long electrodes are
needed to obtain sufficient modulation. The bandwidth per unit drive voltage is the
figure of merit for the design and optimization of high-speed MZMs. To achieve high
modulation bandwidth and low drive voltages simultaneously, MZMs use traveling
wave electrodes. Such devices also require low conductor loss. Based on Ti:LiNbO3,
modulators with a 3-dB RF-bandwidth of 75 GHz and a switching voltage of Vπ = 5V
are reported [91].

Figure 3.3: Schematic of an interferometric modulator, where k1
2/(1−k1

2) and k2
2/(1−

k2
2) are the power splitting ratios of the input and the output Y-branch,

respectively. ∆Φ1(t) and ∆Φ2(t) denote the electro-optically induced phase
shifts in the two arms of the interferometer.

The output of Mach-Zehnder modulator shown in Fig. 3.3 is given by [65, p. 401]

�Eout = �Ein {aMZM exp(j∆Φ1(t)) + bMZM exp(j∆Φ2(t))} , (3.8)

with aMZM = k1k2e
−α1

2
L and bMZM =

√
1 − k2

1

√
1 − k2

2 · e−α2
2

L,

where ∆Φ1(t) and ∆Φ2(t) are the time dependent phase shifts in the two arms of the
interferometer and a2

MZM and b2
MZM , respectively, take care of the power splitting
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ratios of the input Y-branch and the output Y-branch as well as the propagation
losses α1,2 in the two waveguide arms of length L. Under the condition k2

1 = k2
2 = 1

2

and no differential waveguide propagation loss (α1 = α2 = α), Eq. (3.8) simplifies
to

�Eout = �Eine−
α
2

L cos

[
∆Φ1(t) − ∆Φ2(t)

2

]
exp

[
j δMZM(t)

∆Φ1(t) − ∆Φ2(t)

2

]
, (3.9)

where

δMZM(t) =
∆Φ1(t) + ∆Φ2(t)

∆Φ1(t) − ∆Φ2(t)
, (3.10)

denotes the chirp parameter. Another characteristic parameter of the MZM is the
α-parameter

α(t) = 2p(t)
dφ(t)/dt

dp(t)/dt
, (3.11)

which represents the ratio of phase- to amplitude modulation, where p(t) and φ(t) are
the instantaneous power and phase, respectively, at the output of the modulator. In
general, the α-parameter is a function of the modulator type, the modulation depth,
and the operating point. Using Eq. (3.11) and Eq. (3.9), the α-parameter in terms
of phase shifts is given by

αMZM(t) = −
d ∆Φ1(t)

dt
+ d ∆Φ2(t)

dt
d ∆Φ1(t)

dt
− d ∆Φ2(t)

dt

cot
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2

)
. (3.12)

The relation between drive voltage and phase shift can be modeled, e.g., by a conver-
sion coefficient ρ [31], which is in general different for the two electrodes. Introducing
the modulation voltage Vm(t) and the switching voltage Vπ at which the phase shift
∆Φ1(t) − ∆Φ2(t) changes by π, Eq. (3.12) reduces to

αMZM(t) = −ρ1 + ρ2

ρ1 − ρ2
cot

(
π

2

Vm(t)

Vπ

)
= −δMZM cot

(
π

2

Vm(t)

Vπ

)
. (3.13)

For such a modulator, the chirp factor δMZM is independent of time and does not de-
pend on drive voltage. At quadrature point, where Vm(t) = 0.5 Vπ, the α-parameter
and chirp parameter have opposite sign

αMZM = −δMZM . (3.14)

The principal attraction of the Mach-Zehnder modulator is the ability to produce
nearly perfect intensity modulation when ∆Φ1(t) = −∆Φ2(t). In this case, the
phase modulation is zero and chirp-free transmission is guaranteed. The Y-branches
of the 1x1 Mach-Zehnder modulator (s. Fig. 3.3) can be replaced by 3-dB directional
couplers to build up Mach-Zehnder switch-modulators, which are very versatile de-
vices [65, p. 400]. Simple and accurate methods to measure the chirp parameter are
reported in [30, 106].
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Electro-Absorption Modulator (EAM)

Electro-absorption modulators are used either in WDM to generate intensity mod-
ulated light or in OTDM networks for high speed ultra short pulse generation [47]
and processing [34]. They operate through a voltage-controlled absorption of light
and can be produced using either bulk semiconductor material or multiple quantum
wells (MQW) within the intrinsic region of a PIN diode [123]. EAMs based on bulk
semiconductor material use the Franz-Keldysh effect (FKE), whereas MQW-EAMs
take advantage of the quantum-confined Stark effect (QCSE). Recently, it was shown
that both effects can be used in parallel to linearize the transfer characteristic of
waveguide modulators [123]. At system level, EAMs can be described by their power
transfer characteristic [83]

| �Eout|2(t) = | �Ein|2 exp−
{

[Vbias + Vm(t)]

V0

}kEAM

, (3.15)

where | �Eout|2 is the optical output power, | �Ein|2 is the effective power of the input
light including the insertion loss, V0 and kEAM are constants, and Vbias, Vm(t) are
the applied bias and modulation voltage, respectively. Equations (3.11), (3.15) can
be used to calculate the complex field envelope at the output of the modulator

�Eout(t) = �Ein

{
exp−

{
[Vbias + Vm(t)]

V0

}kEAM

}(1+jαEAM)/2

, (3.16)

where αEAM defines the ratio of phase to intensity modulation. The parameter
kEAM is approximately 2 for EAMs based on bulk semiconductor material using the
FKE and 3 - 4 for MQW-EAMs [83].
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3.2 Optical Amplifiers

In today’s WDM systems, the number of channels and therefore, their total capacity
is limited by the bandwidth of the conventional C/M-band (1530 - 1570 nm) EDFAs.
Widening the gain bandwidth of optical amplifiers is the primary issue in enlarging
the capacity of WDM systems. Beside using the transmission windows of 800 nm and
1300 nm where thulium-doped fluoride fiber amplifiers and praseodymium-doped
fluoride amplifiers have been established [32], a big effort has been undertaken to
investigate new hosts and dopants, which are able to provide sufficient gain in the
lower wavelength region (1450 - 1530 nm) and the higher wavelength region (1570 -
1650 nm) of the low-loss fiber transmission window between 1450 - 1650 nm, where
the attenuation coefficient of the transmission fiber is below 0.3 dB/km. Whereas

for the shorter wavelength region (S+-band) thulium-doped fiber amplifiers (TDFA)
are very promising, gain shifted EDFAs (GS-EDFA) provide sufficient gain for signal
amplification in the longer wavelength region (L-band) [67].

Figure 3.4: Available amplification methods within the 1450 - 1650 nm low-loss fiber
transmission window (modified from [66]).

Erbium-doped tellurite-based fiber amplifiers (EDTFAs) and wide-band (e.g., 1.3 dB
bandwidth of 76 nm [81]) hybrid fiber amplifiers, which consist of an EDFA and a
multi-wavelength pumped fiber Raman amplifier (FRA) are also used to extend the
transmission window to higher wavelengths. Most promising is the use of stimulated
Raman scattering where transmission and amplification of the signal are done in
the same medium. Recently it was shown that by adjusting the pump powers and
the wavelength of the pumps, Raman amplification in a bandwidth of 100 nm and a
gain ripple of 1.1 dB could be achieved [70]. Figure 3.5 gives an overview of available
techniques for optical signal amplification in the developed PDA environment.
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Figure 3.5: Overview of the available optical amplification techniques within the PDA
environment (s.a. Section 4.2).

3.2.1 Erbium Doped Fiber Amplifier

With the experimental demonstration of high-gain erbium-doped amplification for
1550 nm lightwave transmission systems, there was a need to establish sufficiently
accurate models to design EDFAs. To design amplifiers, which are characterized by
high gain, low noise, and a low pump power threshold, a number of models have
been presented in the last few years [28, 29, 45]1. All these models are based on first-
order rate and propagation equations, but differ with respect to their complexity and
applied numerical algorithms. Figure 3.6 shows the schematic of an EDFA, which
consists of an erbium-doped fiber and two wavelength selective couplers, which are
used to launch the pump power into the fiber. Because the amplification and noise
performance of EDFAs depends on the spectral and spatial distributions of the
optical power as well as on the spatial distribution of the erbium doping in the fiber,
it is useful to express the intensity of light propagating through the erbium-doped
fiber by [120]

Iw(�r, λ) = Sw(z, λ) · Ψw(x, y, λ), (3.17)

where the x- and y-components of the position vector �r represent the transversal
coordinates and z is the propagation axis, λ denotes wavelength, Sw(z, λ) is the spec-
tral power density (unit: W/m), and Ψw(x, y, λ) describes the wavelength-dependent
transverse distribution (unit: 1/m2) of the radiation field of the propagating modes.
Integration over the transverse coordinates allows multi-mode pumping as well as

1An overview of existing EDFA models can be found in [8, p. 79]
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Figure 3.6: Bidirectionally pumped EDFA (�Ein: complex field envelope at input, �Eout:
complex field envelope at output, WSC: wavelength selective coupler, IS: iso-
lator, P+

p : Pump power in forward direction, P−
p : Pump power in backward

direction)

arbitrary distribution of the erbium doping to be considered. The optical power
propagating in the fiber in one direction can be obtained by integrating the spectral
intensity Iw(�r, λ) over the wavelength and the fiber cross-area. Optical light-waves
may propagate bidirectionally. For this reason, the spectral power density is pro-
vided with a superscript ± so that S+

w and S−
w correspond to the lightwaves prop-

agating in the positive (+z) and negative (-z) direction, respectively. The EDFA
model considers a three level energy diagram (s. Fig. 3.7), where levels 1 ,2, 3 cor-
respond to the ground, meta-stable, and pump level, respectively. The meta-stable
level is characterized by the fluorescence lifetime τf = 1/AR

21, where AR
21 denotes the

radiative decay from the meta-stable to the ground level.

Figure 3.7: Energy level diagram corresponding to a basic three-level laser system, where
the laser transition occurs between the meta-stable level (2) and the ground
level (1). The symbols Wij, AR

ij , and ANR
ij (i, j ∈ [1, 2, 3]) denote the

stimulated emission and absorption rates, the radiative spontaneous decay
rates, and the nonradiative spontaneous decay rates, respectively (modified
from [28, p. 6]).

In Fig. 3.7, Wij denote a probability of the stimulated transition between the en-
ergy levels i → j. For example, the stimulated transitions of the pump wave are
described by the factors W13 and W31, where the transition 1 → 3 corresponds to
the absorption of pump photons and 3 → 1 to the generation of new photons at the
pump wavelength. To obtain the total rate of transitions i → j per unit volume, the
probability Wij must be multiplied by the density of erbium ions NE

i occupying the
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i-th energy state. The amplification and absorption rates are described by the terms
W21N

E
2 and W12N

E
1 , respectively. The spontaneous transitions from the upper to

the lower level i → j, i > j are described by the probabilities AR
ij and ANR

ij where
the superscripts “R” and “NR” denote the radiative and nonradiative transitions,
respectively. Taking only the relevant spontaneous decay rates AR

21 and ANR
32 into ac-

count, the time-dependent densities of the erbium ions occupying the energy levels 1
through 3 can be described by the following rate equations [28, p. 6]

dNE
1

dt
= −W13N

E
1 + W31N

E
3 − W12N

E
1 + W21N

E
2 + AR

21N
E
2 , (3.18)

dNE
2

dt
= W12N

E
1 − W21N

E
2 − AR

21N
E
2 + ANR

32 NE
3 ,

dNE
3

dt
= W13N

E
1 − W31N

E
3 − ANR

32 NE
3 .

Since in the framework of the three-level scheme any erbium ion can occupy only
one of the three levels, a sum of the densities, NE

1 (�r, t) + NE
2 (�r, t) + NE

3 (�r, t) =
NE

dop(�r) = const, yields the total density of the erbium ions NE
dop, which is time-

independent and is determined by the doping process. Due to the extended lifetime
of the excited erbium ions in level 2 ((AR

21)
−1 ≈ 10 ms), the EDFA does not show

amplification variation during one bit duration. Its saturated gain depends only
on the average power of the optical signals. In contrast to the SLA, the channel
crosstalk is effectively suppressed irrespective of the transmission rate. Therefore,
Eqs. (3.18) are solved in the steady state regime where the populations NE

i (�r),
i ∈ [1, 2, 3] are time invariant. This condition is applicable for CW beams, or
those modulated at frequencies greater than 10 kHz [44]. Assuming, that the pump
level population NE

3 (�r) = NE
dop(�r) − NE

1 (�r) − NE
2 (�r) = 0 is negligible due to the

predominant nonradiative decay rate ANR
32 >> W13,31 toward the metastable level 2,

Eqs. (3.18) can be written in the form [28, p. 7]

NE
2 (�r) =

W12(�r) + W13(�r)

W12(�r) + W13(�r) + W21(�r) + AR
21

· NE
dop(�r), (3.19)

NE
1 (�r) = NE

dop(�r) − NE
2 (�r),

whereby the effects of pump and signal exited state absorption (ESA), where atoms
can be excited to a fourth energy level by absorption of photons from the metastable
level 2 are neglected. In Eqs. (3.19), the transition probabilities Wij(�r) with i, j ∈
[1, 2, 3] are expressed in terms of the wavelength dependent emission and absorption
cross-sections σwij

(λ) according to [49]

Wij(�r) =

∫ ∞

0

λ

h · c0
· σwij

(λ)
[
S+

w (z, λ) + S−
w (z, λ)

]
Ψw(x, y, λ) dλ, (3.20)

where the spectral power densities S+
w (z, λ), S−

w (z, λ) include the contributions of the
pumps, signals, and noise. The signal’s absorption (σw12(λ)) and emission (σw21(λ))
cross-sections are functions of the wavelength and determine the EDFA’s efficiency.
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The variation of the spectral power density along the propagation axis of the EDFA
can be described by [49]

d

dz
S±

w (z, λ) = ±Mp h c2
0

λ3
gw21(z, λ) ± (3.21)

± [gw21(z, λ) − gw12(z, λ) − αf ] S
±
w (z, λ),

where the first term on the right describes the noise contribution of the amplified
spontaneous emission (ASE) and the second term describes the stimulated transi-
tions. The factor Mp summarizes the ASE contributions in all modes propagating in
the fiber. In the case of a single-mode fiber this constant is Mp = 2, corresponding
to the two degenerated polarization states. The coefficients gwij

(z, λ) are calculated
from the overlap integral of the transverse distribution of the density of erbium ions
occupying the i-th energy state and the transverse intensity distribution Ψw(x, y, λ)
according to [49]

gwij
(z, λ) = σwij

(λ)

∞∫
−∞

∞∫
−∞

NE
i (�r) Ψw(x, y, λ) dx dy. (3.22)

In Eq. (3.21), αf denotes the fiber loss, which can be significant in fibers having
high water content, scattering from devitrification in high-index cores, or in
fibers that are lightly doped for use as distributed amplifiers [43]. For numerical
integration using 5th order Runge-Kutta method, Eqs. (3.21) - (3.22) are discrete in
the z-axis, the wavelength range, and the fiber radius. The results of the numerical
computations according to Eq. (3.21) yield the signal power and ASE noise power in
the specified wavelength region at the output of the amplifier. The model supports
co-directional, counter-directional, and bidirectional pumping of the erbium-doped
fiber.

The basic FORTRAN source code for this model was provided by T-Systems Nova
GmbH [49]. In this work, the source code was converted to C, the coding was
improved, and the model was adapted to the developed optical network simulation
layer (ONSL).

3.2.2 Black Box EDFA Model

To match experimental measurements and simulations, the wavelength dependencies
of the amplifier gain and noise figure with respect to the EDFA’s input power and
it’s saturation behavior need to be considered. Therefore, so called “Black Box”
models can be derived from the above rate equation model [10, 16]. The “Black
Box” EDFA models are based on measured dynamic gain and noise power spectra
and do not assume any knowledge of the amplifier’s internal passive components.
Based on standard spectral measurements, the complete optical fiber amplifier can
be characterized including it’s passive components such as isolators, equalizing fil-
ters, or couplers. Using the measurement data, the “Black Box” model calculates the
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EDFA’s spectral gain and noise behavior for any possible operating status. There-
fore, the wavelength dependent gain tilt coefficient

Ti(λ) =
log G0(λ) − log G1(λ)

log G0(λm) − log G1(λm)
(3.23)

is calculated from two reference measurements G0(λ), G1(λ) of the EDFA’s dynamic
gain under two different saturation conditions with a large signal at saturation wave-
length λm[16]. The entire gain behavior of the EDFA can then be described by one
of the reference gain curves, e. g., log G1(λ), and the tilt coefficient Ti(λ) according
to

log G(λ, ∆G) = log G1(λ) + Ti(λ) · ∆G, (3.24)

where ∆G specifies the gain difference log G(λm) − log G1(λm) at saturation wave-
length λm. From Eq. (3.24), the spectral ASE noise power density at the output of
the amplifier is given by

SASE =
[
10NF(λ)/10 · G(λ, ∆G) − 1

]
h ν, (3.25)

where NF (λ) is the noise figure of the amplifier in dB and hν is photon energy.
Whether the output power or the gain of the model is fixed, the EDFA is operated
in constant power or gain mode, respectively.

3.2.3 Simplified EDFA Model

Modeling the EDFA based on a 2-level energy scheme, the total power at the output
of the amplifier is given by [92]

| �Eout|2 = | �Ein|2G︸ ︷︷ ︸
amplified input signal

+ Mp nsphν(G − 1)∆ν,︸ ︷︷ ︸
amplified spontaneous emission noise

(3.26)

where nsp describes the inversion population of the amplifier, |Ein|2 denotes input
power, hν is photon energy, Mp is the number of considered degenerated polarization
modes, ∆ν is optical bandwidth, and G denotes the gain of the amplifier. The noise
figure of the optical amplifier is given by the ratio of the signal to noise ratio at the
input to the signal to noise ratio at the output

NF =
SNRin

SNRout
=

< |∆EASE|2 > + < |∆Evac|2 >

G < |∆Evac|2 >
(3.27)

=
1

G
[1 + 2nsp (G − 1)]

where < |∆EASE|2 >= nsphν(G− 1)∆ν, < |∆Evac|2 >= 1
2
hν ∆ν is the noise power

of vacuum fluctuations per polarization mode in the bandwidth ∆ν, and < · >
denotes expectation. For high gain (G >> 1), Eq. (3.27) simplifies to NF ≈ 2nsp.
Such a model is quiet sufficient to estimate the OSNR in WDM systems, in the case
when the spectral shape of the amplifier’s gain can be neglected.
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3.2.4 Semiconductor Laser Amplifier (SLA)

The SLA is similar to a laser, but instead of reflective cleaved facets, the facets of
the SLA are coated with anti-reflection coating. They can be designed for 1300 nm
and 1500 nm transmission windows. Because the SLA is highly nonlinear in satu-
ration, SLAs are mainly used as optical line amplifiers or pre-amplifiers for single
channel amplification. Their nonlinear characteristic is used to provide all-optical
wavelength conversion. Dynamic effects within semiconductor laser amplifiers be-
come significant when the pulse width is close to the carrier lifetime. The interaction
among the injected current, the carrier density, and the optical input signal can be
described by the rate equation for the carrier density

dNc

dt
=

I

qVa

− RR(Nc) − RST (Nc), (3.28)

where Nc denotes the carrier density, I is the injected current, Va is the active
volume, q is the elementary charge, RST is the recombination rate due to stimulated
emission, and

RR(Nc) = ARNc + BRN2
c + CRN3

c , (3.29)

is the recombination rate that includes spontaneous emission and non-radiative
transitions, where AR (linear recombination constant), BR (spontaneous bipolar
recombination constant), and CR (Auger recombination constant) are coefficients
characterizing the different recombination processes. In Eq. (3.28), the stimulated
recombination rate

RST (Nc) =
Γgm(Nc)Pav(t)L

Vahν
, (3.30)

is determined by the length of the amplifier L , the material gain per unit length gm,
the average path power Pav, the active volume Va, the optical confinement factor Γ,
Planck’s constant h, and the frequency of the optical input signal ν. The material
gain per unit length of a SLA is given by

gm(Nc) = gd · (Nc − N0c), (3.31)

where gd is the differential gain coefficient and N0c is the carrier density at which
the active region of the SLA becomes transparent. The average path power

Pav(t) =
1

L
| �Ein(t)|2

∫ L

0

G(t, z)dz = | �Ein(t)|2 exp [gn(Nc) L] − 1

gn(Nc) L
, (3.32)

is calculated by integrating the total gain

G(t, z) = exp [gn(Nc)z] , (3.33)

over the length of the amplifier (here, Nc(z) = const is assumed), where

gn(Nc) = Γgm(Nc) − αi (3.34)
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denotes the net gain per unit length and αi accounts for any optical loss within the
laser cavity, which does not yield a generation of carriers within the active region
(e.g., scattering losses). Eq. (3.28) is solved numerically using 5th order Runge-
Kutta method with an adaptive step size control. After Nc(t) is numerically found,
the complex field envelope at the output of the amplifier is calculated according to

�Eout(t) = �Ein(t) exp

{
(1 + jαl) Γ gm L − αiL

2

}
, (3.35)

where the linewidth enhancement factor αl accounts for the coupling between the
gain and refractive index of the amplifying medium. This model neglects the spon-
taneous emission noise and its amplification. Nevertheless the model is useful, e.g.,
to study the effect of crosstalk or frequency conversion in optical cross-connects.
The basic source code for this model was provided by the HHI. In this work, the
coding was improved and the model was adapted to the optical network simulation
layer (ONSL).
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3.3 Optical Filters

Optical transmission systems contain optical filters to reduce the influence of wide-
band noise of optical amplifiers, to enable the de-(multiplexers) functionality within
WDM point-to-point links, or to allow channel selection in optical cross-connects and
add/drop nodes. This section discusses different modeling approaches with respect
to calculation time and shows how the phase- and amplitude transfer characteristics
of optical filters influence optical signal transmission.

3.3.1 Implementation

Different types of optical filters are used in optical transmission systems, which differ
in their technologies (e.g., Fabry-Perot filters, grating filters, interference filters, etc.)
and parameters (e.g., insertion loss, bandwidth, etc.). From a system design point of
view, optical filters can be characterized by their complex impulse response g

OF
(t).

Mathematically, the complex field envelope at the output of an optical filter

�Eout(t) = �Ein(t) ⊗ g
OF

(t) (3.36)

is given by the convolution of its complex amplitude impulse response and the com-
plex field envelope at input �Ein(t). In cases, where �Ein(t) is represented by huge
numbers of discrete samples, Eq. (3.36) can be solved more efficiently in the fre-
quency domain (s. Tab. 3.1). Using fast Fourier transformation (FFT), the output
signal in the time domain is given by

�Eout(t) = FFT−1{FFT [ �Ein(t)] · GOF (f)}, (3.37)

where GOF (f) denotes the spectral amplitude transfer characteristic of the optical
filter.

Number of samples Speed up factor

16 0.27
32 0.43
64 0.8
128 1.4
256 2.6
512 4.7
1024 7.5
2048 14.1
4096 26.0

Algorithm Relative number of
real multiplications

base 2 1
base 4 0.7
base 8 0.6
base 16 0.58

Table 3.1: Left, improvement of FFT-Method in comparison to convolution in the time
domain for different number of samples [12, p. 246]. Right, relative number
of real multiplications in comparison to a base 2 FFT algorithm.

As can be seen in Tab. 3.1, the calculation speed can be improved by using FFT
algorithms with a higher base. Depending on the coding of the algorithms, different
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implementations of the FFT algorithm can differ significantly with respect to execu-
tion time. This PDA environment uses the fastest available base 2 FFT algorithm
(s.a. page 15) to solve Eq. (3.36) in the frequency domain . Appendix F gives an
overview of the implemented types of optical filters.

3.3.2 Effect of Bandwidth Narrowing

To show the influence of optical filters within all-optical transmission paths, an
8x8 arrayed-waveguide grating (AWG) (de)multiplexer with a channel spacing of
100 GHz was examined. The AWG had an insertion loss of 4.5 dB, 1-dB bandwidth
of B1dB = 22 GHz, and a 3-dB bandwidth of B3dB = 38 GHz. Figure 3.8 shows
the resulting power transfer characteristics for a cascade of N (N=1, 10, 15) filters.
As can seen in Fig. 3.8, the 3-dB bandwidth for the total power transfer functions
narrows to B10 ≈ 13.6 GHz for a cascade of 10 filters and to B15 ≈ 10 GHz for a
cascade containing 15 filters.

Figure 3.8: Normalized power transfer characteristic for a cascade of N (N = 1, 10, 15)
AWGMs. Lines with black markers show measured values, whereas lines
with white markers show fit using Bessel-filter characteristics [19].

Figure 3.9 shows the experimental loop set-up, used to examine the influence of
bandwidth narrowing with respect to tolerable receiver sensitivity penalty. To re-
duce the influence of chromatic dispersion, the loop consists of 75 km dispersion
shifted fiber (D = -0.2 ps/(nm·km) at λ=1555 nm) and 2 EDFAs to overcome the
attenuation of the fibers and the additional loop elements (e.g., switches, couplers,
etc.).
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Figure 3.9: Loop set-up to study bandwidth narrowing due to cascading in optical filters
[19].

Figure 3.10: Measured and simulated receiver sensitivity penalties for N= 1, 10, 15 loop
round trips [19].
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An additional filter within the loop (B3dB =1 nm) is used for noise reduction. Fig-
ure 3.10 shows the measured and simulated receiver sensitivity penalties correspond-
ing to the loop set-up shown in Fig. 3.9 after N=1, 10, 15 loop round trips. The
receiver sensitivity penalty for a constant BER (for measurement simplification
BER =10−7) depends on the number of round trips and on the frequency detun-
ing ∆fd of the AWGM’s center frequency from the carrier frequency (s. Fig. 3.10).
With increasing number of round trips, these curves exhibit a characteristic with
two penalty minima. This can be explained by different segments of the signal spec-
trum arriving at the receiver. For an increasing number of round trips the AWGM’s
passband narrows and cuts a part of the signal’s spectrum, which results in an
increased receiver sensitivity penalty. Adjusting the center of the AWGM’s pass-
band to the optical carrier frequency, a double sideband ASK signal with an upper
frequency band cut-off is transmitted, as shown in Fig. 3.10. A certain frequency
detuning of the (de)multiplexers passband (∆fd = ±5.5 GHz) results in a ”quasi
single-sideband” ASK transmission, where clearly better cascadability performance
is obtained [19].

3.3.3 Phase Characteristics

In Fig. 3.11 the measured amplitude and group delay characteristics versus wave-
length are shown for different commercially available AWGs. For both filters, a
slope in the group delay of about τg ≈ −2 ps/nm was measured, which results in
additional chromatic dispersion caused by the phase characteristics of the filters [19].

(a) 1x8 AWG, manufacturer #1 (b) 1x8 AWG, manufacturer #2

Figure 3.11: Amplitude and group delay characteristics (channel 4) of AWG
(de)multiplexers from two different manufacturers [19].

Using these two AWGs as test devices (s. Fig. 3.9), fiber loop experiments (s. Fig. 3.9)
were carried out to show the influence of the amplitude and phase characteristics
within an all optical transmission path. Figure 3.12 shows the measured receiver
sensitivity penalties after 30 loop roundtrips for each of the investigated AWGs. If
the passband of the AWGs is aligned to the center frequency of the test signal, 30
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(a) 1x8 AWG, manufacturer #1 (b) 1x8 AWG, manufacturer #2

Figure 3.12: Receiver sensitivity penalties after 30 loop round trips, corresponding to
the measured amplitude and phase characteristics shown in Fig. 3.11 [19].

loop round trips result in no additional penalty. Because of the bandwidth limited
amplitude transfer characteristics of the filters, changes in the center wavelength
of the signal cause an additional receiver sensitivity penalty (s. Fig. 3.12). Fig-
ure 3.12 (b) also shows the effect of negative receiver sensitivity penalties, which can
be explained by changes of total chromatic dispersion within the loop due to the
detuning of the signal wavelength. Because the total amount of chromatic dispersion
at signal wavelength is given by the residual chromatic dispersion of the dispersion
shifted fiber and the chromatic dispersion caused by the AWGs, the total amount
of chromatic dispersion changes by detuning the transmitter wavelength from the
center frequency of the optical filter. Depending on the sign and the amount of
both sources of chromatic dispersion, they can reduce or enlarge the amount of
total chromatic dispersion and the corresponding penalties.
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3.4 Optical Receiver

In addition to the most commonly used direct detection receivers, this PDA envi-
ronment also supports coherent detection techniques for homodyne and heterodyne
detection. Figure 3.13 gives an overview of the implemented detection techniques.
This section also explains the different methods for BER estimation and introduces
measures to quantify the performance of an optical transmission system.

Figure 3.13: Overview of the detection techniques within the PDA environment (s.a. Ap-
pendix H).

3.4.1 APD/PIN Receiver

In general, an optical receiver consists of a photo-detector and an electrical amplifier.
The photo-current generated per unit of optical power is given by the responsivity
of the photo-detector

R =
ηq

hν
, (3.38)

where η denotes the quantum efficiency, h is Planck’s constant, q is the electron
charge, and ν is the frequency of the incident optical signal. The generated electrical
current is given by

is(t) = R Pin(t) MA = R
(|Exin

(t)|2 + |Eyin
(t)|2) MA = MA igen(t), (3.39)

where Pin(t) is the optical input power, Exin
(t) and Eyin

(t) are the x- and y-polarized

components of the detector’s complex field envelope at its input �Ein(t), and MA is
the Avalanche multiplication factor. The one-sided spectral shot noise power density
of the photo-detector is given by [69, p. 256]

Nshot = 2 q(igen + id)M
2
ANF (MA) + 2 q isl, (3.40)

where id, isl are the dark and surface-leakage current of the detector and

NF (MA) = kAPDMA + (2 − 1/MA)(1 − kAPD) (3.41)
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is the noise figure of the APD associated with the random nature of the Avalanche
process, which is characterized by the ionization coefficient kAPD. The one-sided
thermal noise power density, caused by the photo-detector’s internal resistance and
the noise figure of the electrical amplifier can be directly specified. The output
current of the receiver model is given by

iout(t) = is(t) + ishot(t) + ith(t) + MA id + isl, (3.42)

where ishot(t) and ith(t) denote the generated shot and thermal noise current, both
modeled as white Gaussian noise processes (s. Appendix C). For MA =1, the model
describes the behavior of a PIN photodiode. More complex receivers, such as the
optical pre-amplifier receiver shown in Fig. 3.14, can be built up as sub-systems by
concatenation of the appropriate optical and electrical component models.

3.4.2 Optical Pre-Amplifier Receiver (OPR)

To overcome the thermal noise limits of the optical receiver, today’s high speed
direct detection transmission systems use optical pre-amplifier receivers. In order
to get higher sensitivity, however, EDFAs pumped at 980 nm are preferable to those
pumped at 1480 nm because of their lower noise property [104]. Figure 3.14 shows a

schematic of the receiver. The incoming light �Ein is amplified by an optical amplifier
with gain G and passed through an optical band-pass filter, which limits the optical
bandwidth Bo of the receiver. At the photodiode, the electric fields of the signal and
noise are squared and the detected current is electrically amplified. The low-pass
filter (often called post-detection filter) determines the electrical bandwidth Be of
the receiver. After sampling, the digital information is recovered by the decision
circuit and the BER is calculated. In general, the OPR could be modeled as an
optical sub-system, by concatenation of the models for each of its optical/electrical
components (e.g., optical amplifier, optical filter, PIN, etc.).

Figure 3.14: Schematic of an optical pre-amplifier receiver (OPR) where G is amplifier
gain, Bo is optical bandwidth, and Be is electrical bandwidth of the receiver.

Because generation of noise processes is very time consuming and largely determines
the execution time of a receiver model [7], semi-analytical approaches are required
to determine the time dependent signal current is(t) and noise power σ2

total(t) for
BER estimation. If the input signal of an OPR can be described by semi-classical
theory of square-law detection [28, p. 163], where the photodiode’s input signal of
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deterministic amplitude �Es(t) is linearly superimposed on a ASE noise field �EN ,
the signal current and electrical noise power after electrical filtering can be directly
calculated, which greatly reduces the execution time of the receiver model. Including
the time response characteristics of the linear and time invariant components within
the electrical transmission path up to the decision circuit gEF (t), the signal current
after electrical filtering2 is then given by

is(t) = R
(
|Esx

(t)|2 + |Esy
(t)|2

)
⊗ gEF (t), (3.43)

where Esx
(t) and Esy

(t) are the x- and y-polarized components of the complex field
envelope at the input of the photodiode and R is the responsivity of the photodiode
given by Eq. (3.38). The time dependent electrical noise power after electrical
filtering

σ2
total(t) = σ2

s−ASE(t) + σ2
shot(t) + σ2

ASE−ASE + σ2
th, (3.44)

can be treated as the sum of statistically independent Gaussian noise processes,
where σ2

s−ASE(t) and σ2
shot(t) denote the time dependent signal-ASE and shot noise

power, respectively, σ2
ASE−ASE is the ASE-ASE noise power, and σ2

th is the receiver’s
thermal noise power. Assuming a constant ASE noise power density within the
optical bandwidth Bo for both polarization modes

SASE(f) = SASEx(f) = SASEy(f) =

{
SASE for −Bo/2 ≤ f ≤ Bo/2,
0 otherwise

(3.45)
and under the condition that SASE(f) can be treated as a constant within the
frequency range of the electrical filter GEF (f), the terms in Eq. (3.44) can be derived
from [101, 64] to

σ2
s−ASE(t) = 4R2SASE

(|Esx(t)|2 + |Esy(t)|2
) ⊗ g2

EF (t), (3.46)

σ2
shot(t) = 2qR(|Esx

(t)|2 + |Esy
(t)|2) ⊗ g2

EF (t) + (3.47)

2qRMpSASEBo

∫ ∞

0

|GEF (f)|2 df,

σ2
ASE−ASE = 2 MpR

2S2
ASE

∫ ∞

0

(Bo − f)|GEF (f)|2 df, (3.48)

σ2
th =

4kBT

RL

∫ ∞

0

|GEF (f)|2 df, (3.49)

where Mp ∈ [1, 2] is the number of considered polarization modes and RL is the load
resistor. For an input signal consisting of an x-polarized CW signal Ps = |Esx

(t)|2
and assuming an uniform frequency characteristic of the optical and electrical filters
with Be ≤ Bo/2, Eqs. (3.46) - (3.49) reduce to [28, p. 165]

σ2
totalCW

= 2qR(Ps + MpSASEBo)Be︸ ︷︷ ︸
σ2

shot

+ 4R2PsSASEBe︸ ︷︷ ︸
σ2

s−ASE

+

MpR
2S2

ASE

[
2BeBo − B2

e

]︸ ︷︷ ︸
σ2

ASE−ASE

+ 4kBTR−1
L Be︸ ︷︷ ︸

σ2
th

. (3.50)

2If the electrical signal path contains nonlinear elements, this approach can not be used.
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Figure 3.15 shows the electrical noise powers for an OPR by varying of the sig-
nal input power operating in constant gain (30 dB) and constant power mode
(Bo =100 GHz, Be =10GHz, NF =5dB, ν =193.41 THz, T =300 K, RL =100 Ω,
R = 1, Mp = 2). For input powers above -40 dBm, the total noise power is domi-
nated by the signal-ASE noise power, whereas for input powers below -40 dBm, the
ASE-ASE noise power determines the total noise power. In constant power mode,
the gain of the amplifier is adjusted to give a signal power of 0 dBm at the input
of the photodiode. Also in this mode, the signal-ASE noise power is the dominant
noise power.
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Figure 3.15: Electrical noise power contributions in an OPR for operation in constant
gain (left) and constant power (right) mode, where IN = R SASEBo and
IS = R Ps .

3.4.3 Estimation of the Bit Error Ratio (BER)

Calculation of the bit error ratio (BER) at the receiver is of major interest in the
design of digital communication systems and is discussed in many publications
[22, 57, 95, 104, 68, 27, 119, 2, 78, 79, 63, 89, 54]. Because the required BER
of these systems is in the region of 10−12 or lower, even their experimental char-
acterization using loop test beds can be very time consuming (s. Tab. 3.2). To
simulate BER, different approaches such as Monte Carlo simulation [7], importance
sampling, extreme value technique, or the tail extrapolation technique have been
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proposed. The following subsection discusses the techniques for BER estimation,
which are supported by the PDA environment.

Monte-Carlo Simulation

The bit error ratio BERMC = Nerrors/Nbits is calculated by the relative frequency
of the simulated bit errors, where Nerrors is the number of counted errors at the
decision circuit and Nbits is the number of total simulated bits. The most important
advantage of the Monte-Carlo approach is the possibility to address a confidence
interval of the calculated BER. For example, assuming a relative uncertainty of 50%,
for a BER of 10−9 and an error probability of 5%, 23 · 109 bits need to be simulated.
Because the numerical models of optical components are usually very complex and
their computation is very time consuming (e.g., Split-Step algorithm for the fiber
simulation [1, pp. 50 - 54]), today’s computers are not able to perform Monte-Carlo
simulations for bit error ratios in the region of 10−9 − 10−15 in a reasonable time
and therefore are only of scientific interest.3

αMC = 10% αMC = 5% αMC = 1% αMC = 0.11%
εMC = 100% 5 8 13 22
εMC = 50% 16 23 40 65
εMC = 10% 298 423 730 1191
εMC = 1% 27331 38800 67021 109390

Table 3.2: Required errors to achieve a relative uncertainty εMC and an error probability
αMC [7].

Parametric Density Estimation

Parametric density estimation can be used, if the probability density functions
(PDFs) of the marks and spaces at the decision circuit can be described by functions,
whose parameters can be estimated from the empirical moments [13, pp. 682 - 683]

mk =
1

N

N∑
i=1

Xk
i , k ≥ 1 (3.51)

or the centered empirical moments [13, pp. 682 - 683]

µk =
1

N − 1

N∑
i=1

(Xi − m1)
k, k ≥ 1, N > 1 (3.52)

of the statistical process at sampling time, where k denotes the order of the empirical
moment and N is the number of samples. The higher the order of a moment the
more samples are required to estimate the moments close to the true moments of
the statistical process (several 1,000, 10,000, and 100,000 samples are required for a

3The results of a Monte-Carlo simulation of an optical transmission system can be found in [7].
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sufficient estimation of the first, second, and third order moments [41]). Using the
first two empirical moments, the probability density of the marks or spaces at the
decision circuit can be described by a Gaussian distribution

p̂Gauss(x) =
1√

2πσ2
exp

(−(x − x̄)2

2σ2

)
, (3.53)

with σ2 = µ2, x̄ = m1

whose mean value x̄ is given by the first empirical moment m1 and variance is de-
scribed by the second centered empirical moment µ2. Considering the third centered
empirical moments µ3 , the probability density function of the marks or spaces can
be sufficiently approximated, e.g., by the Web-Mc-Intire-Conradi (WMC) probabil-
ity density function [42]

p̂WMC(x) =
1√

2πσ2
(
1 + (x−x̄)

x̄
aWMC

)3
exp

[
1

2σ2

−(x − x̄)2

1 + (x−x̄)
x̄

aWMC

]
, (3.54)

with σ2 = µ2, x̄ = m1, aWMC =
µ3x̄

3µ2
2

, and

x ∈



(−∞, +∞) for µ3 = 0
(−∞, x̄ (1 − 1/aWMC)) for µ3 < 0
(x̄ (1 − 1/aWMC) , +∞) for µ3 > 0.

Because in general the real probability density function of the marks and spaces is
not known and in the case of pulses, which are distorted by GVD, SPM, XPM, or
Raman, it can not be described by a Gaussian or WMC distribution itself, there
exists the possibility to approximate the PDF of the marks and spaces by a number of
superimposed Gaussian or WMC PDFs, whose parameters are estimated separately.
Whereas for ISI effects (e.g., due to optical and electrical filtering of NRZ signals)
the PDF of marks and spaces can be approximated by 4 different PDFs each [115],
for signal distortions due to XPM or Raman scattering, which commonly result
in much more discrete amplitude levels than in the case of ISI, the PDFs of the
marks and spaces can be approximated by the PDF estimated for each bit of the
simulated pseudo random bit sequence. Therefore, the pseudo random bit sequence
is processed several times through the receiver (several 1,000 times to estimate a
Gaussian distribution and several 10,000 times to estimate a WMC distribution
assuming a 1024 bits long sequence [41]) to allow a convenient approximation of
each probability density function. To calculate total BER, the cumulative density
function (CDF) of the Gaussian distribution [42]

P̂Gauss(x) =
1

2
erfc

(
x − x̄√

2σ2

)
, (3.55)

or the Webb-McIntyre-Conradi distribution [42]

P̂WMC(x) ≈
2
√

1 + (x−x̄)
x̄

aWMC

2 + (x−x̄)
x̄

aWMC

1√
2π

∣∣∣∣∣
√

σ2

x − x̄

∣∣∣∣∣ exp


 −(x − x̄)2

2σ2
(
1 + (x−x̄)

x̄
aWMC

)

 ,
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for P̂WMC(x) < 10−3, (3.56)

are multiplied with the probability of each of the considered amplitude levels ŝi at
sampling time according to

BER(Xthr) =

Nmarks∑
i=1

ŝiP̂k,i(Xthr) +

Nspaces∑
j=1

ŝj(1 − P̂k,j(Xthr)), (3.57)

k ∈ [WMC, Gauss],

where Nmarks, Nspaces are the number of considered amplitude levels for marks and
spaces, respectively. The threshold level Xthr can be optimized numerically with
respect to achieve minimum BER.

Assuming that the PDF of uniformly distributed marks (ŝmarks = 1/2) and
spaces (ŝspaces = 1/2) are approximated by a Gaussian distribution, Eq. (3.57)
reduces to

BER(Xthr) =
1

4

[
erfc

(
m′1′ − Xthr√

2σ2
′1′

)
+ erfc

(
Xthr − m′0′√

2σ2
′0′

)]
, (3.58)

where m′1′ , σ
2′1′ and m′0′ , σ

2′0′ denote the mean and the variance of the marks and
spaces, respectively, Xthr is the threshold value, and erfc(x) = 2√

π

∫ ∞
x

exp(−q̃2)dq̃
denotes the complimentary error function. To reduce simulation time, the simulator
considers the following cases:

Joint propagation of signal and noise: If the interaction between ASE noise
and the signal can not be neglected4, the ASE noise and the signal are jointly
propagated through the fibers and optical components. Due to the squaring
of the electric field at the photodiode, beating terms between the signal and
noise are generated and the resultant current consists of the signal current as
well as the signal-ASE and ASE-ASE noise terms. In the electrical domain,
the time dependent shot noise and the thermal noise of the receiver are added
as statistically independent white Gaussian noise processes. After post de-
tection filtering and synchronization with the transmitted bit sequence, the
first 3 moments are estimated for up to N separate PDFs5. The total BER is
calculated according to Eq. (3.57).

Separate propagation of signal and noise: In cases, where the interaction be-
tween ASE noise and the signal can be neglected, the ASE noise is represented
by its noise power density and kept separate from the signal during simula-
tion. After processing the signal and ASE noise separately through the optical

4For example, this is the case when a signal of high power and ASE noise is jointly propagated
through DSFs, where strong interaction between the noise and the signal occurs due to the DSF’s
low local dispersion.

5Here, N is the number of bits of the received bit sequence or the number of distinguished bit
patterns.
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components of the transmission link, the electrical signal current and time de-
pendent electrical noise power are calculated according to Eqs. (3.46) - (3.49).
The main advantage of this approach is the reduced number of samples, which
are required to approximate the probability density function (PDF) of the
received signal at the sampler because the PDF of the noise processes are
assumed to be Gaussian with means and variances according to Eqs. (3.46) -
(3.49). This approach promises to be accurate and fast for system optimization
in cases where the tails of the PDF of the marks and spaces are determined
by the overlay of the Gaussian noise distributions and not by the mostly non-
Gaussian distribution of the deterministic signal itself. The drawback of this
approach is the assumption of a Gaussian distribution for the signal-ASE as
well as the ASE-ASE noise components, which slightly overestimates the BER
for the optimum decision threshold [79] but also does provide a fair estimate
of the BER [28, p. 186]. More accurate BER values can be obtained by con-
sidering the actual PDF of the noise at sampling time related to timing jitter
and the other system impacts as proposed in [127, 64].

Figure 3.16 shows the eye diagrams of a 10 Gb/s NRZ signal propagated through
25 loops of a 100% pre-compensated dispersion map with about 80 km amplifier
spacing and launch powers into the sSMF/DCF of 0 dBm (s.a. Chapter 5), where
the receiver is modeled using the above described approaches. In Fig. 3.16(a), the
accumulated ASE noise of the optical amplifiers in the transmission path is added
to the complex field envelope of the signal and jointly processed by the photodiode
(s. Section 3.4.1).
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Figure 3.16: Eye diagrams of a 10 Gb/s NRZ signal after post-detection filter (a)
with and (b) without incorporated noise after transmission through 25
loops of pre-compensated normalized sections with PDCF = PsSMF = 0 dBm
(s.a. Chapter 5).

After electrical filtering, the resultant current contains the deterministic part of
the signal as well as the signal-ASE noise power σ2

s−ASE, ASE-ASE noise power
σ2

ASE−ASE, shot noise power σ2
shot, and thermal noise power σ2

th. The eye diagram in
Fig. 3.16(b) shows the received current after electrical filtering without noise, where
the typical interaction of GVD, SPM, and ISI, which is caused by the optical and
electrical filters, are more clearly seen than in Fig. 3.16(a). To compare the two
different approaches Eq. (3.44) is extended to
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σ2
totalsymbol

(t) = σ2
s−ASE(t) + σ2

shot(t) + σ2
ASE−ASE + σ2

th + σ2
symbol(t), (3.59)

with symbol ∈ [000, 001, 010, 011, 100, 101, 110, 111],

where σ2
symbol(t) quantifies the residual electrical noise power given by the variance of

the deterministic signal for a given bit sequence (000 · · ·111) after electrical filtering.
In Figs. 3.17(a), 3.17(b), the time dependent signal current and electrical noise
powers are shown. In the case of adding the ASE noise to the complex field envelope,
the bit sequence of 1024 bits was repeated 100 times with different optical and
electrical noise sequences to get a sufficient estimation of the noise power (x-marked
curves in Fig. 3.17). For the semi-analytical estimation of the electrical noise power
(o-marked curves in Fig. 3.17), no noise sequences needed to be generated. The
receiver model’s execution time could be greatly reduced by directly calculating the
electrical noise powers using Eqs. (3.46) - (3.49), (3.59).

(a) Means (b) Variances

Figure 3.17: Means m1(t) and variances σ2
totalsymbol

(t) of the 000 · · · 111 bit patterns
of a 10 Gb/s NRZ signal after post-detection filtering (circles show semi-
analytical approach, x-marks show numerical approach). The receiver con-
sists of an optical rectangular filter: Bo = 100 GHz and an electrical Gauss
filter: f3dB = 7.5 GHz. The thermal noise was chosen to 10 pA/

√
Hz and

the receiver’s shot noise for an average signal input power Pave = 0 dBm was
considered.
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3.4.4 Measures of Quantity

To compare experiments and simulations simpler quantities than the BER are usu-
ally used [11]. Of most interest are quantities, which can be derived from simulations
without long calculation times.

Eye Opening Penalty (EOP)

To quantify system performance, often the eye opening penalty is used. The eye
opening penalty is defined as [11]

EOPdB = 10 log
EORef

EOx
, (3.60)

where EORef is the eye opening (EO) of the reference eye and EOx denotes the
opening of the eye under investigation.
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Figure 3.18: Eye diagrams for different system impacts.

Figure 3.18 shows eye diagrams for different system impacts and the reference eye.
Figure 3.18(b) shows that the influence of 20 dB homodyne crosstalk, results in an
eye opening penalty of about ≈ 0.63 dB. In addition, Fig. 3.18(c) and Fig. 3.18(d)
show the impact of chromatic dispersion on a 10 Gb/s NRZ signal after transmis-
sion through 80 km standard single mode fiber (D = 17 ps/(nmkm)) in the linear
(launch power -13 dBm) and the nonlinear power regime (launch power 13 dBm), re-
spectively. In practice, the comparison of eye opening penalties between simulations
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and experiments for a deterministic impairment, e.g. XPM, is difficult because in ex-
periments the eye opening is always determined by the noise processes. Considering
the standard deviations in the definition of the eye opening penalty

3σ-EOPdB = 10 log
(m′1′ − 3 σ′1′ − m′0′ − 3 σ′0′)Ref

(m′1′ − 3 σ′1′ − m′0′ − 3 σ′0′)x

(3.61)

helps to overcome these difficulties. In Eq. (3.61), m′1′ , m′0′ and σ′1′ , σ′0′ refer to the
means and standard deviations of the marks and spaces, respectively, at sampling
time of the reference eye (Ref) and the eye (x) under investigation.

Receiver Sensitivity Penalty (RSP)

In practice, the back-to-back characteristics of an optical transmission system are de-
termined, by measuring BER versus the received input power when the transmitter
and the receiver are directly connected.
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Figure 3.19: BER vs. received power for the back-to-back case and additional ASE noise
powers (within the optical bandwidth Bo = 100 GHz) at the input of the
photododiode. The markers show the calculated receiver sensitivity penalty
after Eq. (I.11) for Bo = 100 GHz, Be = 10 GHz, NF = 5dB, ν = 193.41 THz,
T = 300 K, RL = 100 Ω, Pc = 1 mW, Mp = 2, and Ext = 12 dB.

The average received power required to achieve a BER = 10−9 is called the receiver
sensitivity6. To quantify the influence of an optical transmission path (e.g., dis-
persion, noise, etc.), the receiver sensitivity penalty specifies the additional average
power required at the receiver to achieve the same BER as in the case of the back-
to-back measurement. In the simulator, the RSP is derived from the BER according
to Section 3.4.3. Figure 3.19 gives an illustration of the RSP due to additional ASE
noise at the receiver, where the RSPs are calculated according to Eq. (I.11).

6other BER values are also often used, e.g. BER=10−12
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Q-factor

A frequently used quantifier is the Q-factor, which is given by [28, p. 178]

Q = (m′1′ − m′0′) /

(√
σ2

′1′ +
√

σ2
′0′

)
, (3.62)

where m′1′ , m′0′ and σ2′1′ , σ
2′0′ are the means and the variances of the marks and

spaces at sampling point, respectively.



Chapter 4

Modeling of
Single-Mode Fibers

This chapter discusses a commonly used approach to model single-mode fibers by
taking into account chromatic dispersion and nonlinear index effects. After a dis-
cussion of the linear and nonlinear fiber propagation effects such as attenuation,
dispersion, self-phase modulation (SPM), cross-phase modulation (XPM), four wave
mixing (FWM), stimulated Brillouin scattering (SBS), stimulated Raman scattering
(SRS), a novel approach for the description of bidirectional wave propagation is
presented. Thereafter, typical simulation scenarios are discussed and the results of
comparisons between simulations and measurements are shown.

4.1 Propagation Equations and Physical Effects

The propagation of optical waves in single-mode fibers is governed by Maxwell’s
equations assuming a free source and a nonmagnetic medium

curl�E(�r, t) = −∂ �B(�r, t)

∂t
, (4.1)

curl �H(�r, t) =
∂ �D(�r, t)

∂t
, (4.2)

div �D(�r, t) = 0, (4.3)

div �B(�r, t) = 0, (4.4)

where �E is the electric field vector, �H is the magnetic field vector, �D is the electric
flux density, and �B is the magnetic flux density. The flux densities and the fields
are related by

�D(�r, t) = ε̂ �E(�r, t) = ε̂0
�E(�r, t) + ε̂0 χe

�E(�r, t) = ε̂0
�E(�r, t) + �P(�r, t) (4.5)

�B(�r, t) = µ̂0
�H(�r, t), (4.6)

where µ̂0 is the vacuum permeability, ε̂0 is the vacuum permittivity, ε̂ is the per-
mittivity of the medium, and �P(�r, t) is the electric polarization of the medium,

51
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interpreted as the dipole moment per unit volume. In linear, homogeneous, and
isotropic media, the electric susceptibility tensor χe is given by a product of scalar
and identity matrix. To account for fiber nonlinearities, the electric polarization can
be written in a power series expansion

�P(�r, t) = �P(1)(�r, t) + �P(2)(�r, t) + · · ·+ �P(n)(�r, t), n → ∞, (4.7)

= �PL(�r, t) + �PNL(�r, t), (4.8)

where the linear polarization term is given by

�PL(�r, t) = ε̂0

+∞∫
−∞

χ(1)
e (�r, t − t′) · �E(�r, t′) dt′. (4.9)

Because of the centerosymmetric material structure of undoped silica fiber, the
polarization parts with even order are zero. Higher order processes (n > 3) of odd
order are as a rule extremely weak and can be neglected. Thus, all relevant fiber
nonlinearity results from the third order polarization term

�PNL(�r, t) = �P(3)(�r, t) (4.10)

= ε̂0

∫ +∞∫
−∞

∫
χ(3)

e (t − t1, t − t2, t − t3)
...�E(�r, t1)�E(�r, t2)�E(�r, t3) dt1 dt2 dt3,

which is characterized by the cubic susceptibility that is a fourth rank tensor, hav-
ing 81 elements. Assuming an isotropic fiber material, due to its complete spa-
tial symmetry, the number of independent tensor elements is reduced to three for
near-resonant operation and to one for off-resonant operation [15, p. 194]. Equa-
tions (4.1) - (4.5) can be used to derive the basic equation that governs the pulse
propagation in nonlinear dispersive fibers

curl curl�E(�r, t) + µ̂0ε̂0
∂2 �E(�r, t)

∂t2
= −µ̂0

∂2 �PL(�r, t)

∂t2
− µ̂0

∂2 �PNL(�r, t)

∂t2
, (4.11)

where the nonlinear polarization �PNL(�r, t) accounts for the radiation of light at
frequencies that may differ from those of incident waves, and which may propagate
in different directions. In Cartesian coordinates, �E(�r, t) is given in the form

�E(�r, t) = Ex(t)�ex + Ey(t)�ey + Ez(t)�ez, (4.12)

where Ex(t), Ey(t), Ez(t) are the field vector components and �ex, �ey, �ez are the unit
vectors along the coordinates x, y, and z, respectively. Applying the slowly varying
envelope approximation1, the solution of Eq. (4.11) is assumed to consist of a slowly
varying envelope function and a function that describes the transversal electric field
distribution of the wave. Under the assumptions that

1The second derivatives with respect to z are neglected in Eq. (4.11).
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• the input wave is x- or y-polarized and propagates in +z- direction,

• �PNL is treated as a small perturbation to �PL,

• the polarization of the electric field is maintained along the fiber,

• the spectrum of the electric field is centered at the frequency f0 and has a
spectral width of ∆f � f0,

• the index difference between core and cladding is small (weakly guiding ap-
proximation),

the slowly varying envelope approximation2 of Eq. (4.11) becomes [1]

∂

∂z
A(z, tn) = − α

2
A(z, tn)︸ ︷︷ ︸

attenuation

+ j
β2

2

∂2A(z, tn)

∂t2n︸ ︷︷ ︸
first order GV D

+
β3

6

∂3A(z, tn)

∂t3n︸ ︷︷ ︸
second order GV D

(4.13)

− jγ|A(z, tn)|2A(z, tn)︸ ︷︷ ︸
Kerr effect

where A(z, tn) is the slowly varying complex field envelope, which is normalized so
that |A(z, tn)|2 is optical power, α is attenuation coefficient, and β2 and β3 refer
to the second and third order terms in the Taylor series expansion of the mode-
propagation constant at carrier frequency 2πf0, respectively. Eq. (4.13) is normal-
ized in time such that tn = t − z/vg, where vg is the group velocity at the carrier
frequency 2πf0. The parameter

γ =
2πf0n2

c0 Aeff
(4.14)

refers to the nonlinearity coefficient, where f0 is the center frequency of the light
wave, c0 denotes the velocity of light in vacuum, and n2 is the fiber’s nonlinear
index coefficient. If the fundamental fiber mode in Eq. (4.13) is approximated by a
Gaussian distribution of the form

F (x, y) = exp

[
−(x2 + y2)

w2

]
, (4.15)

the effective core area

Aeff =

(
+∞∫
−∞

+∞∫
−∞

|F (x, y)|2dx dy

)2

+∞∫
−∞

+∞∫
−∞

|F (x, y)|4dx dy

(4.16)

is found to
Aeff = πw2, (4.17)

2A detailed derivation of Eq. 4.13 can be found in [73, 1].
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where w is the mode-width parameter, typically 4–5µm in the 1.5-µm region.
Equation (4.13) is often referred to as the generalized nonlinear Schrödinger equa-
tion (GNLSE) and can be applied to spectral widths of the envelope ∆f � 1.6 THz
[1, p. 37].

In general, the third-order response function in silica optical fibers has two dominant
time scales [9]. The first is an instantaneous time scale associated with the electronic
response and leads to an intensity dependent refractive index, which is referred to as
Kerr nonlinearity. The second time scale is associated with molecular vibrations and
cannot be considered to be instantaneous because molecules respond over a period
of 50 - 100 fs [52]. To take these different time scales into account, the nonlinear
response of the material is described by

R(t) = (1 − fr) δ(t)︸ ︷︷ ︸
electronic contributions

+ fr hr(t)︸ ︷︷ ︸
molecular contributions

, (4.18)

and normalized in a manner that
∞∫

−∞
R(t) dt = 1. In Eq. (4.18), δ(t) is the delta

function and fr represents the fractional contribution of the delayed Raman response
function hr(t). Under these assumptions, Eq. (4.13) can be extended to [1, p. 47]

∂

∂z
A(z, tn) = − α

2
A(z, tn)︸ ︷︷ ︸

attenuation

+ j
β2

2

∂2A(z, tn)

∂t2n︸ ︷︷ ︸
first order GV D

+
β3

6

∂3A(z, tn)

∂t3n︸ ︷︷ ︸
secondorder GV D

− (4.19)

− j (1 − fr)γ|A(z, tn)|2A(z, tn)︸ ︷︷ ︸
Kerr effect

−

− j (fr)γA(z, tn)

∫ ∞

−∞
hr(τ)|A(z, tn − τ)|2dτ︸ ︷︷ ︸

Raman effect

.

To account for polarization effects like PMD, Eq. (4.13) needs to be extended to
handle the x- and y-polarization components of the incident electric field (s. Ap-
pendix G). Besides the finite-difference method, the split-step Fourier3 method is
the most important method to solve Eq. (4.13) and Eq. (4.19) for single and multi-
channel pulse-propagation problems in lossy nonlinear dispersive media. A compari-
son of the perturbation method, the recently proposed Volterra series approach, and
the commonly used split-step Fourier method with respect to robustness, numerical
load, execution time, and accuracy still favours the split-step Fourier method as
the optimum choice for solving the GNLSE [74]. The following sections discuss the
propagation effects in single-mode fibers in more detail.

3A detailed description of the split-step Fourier method can be found in [1, pp. 50 - 55].
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4.1.1 Attenuation

The attenuation of a fiber is caused by absorption and scattering processes and
depends on the wavelength of light (s. Fig. 4.1) . The intrinsic loss factors are infra-
red absorption, ultraviolet absorption, and Rayleigh scattering. The wavelength-
independent waveguide and micro-bending scattering as well as absorption due to
impurities are the extrinsic loss factors. Quantitatively, the attenuation can be

Figure 4.1: Fiber attenuation characteristics (modified from [46, p. 92]).

treated as a frequency dependent attenuation coefficient α(ν), which accounts for
the total fiber loss at frequency ν. Neglecting dispersion and nonlinear effects in
Eq. (4.19), the complex field envelope at propagation distance z is given by

A(z, ν) = A(0, ν) e−
α(ν)

2
z, (4.20)

where A(0, ν) denotes the launched complex field envelope at fiber input and ν
denotes optical frequency.

4.1.2 Chromatic Dispersion

The total chromatic dispersion within single-mode fibers is caused by material
dispersion and waveguide dispersion. Material dispersion refers to the frequency-
dependent refractive index n(ν) of the transmission medium, which leads to
frequency dependent group velocities for the different spectral components of a light
source and is characteristic of the material only. In single-mode fibers a second type
of dispersion, waveguide dispersion, plays an important rule. Waveguide dispersion
arises because the way in which the waves match the boundary conditions at
the core cladding interface depends on their frequency [46, p. 82]. To a first
approximation both dispersion effects, waveguide and material dispersion, can be
added algebraically to the chromatic dispersion. Because waveguide dispersion
depends on the fiber core structure, the doping of the core and the cladding,
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changes in waveguide dispersion are used to design fibers with different chromatic
dispersion characteristics. Figure 4.2 shows the different amounts of waveguide
dispersion and material dispersion for a standard single-mode fiber (sSMF) and for
a dispersion shifted fiber (DSF). For DSF, the total dispersion minimum is adjusted
to coincide with the attenuation minimum by choosing an appropriate waveguide
dispersion characteristic.

(a) DSF (b) sSMF

Figure 4.2: Dispersion characteristics for different fiber types (modified from [46,
pp. 82, 84]).

The effect of dispersion can be mathematically described by expanding the mode
propagation constant β(ω) in a Taylor series at ω0 = 2πc0/λ0

β(ω) = β0 + β1(ω − ω0) +
1

2
β2(ω − ω0)

2 +
1

6
β3(ω − ω0)

3 + · · · (4.21)

where

βm =

(
∂mβ

∂ωm

)
ω=ω0

, (m = 0, 1, 2, · · ·). (4.22)

The chromatic dispersion coefficient D(ω0) and its slope S(ω0) are related to
Eqs. (4.21) by

β2 = −2πc0

ω2
0

D(ω0), (4.23)

β3 =

(
2πc0

ω2
0

)2 (
ω0

πc0

D(ω0) + S(ω0)

)
. (4.24)

For wide-band WDM systems, it is important to take into account the frequency
dependent chromatic dispersion coefficient within a wide spectral range. This can
be achieved by fitting D(ω) and choosing higher order terms in the Taylor series
expansion than β3. Another way is to directly integrate β2(ω) twice with respect to
ω to calculate the frequency dependent propagation constant β(ω). The integration
constant within this process can then be used to calibrate the group velocity as well
as the phase velocity.
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4.1.3 Self- and Cross-Phase Modulation (SPM, XPM)

Self-Phase modulation is caused by the intensity dependence of the refraction index
and leads to broadening of the signal spectrum in the absence of GVD. In the
presence of GVD, the SPM induced chirp combines with the linear induced chirp
caused by chromatic dispersion. Because in the normal dispersion region (D < 0)
both types of chirp have the same sign, SPM leads to additional pulse broadening.
In the anomalous dispersion region (D > 0) both chirps have opposite signs, so that
SPM compensates for the pulse broadening due to GVD. While SPM affects the
propagating wave as a result of its own intensity, XPM influences a propagating wave
due to the intensity of its co-propagating waves. Figure 4.3 shows the interaction of
XPM, SPM, and GVD for a two channel WDM system. Using Eq. (4.13), neglecting
the dispersion effects (β2 = β3 = 0), and assuming that the attenuation coefficient
of the fiber does not depend on frequency, the total induced nonlinear phase change
for the complex field envelopes of both channels results in [1, p. 305]

φNL1 =
2πν1n2(1 − e−αL)

c0 α Aeff


A1(t)A

∗
1(t)︸ ︷︷ ︸

SPM

+ 2A2(t)A
∗
2(t)︸ ︷︷ ︸

XPM


 , (4.25)

φNL2
=

2πν2n2(1 − e−αL)

c0 α Aeff


A2(t)A

∗
2(t)︸ ︷︷ ︸

SPM

+ 2A1(t)A
∗
1(t)︸ ︷︷ ︸

XPM


 , (4.26)

where n2 is the nonlinear index coefficient, ν1, ν2 are the carrier frequencies of the co-
propagating channels, L is fiber length, α is the fiber’s attenuation coefficient, Aeff

is the effective core area, c0 denotes the velocity of light in vacuum, and A1(t), A2(t)
are the complex field envelopes belonging to both channels.

Figure 4.3: Interaction of SPM and XPM in a two channel WDM system. The envelopes
of the waves propagate with different group velocities (vg1 �= vg2).

The factor of 2 on the right hand of Eqs. (4.25) and (4.26) shows that XPM is twice
as effective as SPM. The XPM induced phase change is polarization dependent and
reduces by a factor of 1/3 for orthogonal polarizations of interacting waves. Because



58 CHAPTER 4. MODELING OF SINGLE-MODE FIBERS

pulses at different frequencies propagate through the fiber at different group veloc-
ities, XPM occurs only in the time intervals in which the pulses are superimposed.
Thus increasing GVD decreases XPM efficiency.

4.1.4 Four Wave Mixing (FWM)

Four wave mixing is a third-order nonlinearity caused by the intensity-dependent
refractive index. FWM is a parametric effect in which three waves of frequencies
fi, fj , fk, fk �= fi, fj interact to generate new waves at frequencies fijk = fi+fj±fk.
Beside the non-degenerated FWM where fi �= fj , degenerated FWM occurs for
fi = fj . In cases where the non-depleted pump condition is satisfied, the differen-
tial equations describing the power evolution of the FWM products can be solved
analytically. The power at fiber length L, for the new generated waves considering
co-polarized monochromatic input waves is given by [107]

Pijk(L) =

(
de

3

1 − e−αL

α
γ

)2

· PiPjPke
−αLηijk(L), (4.27)

where the efficiency of the process [58, p. 40]

ηijk(L) =
α2

α2 + ∆β2
ijk

[
1 +

4e−αL sin2(∆βijkL/2)

(1 − e−αL)2

]
(4.28)

is determined by the phase matching condition

∆βijk = β(ωi) + β(ωj) ± β(ωk) − β(ωi + ωj ± ωk), (4.29)

i, j, k = 1, 2, 3, k �= i, j.

In Eqs. (4.27) - (4.29), de is the degeneracy factor (equal to 3 if degenerate FWM
is considered, 6 otherwise), L is the length of the fiber, γ is nonlinearity coeffi-
cient, Pi, Pj, Pk are the input powers of the interacting waves, α is the attenuation
coefficient, and β is the propagation constant.

112f

∆f ∆f

1f 2f 3f

113f

123, 213f

223f

132, 312f

221f 332f 331f

231, 321f

Frequency

Figure 4.4: Generated waves due to FWM, considering 3 input waves (f1, f2, f3), ∆f is
channel spacing.

In optical single-mode fibers, the phase matching condition can be more easily ob-
tained for the waves at fijk = fi + fj − fk as for waves at fijk = fi + fj + fk
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[58, p. 39]. For fijk = fi + fj − fk, the total number of generated mixing products is
NFWM = 1

2
[N3

mcw−N2
mcw] where Nmcw is the number of monochromatic input waves.

Figure 4.4 shows the frequencies for the 9 generated mixing products due to FWM
considering 3 equally spaced monochromatic input waves. To calculate the efficiency
of FWM, which strongly depends on the dispersion characteristic of the fiber, the
propagation constant β(ω) can be expanded in a Taylor series at ω0 = 2πf0

β(ω) =
1

2
β2(ω − ω0)

2 +
1

6
β3(ω − ω0)

3, (4.30)

β2 =
∂2β

∂ω2
|ω0 = − c0

2πf 2
0

D,

β3 =
∂3β

∂ω3
|ω0 =

(
c0

2πf 2
0

)2 (
2Df0

c0
+ S

)
,

where D and S denote the dispersion coefficient and its slope, respectively. Fig-
ure 4.5 shows the efficiency of FWM according to Eq. (4.28) for the 9 mixing prod-
ucts assuming 3 co-polarized monochromatic waves for typical dispersion coefficients
of fibers, used in long haul transmission systems.

Symmetrically around zero dispersion, see Fig. 4.5(c, g):
D =0.0 ps/(nm·km), S =0.08 ps/(nm2·km): This leads to ideal phase
matching for f132, f312 and f221, f223 and therefore to strong nonlinear
distortion of the launched channels.

Near zero dispersion, see Fig. 4.5(b, f):
D =-0.1 ps/(nm·km), S =0.08 ps/(nm2·km): The waves f113, f123, and f213 are
generated with high efficiency that reaches maximum for a frequency spacing
of about 160 GHz and 310 GHz, respectively. The FWM efficiency of these
waves does not fall monotonically with increasing frequency spacing.

Medium dispersion, see Fig. 4.5(a - h):
D =2.5 ps/(nm·km), S =0.08 ps/(nm2·km): For 100 GHz channel spacing, the
FWM efficiency of all mixed products is about 20 dB lower than for D =
-0.1 ps/(nm·km).

High dispersion, see Fig. 4.5(a - h):
D =16ps/(nm·km), S =0.08 ps/(nm2·km): Due to high chromatic dispersion,
the FWM efficiency is very small, less than -40 dB for frequency spacings higher
than 100 GHz.

The intensity of the FWM products depends on the frequency separation and the
intensity of the input waves [107] as well as on their polarization states [60, 61]. To
reduce signal distortion due to FWM, WDM systems can be designed using unequal
channel spacing [38] . This solution becomes insufficient and highly complicated for
WDM systems containing huge number of channels. The effect of FWM in WDM
systems, which consist of sSMF/DCF that usually have high dispersion coefficients,
does not play a dominant role because of the low FWM efficiencies.
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(a) FWM efficiency of f112
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(b) FWM efficiency of f113
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(c) FWM efficiency of f221 = f223
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(d) FWM efficiency of f331

0 100 200 300 400 500 600
−100

−90

−80

−70

−60

−50

−40

−30

−20

−10

0

Frequency separation ∆f / GHz

E
ffi

ci
en

cy
 o

f F
W

M
, η

33
2 / 

dB

D =   0.0 ps/(nm⋅km)
D =   2.5 ps/(nm⋅km)
D = −0.1 ps/(nm⋅km)
D =   16  ps/(nm⋅km)

(e) FWM efficiency of f332
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(f) FWM efficiency of f123 = f213
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(g) FWM efficiency of f132 = f312
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(h) FWM efficiency of f231 = f321

Figure 4.5: FWM efficiency according to Eq. (4.28) (f0 = f2 = 193.41 THz, α =
0.2 dB/km, z =100 km, S = 0.08 ps/(nm2·km)).
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4.1.5 Stimulated Brillouin Scattering (SBS)

Low loss single-mode fibers and high power narrow linewidth lasers give rise to stim-
ulated Brillouin scattering, which limits the optical power that can be transmitted
through a single-mode fiber. SBS can be described as a three wave interaction be-
tween an input (pump) light wave, a scattered (Stokes) light wave, and an acoustic
wave. Thermally excited sound waves produce fluctuations in the refractive index
of the medium. Brillouin scattering occurs when light is Bragg-reflected from this
moving index grating. In that case, the scattered wave is Doppler-shifted by the
Brillouin shift [53]

νB =
2nva

λp

sin(θSBS/2), (4.31)

where va is the acoustic velocity, n is the refractive index, λp is the pump wavelength,
and θSBS is the angle between the incident (Pump) and scattered (Stokes) optical
wave vectors. For each scattering event, the energy conservation law

νp = νs + νa (4.32)

and the momentum conservation law

�kp = �ks + �ka (4.33)

are satisfied. In Eqs. (4.32) - (4.33), the subscripts p, s, a refer to the pump wave,

the Stokes wave, and the acoustic wave, respectively, �k denotes wave vector and ν
denotes the frequency of the interacting waves. Because the acoustic wave velocity
is far smaller than the light velocity (|�kp| ≈ |�ks|), the efficiency of SBS is maximum
if the Stokes and pump wave propagate in opposite directions. The Brillouin gain
spectrum in single-mode fibers depends on their core and cladding structure as well
as on their dopant. Due to inhomogeneities in the fiber cross-section along the
fiber, the Brillouin gain spectrum varies for different fibers and can be as large as
100 MHz near λp = 1.55 µm [1, p. 374]. Thereby, multiple gain peaks in the Brillouin
spectrum (reported in [118, 88]) are caused by higher order guided longitudinal
acoustic waves. If the acoustic wave is assumed to decay as exp(−t/Tp), where Tp is
the phonon lifetime, the Brillouin gain can be characterized by a Lorentzian spectral
profile [1, p. 372]

gB(ν) =
(∆νB/2)2

(ν − νB)2 + (∆νB/2)2
gB(νB). (4.34)

In Eq. (4.34), ∆νB = (πTp)
−1 is the FWHM Brillouin gain linewidth and

gB(νB) =
2πn7p2

12

c0λ2
pρ̃0va∆νB

(4.35)

denotes the Brillouin gain coefficient, where p12 is the longitudinal elasto-optic coeffi-
cient, ρ̃0 is the material density, and λp is the pump wavelength. Because ∆νB ∝ λ−2

p ,
the Brillouin gain (gB � 5 · 10−11m/W for fused silica [1, p. 372]) is nearly indepen-
dent of the pump wavelength. Whereas gB, ∆νB, and νB are temperature dependent
(gB increases, ∆νB and νB decrease with higher temperature), it was shown [88] that
the product gB · ∆νB is temperature-independent.
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SBS Threshold for Gb/s WDM systems

For steady-state conditions which are valid for pulse widths T0 >> Tp, the critical
fiber input power above which stimulated Brillouin scattering becomes relevant and
can be calculated by [108]

PSBScw � 21
Aeff KSBS

gB|max
1−e−αL

α

, (4.36)

where Aeff is the effective cross-section, L is the length of the fiber, α is the attenua-
tion coefficient of the fiber, gB is peak Brillouin gain coefficient, given by Eq. (4.35).
Because the SBS originates from the coherent mixing of the pump and Stokes waves,
the efficiency of SBS is polarization dependent and KSBS accounts for the relative
polarization mismatch between pump and Stokes waves along the fiber. The aver-
age Brillouin gain for low-birefringence fibers in the case of complete polarization
scrambling ranges from 1/3 (KSBS = 3) to 2/3 (KSBS = 1.5) of the peak Brillouin
gain coefficient and is not equal to 1/2 (KSBS = 2) as often found in the literature
[94]. Contrast measurements can be used to determine the average Brillouin gain
coefficient even when the polarization is neither preserved nor completely scram-
bled [88]. If the spectral width of the pump laser ∆νL exceeds the Brillouin gain
bandwidth, Eq. (4.36) has to be extended to

PSBScw � 21
Aeff KSBS

[gB(ν) ⊗ sL(ν)]max
1−e−αL

α

, (4.37)

where the convolution gB(ν) ⊗ sL(ν) accounts for the spectral line shape sL(ν) of
the pump. In cases where both, the spectral shape of the Brillouin gain and the
spectral shape of the pump can be assumed to be Lorentzian, Eq. (4.37) reduces to

PSBScw � 21
Aeff KSBS[

gB
∆νB

∆νB+∆νL

]
max

1−e−αL

α

, (4.38)

where ∆νB, ∆νL are the FWHM linewidths of the Brillouin gain and the pump
laser, respectively.

For a pump pulse width T0 < Tp (Tp ≈ 16 ns), the Brillouin gain becomes time
dependent [76]. Because the coupled-amplitude equations for the pump, Stokes,
and acoustic waves have to be considered, a quantitative treatment of the SBS
effect becomes more complicated. In cases where the channel spacing is larger than
the Brillouin linewidth, which is usually satisfied in Gb/s WDM systems, no cross
interaction between the generated Stokes waves and pump waves occurs [76]. In
that case, the critical input power for SBS is still determined by the power carried
in a single channel. To take care of different modulation formats, Eq. (4.38) can be
extended to [25, 3, 77, 114]

PSBSmod
� 21

Aeff KSBS{
gB(ν) ⊗

[
sL(ν) ⊗ Ψ̃mod(ν)

]}
max

1−e−αL

α

. (4.39)
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where Ψ̃mod(ν) describes the single-sided power spectral density (PSD) of the mod-
ulation format, which is normalized to the power of the unmodulated carrier. In
the case of OOK, assuming a mark rate of 0.5, NRZ pulse format, and an infinite
extinction ratio [114]

Ψ̃OOK(f) =
1

4
δ(f) +

T0

4

sin2(πT0f)

(πT0f)2
, (4.40)

where 1/T0 denotes the bit frequency. Assuming a Lorentzian spectral profile for
gB(ν) and sL(ν), Eq. (4.39) reduces to [114, 48]

PSBSOOK
� 21

Aeff KSBS

1−e−αL

α


gB

∆νB

∆νL + ∆νB

∫ ∞

−∞

Ψ̃OOK(ν − νL)

1 +
[

2(ν−νs−νa)
∆νB+∆νL

]2dν




−1

max

, (4.41)

where νL, νS, and νA denote the frequencies of the laser, Stokes, and acoustic waves,
respectively. In Fig. 4.6, SBS threshold power versus bit frequency is shown for
different laser linewidths (Aeff = 80µm2, L = 80 km, gB = 4.6 · 10−11m/W, α =
0.2 dB/km, ∆νB = 20 MHz, KSBS = 1.5).
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Figure 4.6: SBS threshold after Eq. (4.41) for intensity modulation (OOK).

As expected, the critical fiber input power above which SBS becomes relevant in-
creases by increasing the modulation bandwidth because the pump power spreads
over a larger frequency range and the contribution to the SBS gain at the carrier
frequency becomes smaller. Due to the fact, that half of the average power of the
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OOK modulated signal is kept within the carrier, the SBS threshold does not change
for higher bit frequency but increases for enlarging the laser’s linewidth (s. Fig. 4.6).
Choosing an appropriate modulation technique which spreads the pump power uni-
formly over a wide spectral range, higher power levels per channels can be reached
without being influenced by SBS. In WDM systems applying OOK, SBS can also
be suppressed by providing a low-frequency sine-wave dither to the laser’s pre-bias
current. A modulation index as low as 2% can quadruple the SBS threshold without
increasing degradation due to chromatic dispersion [36].

4.1.6 Stimulated Raman Scattering (SRS)

The presence of Raman gain in optical fibers has important consequences for the
design of WDM systems. Although the Raman cross-section in glass is quite small,
relatively high amplifications can be achieved over long lengths of low-loss fibers
even with moderate pump powers. Since SRS is an extremely broadband effect -
the SRS-bandwidth is about 12 THz at 1.5µm - SRS couples different channels in
WDM systems and gives rise to significant nonlinear crosstalk. Thus, a quantita-
tive analysis of SRS is very important when designing WDM systems. Stimulated
Raman scattering is a nonlinear interaction between light and molecular vibrations.
Considering a two wave system, SRS occurs, when a slow resonance is excited by
two optical fields at two frequencies that differ by an amount that is in the vicinity
of a molecular resonant frequency [14]. The fields coherently interact to produce
the sum and difference frequencies. SRS leads to the transfer of energy from the
(pump) wave to lower frequency (Stokes) waves and higher frequency (anti-Stokes)
waves through the intermediary of optical phonons. Figure 4.7 shows the structural
model for amorphous silica, that consists of SiO4 tetrahedra. The solid arrows show
the moving direction of the oxygen and silicon atoms for different basic Raman
oscillation modes.

Si SiSi

Figure 4.7: Raman oscillation modes in fused silica for Raman frequencies at 1065/cm
(left), 800/cm (center) and 440/cm (right), (modified from [14, p. 228]).

The Stokes waves can also be generated from spontaneous Raman scattering, which
occurs as a result of a slight excitation of molecular resonances from the incident
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pump wave. If the intensity of the scattered light increases, the Stokes waves interact
with the pump to further excite the molecular resonances, and thus the Raman
process becomes stimulated. Because the Stokes waves and the pump are always
phase matched, especially long interaction lengths will enhance this process. For
large pump powers and a long interaction length, the spontaneously scattered Raman
light can be amplified to a power comparable to the pump [82, p. 128]. The critical
power for which the total Stokes power equals the pump power can be approximated
by [108]

PSRS � 16 · Aeff

gR|max

αp

1 − e−αpL
(4.42)

where αp denotes the attenuation coefficient at the pump frequency, L is the length
of the fiber, gR|max is the maximum Raman gain coefficient, and Aeff is the effective
core area of the fiber4, which is determined by the mode size and the overlap between
the pump and Stokes modes [121].

Raman Gain Spectrum

To analyze the propagation of ultra-short pulses, Raman scattering gain is usually
described as a response function in the time domain [111], which can be obtained
from the measured Raman spectra using the Kramers-Kronig transformation5. The
initial oscillation of the response has a period of about 75 fs, which corresponds to
a peak Raman gain offset of about 440 cm−1 for a pump frequency of 1µm [113].
The delayed Raman response function can be approximated by a decaying sinusoidal
oscillation [111, 9]

hr(t) =
τ 2
1 + τ 2

2

τ1τ 2
2

exp(− t

τ2
) sin(

t

τ1
), for t > 0, and hr(t) = 0 for t <= 0 (4.43)

where the oscillation period 2πτ1 corresponds to the frequency of the peak of the
Raman gain spectrum and the decay rate 1/τ2 corresponds to the width of the
Raman gain spectrum. To provide a good fit to the Raman gain spectrum, the
commonly used values of τ1 and τ2 are 12.2 fs and 32.0 fs, respectively [1, p. 49]. The
Fourier transformation of hr(t) (s. Appendix J) results in a complex function Hr(f)
whose real part is responsible for Raman-induced index changes (e.g., molecular
contribution to SPM [111] and XPM [56]). The imaginary part �[Hr(f)] is directly
proportional to the Raman gain [52]

gRn =
gR(νk, νi)

Aeff(νk, νi)
= −2frγ(νi, νk)�[Hr(νk − νi)], (4.44)

where νi, νk are the frequencies of the interacting waves, γ is the nonlinearity coeffi-
cient, and fr represents its fractional contribution to the delayed Raman response.
The nonlinearity coefficient at frequency νi is given by

γ(νi, νk) =
2πn2

c0Aeff(νk, νi)
νi, (4.45)

4The effective core area is 1.1 times the core area in a step-index fiber of V=2.5 [82, p. 130].
5A mathematical description of the Kramers-Kronig relation can be found in [100, pp. 50 - 53].
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where n2 is the nonlinear index coefficient, c0 is the velocity of light in vacuum,
and Aeff(νk, νi) is the effective core area that also depends on the frequency of the
interacting waves. Whereas the Raman cross-section increases with temperature
due to thermal excitation of the vibrational states (s. Fig. 4.8), the Raman gain
spectrum is temperature independent and is equal to the emission spectrum for 0 K
[110]. To calculate the frequency and temperature dependent spontaneous Raman
emission, Eq. (4.44) is multiplied by the excess noise function

N(νk, νi) = h νi ∆νres

{
1 +

[
eh(νk−νi)/(kB T ) − 1

]−1
}

(4.46)

where T denotes the temperature in K, h is Planck’s constant, kB is Boltzmann’s
constant, and ∆νres is the resolution bandwidth.
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Figure 4.8: Measured [1, p. 318] and approximated co-polarized Raman gain spectra
for the spontaneous Raman process (T = 300 K) and the temperature in-
dependent stimulated Raman process (T = 0 K) in silica fibers (νp: pump
frequency).

The Raman gain spectrum scales inversely proportional with the pump wavelength
[110] and is usually quoted for parallel linearly polarized pump and Stokes fields.
The gain for the perpendicular polarization is more than one order of magnitude
smaller [112]. In long fibers, which do not maintain polarization, the Raman gain
assumes some average value, which is approximately half of the polarized gain.
Even in birefringent fibers, the Raman gain between the Stokes and Pump reaches
a maximum, when their state of polarization is the same. After the polarization
length, the Raman gain varies between maximum and zero with an average of one-
half of the maximum [109]. Whereas for forward SRS, the polarization length6

6For a Raman shift of δf = 500cm−1 and a birefringence of δn ≈ 5 · 10−6, the polarization
length is about 4m [109].
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depends inversely on the frequency separation of pump and Stokes waves and on
the magnitude of the fiber birefringence, for backward SRS, the polarization length
is effectively zero [109].

4.2 Fiber Model for Raman Amplified WDM Sys-

tems

Several computer models [70, 90] have been presented, which describe the process
of Raman amplification within single-mode fibers. The most important advantage
of the model presented in this section is that it separates the equations, which
describe the propagation of the signal P±

s and noise P±
n powers in forward (+z)

and backward (-z) propagation directions. After discretization of the fiber input
signals (s. Fig. 4.9), the interaction of the bidirectional propagating waves due to

Figure 4.9: Discretization of the fiber input signals. For each frequency slot, the signal
powers (e.g., |A+

1 (t)|2, P−
S ) and noise powers (P±

n ) are determined within the
given resolution bandwidth. The figure also shows the different signal repre-
sentations of a WDM signal, which can be used in the generalized nonlinear
Schrödinger equation, to describe nonlinear bidirectional wave propagation
(s. Section 4.2.3).

stimulated Raman scattering, spontaneous Raman scattering, and Rayleigh back-
scattering (RB), are described in the steady state regime by the following set of
coupled differential equations, where

dP±
s (νi)

dz
= ∓α(νi)P

±
s (νi)︸ ︷︷ ︸

attenuation

± γrb(νi)P
∓
s (νi)︸ ︷︷ ︸

Rayleigh backscattering

± (4.47)

∑
k �=i

gRn(νk, νi)
[
P+

s (νk) + P+
n (νk) + P−

s (νk) + P−
n (νk)

]
P±

s (νi)︸ ︷︷ ︸
stimulated Raman scattering

describes the propagation of the signal power in the i-th frequency interval and

dP±
n (νi)

dz
= ∓α(νi)P

±
n (νi)︸ ︷︷ ︸

attenuation

± γrb(νi)P
∓
n (νi)︸ ︷︷ ︸

Rayleigh backscattering

± (4.48)
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∑
k �=i

gRn(νk, νi)
[
P+

s (νk) + P+
n (νk) + P−

s (νk) + P−
n (νk)

]
P±

n (νi)︸ ︷︷ ︸
stimulated Raman scattering

±

∑
k �=i

gRn(νk, νi)Ne(νk, νi)
[
P+

s (νk) + P+
n (νk) + P−

s (νk) + P−
n (νk)

]
︸ ︷︷ ︸

spontaneous Raman scattering

describes the propagation of the noise power (one mode) in the i-th frequency inter-
val in ±z direction. In Eqs. (4.47) - (4.48), νi and νk denote the center frequencies
of the i-th and k-th frequency interval, respectively, α accounts for the total atten-
uation due to absorption and scattering, γrb is the Rayleigh reflection coefficient,
gRn is normalized Raman gain coefficient, and Ne denotes the excess noise function,
which is given by Eq. (4.46). The solution of this set of differential equations directly
calculates OSNR over distance z in both propagation directions. To account for the
polarization properties of the Raman effects (e.g., effective gain [109], unpolarized
noise [90], etc.), additional scaling factors for the Raman terms are incorporated in
Eqs. (4.47) - (4.48). The polarization properties [93] of the RB are neglected.

4.2.1 Comparison with Analytical Results for Single Chan-
nel Amplification

Table 4.1 gives an overview of the parameters used in the following sections where
the numerical integration of Eqs. (4.47), (4.48) is compared to analytical solutions.

Parameter Symbol Value

Fiber length L 75 km
Attenuation α 0.2 · 10−3/(10 log(e))m−1

Attenuation of Stokes αs 0.2 · 10−3/(10 log(e))m−1

Attenuation of pump αp 0.2 · 10−3/(10 log(e))m−1

Attenuation of noise αn 0.2 · 10−3/(10 log(e))m−1

Effective core area Aeff 80 µm2

Stokes power Ps(0) 1 mW in 12.5 GHz
Stokes frequency νi = νs 193.41 THz
Pump frequency νk = νp 206.46 THz
Nonlinear refractive index n2 2.6 · 10−20 m2/W
Tau1 τ1 12.2 fs
Tau2 τ2 32.0 fs
Scaling factor fr 0.18
Raman gain gR = gR(νk, νi) 0.54995 · 10−13 m/W
Temperature T 0 K
Resolution bandwidth ∆νres 12.5 GHz

Table 4.1: Parameters for comparison between numerical and analytical solutions.
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Forward Raman Amplification

Analytical solutions for forward Raman amplification can be found in [70]. The
differential equations for +z direction traveling waves of the signal and the pump
are given by

dP+
s (z)

dz
=

[
gR

Aeff

P+
p (z) − αs

]
P+

s (z), (4.49)

dP+
p (z)

dz
=

[−gR

Aeff

νp

νs
P+

s (z) − αp

]
P+

p (z) (4.50)

where gR is the Raman gain coefficient, P+
s is the Stokes power, P+

p is the pump
power, Aeff is the effective core area, νp is the frequency of the pump wave, νs is
the frequency of the Stokes wave, and αs, αp are the attenuation coefficients for
the Stokes wave and the pump wave, respectively. Assuming equal attenuation
coefficients αp = αs = α, Eqs. (4.49) - (4.50) can be solved analytically

P+
s (z) =

CR0CR1 exp(−αz)

ΓRCR1 + exp
[

CR0

α
exp(−αz)

] , (4.51)

P+
p (z) =

CR0CR2 exp(−αz)

gRCR2 − exp
[
−CR0

α
exp(−αz)

] , (4.52)

where

ΓR =
gR

Aeff

νp

νs

, (4.53)

CR0 = ΓRP+
s (0) +

gR

Aeff

P+
p (0), (4.54)

CR1 =
Aeff

gR

P+
s (0)

P+
p (0)

· exp

(
CR0

α

)
, (4.55)

CR2 = − P+
p (0)

ΓRAeffP+
s (0)

· exp

(
−CR0

α

)
. (4.56)

Figures 4.10, 4.11 show the evolution of the Stokes and the pump waves, respectively,
along the fiber in the case of forward pumping. For different pump powers, the
numerical integration of Eqs. (4.47) using modified midpoint method shows good
agreement with the analytical solution given by Eqs. (4.51) - (4.52).

Backward Raman Amplification

Even in the case of backward Raman amplification, analytical solutions for the
Stokes and the pump waves can be found. Assuming that no pump depletion due
to stimulated Raman scattering occurs,

P+
s (z) = P+

s (0) exp

[
gR

Aeff

P−
p (L)

αp

· exp(−αpL)· (4.57)
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Figure 4.10: Comparison between simulations and analytical solutions for the Stokes
wave in the case of forward Raman pumping.
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Figure 4.11: Comparison between numerical and analytical solutions for the pump wave
in the case of forward Raman pumping.
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· {exp(αpz) − 1} − αsz] ,

P−
p (z) = P−

p (L) exp [αp(z − L)] (4.58)

describe the evaluation of the Stokes and pump powers as a function of fiber length,
respectively [84]. Figure 4.12 shows the comparison between analytical and numeri-
cal solutions for different pump powers in the case of backward Raman amplification.
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Figure 4.12: Comparison between simulations and analytical solutions for the backward
Raman pumping, Stokes wave.

Amplified Spontaneous Raman Scattering for
Forward Pumping

The quantity of noise light is the key amplifier parameter which must be taken into
account in making predictions for distributed Raman amplification. The dominant
noise term is the amplified spontaneous emission. Assuming that the pump is given
by

P+
p (z) = P+

p (0) exp(−αpz) (4.59)

that means, pump depletion can be neglected,

P+
n (z) = hνs∆v exp(−αnz)

∫ z

0

gR

Aeff

P+
p (0) exp [(αn − αp)ξ] ·

· exp

[
gR

Aeff

P+
p (0)

αp

{exp(−αpξ) − exp(−αpz)}
]

dξ (4.60)
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describes the amplified spontaneous Raman scattered power for forward pumping
[108]. The analytical solution of Eq. (4.60) assuming α = αn = αp is [26]

P+
n (z) = hνs∆νres

gR

Aeff

P+
p (0)

α

[
exp

(
−αz − gR

Aeff

P+
p (0)

α
e−αz

)]
·

·
{

Ei

(
gR

Aeff

P+
p (0)

α

)
− Ei

(
gR

Aeff

P+
p (0)

α
e−αz

)}
(4.61)

where Ei(x) refers to the exponential integral. Figure 4.13 shows the amplified
spontaneous Raman scattered power in the forward direction for different pump
powers (Ps(0) = 0, α = αp = αn).

0 10 20 30 40 50 60 70 80
−80

−75

−70

−65

−60

−55

−50

−45

−40

−35

−30

Fiber length / km

P
N

oi
se

 / 
dB

m

P
pump

=0.2W (analytical)
P

pump
=0.2W (numerical)

P
pump

=0.4W (analytical)
P

pump
=0.4W (numerical)

P
pump

=0.6W (analytical)
P

pump
=0.6W (numerical)

Figure 4.13: Noise power for forward Raman amplification.

Amplified Spontaneous Raman Scattering for
Backward Pumping

Assuming that the pump is given by

P−
p (z) = P−

p (L) exp(−αp(L − z)) (4.62)

that means, pump depletion can be neglected and the amplified spontaneous Raman
scattered power for backward pumping (P +

s (0) = 0, α = αp = αs) is given by [108]

P+
n (z) = hνs∆νres

(
−1 − α

P−
p (L)

Aeff

gR
eα(L−z)

)
+ (4.63)

+hνs∆νres

(
α

P−
p (L)

Aeff

gR
eα(L−z) + e−αz

)
·

· exp

[
gR

Aeff

P−
p (L)

α
e−αL (eαz − 1)

]
.
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Figure 4.14: Noise power for backward Raman amplification.

4.2.2 Application of the Bidirectional Fiber Model

In addition to high gain and high output powers, an attractive feature of distributed
Raman amplification is the capability of providing signal amplification in conven-
tional fibers that are already in place. The limit to the gain and amplifier perfor-
mance is imposed by double Rayleigh scattering, which increases the noise and can
lead to self-oscillation of the amplifier [24]. Equations (4.47) - (4.48) can be used to
describe the interaction of bidirectional WDM transmission using distributed Ra-
man amplification, where each wave acts as a pump wave for lower-frequency waves
and will be amplified by higher-frequency waves. In addition to the analytical solu-
tions, summarized in Section 4.2.1, Eqs. (4.47) - (4.48) also allow the study of pump
interactions as pump depletion and pump amplification in systems using multiple
Raman pumps. As an example, Fig. 4.15 shows a transmission set-up for bidirec-
tional 80x10 Gb/s NRZ WDM transmission in the C- and L-band. In the C- and
L-band, the 40 channels are located in the frequency regions between 191.5 THz
to 195.5 THz and 186.5 THz to 190.5 THz, respectively. Whereas the channels of
the C-band propagate in the forward (plus sign) direction, the L-band channels
propagate in the backward (minus sign) direction. Both WDM combs are back-
ward Raman amplified by pumps at frequencies of 208.5 THz (C-band pump) and
199.5 THz (L-band pump) with a launch power of 400 mW each. The EDFAs in
the C- and L-band transmitters are used to control the input powers of the WDM
combs into the sSMF. In this example, the average power of each WDM comb is
adjusted to 16 dBm. The noise figures of the EDFAs in the set-up are set to 4 dB.
After the bands are transmitted through 100 km sSMF, the bands are amplified by
an EDFA that controls the launch power into the DCF, which is used to compensate
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the chromatic dispersion of the transmission fiber. In this example, the attenuation
coefficient α = 0.2 dB/km, the effective area Aeff = 80 µm and the nonlinear re-
fraction index n2 = 2.6 10−26 m2/W of the sSMF are assumed to be constant over
frequency. The Raman gain coefficient is approximated by the response function
given in Eq. (4.43). The parameters τ1, τ2, and fr of the response function where
chosen as 12.2 fs, 32.0 fs, and 0.18, respectively. To account for the random change of
the alignment between the Stokes and pump waves, the Raman gain coefficient of the
sSMF is divided by a factor of 2 [109] and unpolarized noise [90] is considered. The
receiver is built by an optical filter (nearly rectangular in shape with a bandwidth of
70 GHz) followed by an ideal PIN photodiode and a 3-rd order Bessel low-pass filter
with a 3-dB cutoff frequency of 7 GHz. Figure 4.16 shows the spectral power (in a

Figure 4.15: Bidirectional WDM transmission in the C-band and L-band using dis-
tributed Raman amplification (Tx: Transmitter, Rx: Receiver).

resolution bandwidth of 100 GHz) for the forward and backward propagating waves,
after transmission through the fiber. The backward Raman amplification results in
a signal gain of more than 10 dB for each of the two WDM combs. The gain tilt
in the C-band is less than 0.2 dB, whereas the gain tilt in L-band of ≈ 3.5 dB is
higher and could be reduced by a better adjustment of the pump frequencies and
the launch power of the pumps. To explain the high power of the L-band pump
after transmission through the fiber, Fig. 4.17 shows the evolution of the pump and
signal powers (in a resolution bandwidth of 100 GHz) along the fiber of the forward
and backward propagating waves. The profile of the path powers shows that each
band is amplified by the C-band as well as the L-band pump. In Fig. 4.17 the pump
interactions can also be seen. In the first 10 km of the fiber, the C-band pump is
strongly depleted due to the amplification of the WDM combs, whereas the L-band
pump is strongly amplified by the C-band pump in the last 20 km of the sSMF.
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Figure 4.16: Spectral power of the forward (+) and backward (-) propagating waves,
after propagation through the fiber.

Figure 4.17: Evolution of the pump and signal powers along the fiber of the forward (+)
and backward (-) propagating waves.
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4.2.3 The impact of Raman Amplification on Fiber Nonlin-

earities

Because the span power profiles of distributed Raman amplified systems and those
using EDFAs for signal amplification differ, the effect of fiber nonlinearities is
also different. To study fiber nonlinearities, the solution of Eqs. (4.47) - (4.48) for
the powers of the backward traveling waves is used in the generalized nonlinear
Schrödinger equation to describe the propagation of the time dependent waves that
propagate in +z direction.

Figure 4.18: Different span power profiles for systems using EDFAs (1), backward
pumped Raman amplification (2), or bidirectionally pumped Raman am-
plification (3) (Pin: span input power, Pout: span output power).

Here, the Frequency Decomposition (FD) form of the GNLSE is used because it offers
the flexibility to work with diverse signal representations (s. Fig. 4.9). This approach
allows the WDM channels to be represented by their individual envelope (A+

1 (t) in
Fig. 4.9) or they can be joined into a common envelope representation (A+

2 (t) in
Fig. 4.9). As a special case, the FD approach also allows the exact description of the
backward propagating envelope A−

i (t) to be replaced by an approximate continuous
wave (CW) representation P−

i , which is similar to the recently published Mean Field
approach [126]. The most important advantage of this approach is that the physical
effects of the bidirectional propagation can be investigated independently as well as
in full combination. The set of differential equations for the FD approach is solved
using the split-step Fourier method [1, pp. 50 - 54], where for the i-th time dependent
signal A+

i (t) the following differential equation is solved in the linear step

δA+
i (t)

δz
= −α

2
A+

i (t) + j
β2

2

δ2

δt2
A+

i (t) +
β3

6

δ3

δt3
A+

i (t). (4.64)

In Eq. (4.64), α accounts for the frequency dependent attenuation and β2, β3 take
care of the first and second order GVD as described in Section 4.1.2. In the nonlinear
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step, the following differential equation is solved7:

1

−jγ

∂A+
i (t)

∂z
= (1 − fr)A

+
i (t)|A+

i (t)|2

︸ ︷︷ ︸
SPM caused by electrons

+ frA
+
i (t)

∞∫
0

hr(τ)|A+
i (t − τ)|2dτ

︸ ︷︷ ︸
intra−band Raman effect

+

(1 − fr)2A
+
i (t)

∑
k �=i

|A+
k (t)|2

︸ ︷︷ ︸
XPM caused by electrons

+ frA
+
i (t)

∞∫
0

hr(τ)
∑
k �=i

|A+
k (t − τ)|2dτ

︸ ︷︷ ︸
XPM caused by molecules

+

fr

∑
k �=i

A+
k (t)

∞∫
0

hr(τ)A+∗
k (t − τ)A+

i (t − τ)e−j2π(νi−νk)τdτ

︸ ︷︷ ︸
inter−band Raman effect due to time dependent envelopes

+ (4.65)

fr

∑
k �=i

∞∫
0

hr(τ)
[
P+

s (νk) + P−
s (νk) + P+

n (νk) + P−
n (νk)

]
A+

i (t − τ)e−j2π(νi−νk)τdτ

︸ ︷︷ ︸
inter−band Raman effect due to the CWs and noise

.

During integration of Eqs. (4.64) - (4.65) using the split-step Fourier method,
Eqs. (4.47) - (4.48) are simultaneously solved using the midpoint integration method
for the forward propagating (+z direction) waves. To represent the Raman gain and
the Raman induced index changes in the time and frequency domain, the relations
described in Section 4.1.6 are used. Because Eq. (4.65) assumes the same linear
SOP of the forward propagating envelopes and also no change of their SOPs during
propagation through the fiber, the influence of SPM, XPM, and FWM has to be
interpreted as the worst-case scenario.

4.2.4 Application of the Field Approach

Figure 4.19 shows an application, which allows the influence of fiber nonlinearities
in Raman amplified WDM transmission systems to be studied. In this example, a
40x10 Gb/s NRZ WDM signal is generated and launched into the transmission fiber.
The input power of the WDM comb is controlled by the EDFA in the transmitter
section. The chromatic dispersion of the transmission fiber is fully compensated
over the whole frequency range by using a dispersion compensating fiber (DCF).
The EDFA after the DCF is used to compensate exactly for the losses of the DCF.
The signal amplification in the transmission section can be done either by the EDFA
following the transmission fiber or due to pumping of the transmission fiber itself.
To study the impact of fiber nonlinearities for different span power profiles, the
pump powers for the transmission fiber and the gain of the EDFA, which controls
the launch powers into the DCF, are varied. In Fig. 4.20, the fiber parameters are

7All constant nonlinear phase shifts due to the CW approximated waves are neglected.



78 CHAPTER 4. MODELING OF SINGLE-MODE FIBERS
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Figure 4.19: Simulation set-up to investigate Raman amplification on signal distortion
due to fiber nonlinearities.

listed for the investigated transmission fibers and the DCF. For the analysis, a non-
linear refractive index of n2 = 2.6 · 10−20m2/W and EDFA noise figures of 4 dB are
assumed. To investigate the impact of fiber nonlinearities on one hand and amplifier
noise on the other hand, the channel launch power is varied between -20 dBm and
5 dBm. The 3σ-eye-opening (s. Eq. 3.61) of the central channel @1550 nm is mea-
sured after a receiver unit consisting of an optical drop filter, a PIN photodiode and
a post-detection filter before and after propagation through the transmission sec-
tion. Figure 4.21 shows 3σ-eye-opening penalty versus channel power for pure EDF

Parameter TWF sSMF DCF

Attenuation
@ 1550 nm

0.2 dB/km 0.2 dB/km 0.5 dB/km

Dispersion
Coefficient
@ 1550 nm

3.5 ps/(nm km) 17 ps/(nm km) -90 ps/(nm km)

Effective Area 50 µm² 80 µm² 20 µm²

Figure 4.20: Parameters of the transmission (TWF: true wave fiber, sSMF: standard
single-mode fiber) and compensation fibers (DCF).

amplification, backward Raman, and bidirectional Raman amplification for two dif-
ferent types of transmission fibers after signal propagation through one transmission
section. For each of the three amplification schemes, the total gain of the pumped
transmission fiber and the EDFA placed in front of the DCF is adjusted to 20 dB.
Figure 4.21 clearly shows optimum values for the channel powers with respect to
eye opening penalty. At low channel powers, performance is limited by amplifier
noise, while for high channel powers it is limited by fiber nonlinearities. The opti-
mum launch powers differ by up to 7 dBm, which has an impact on WDM systems
using high number of channels, as more channels can be amplified with the same
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amount of pump power. In addition, the minimum values of eye opening penalty
differ by up to 0.2 dB, which indicates that different total transmission distances are
possible. In general, Raman amplification outperforms the systems using lumped
EDF amplification by the optimum achievable eye opening penalty and the toler-
ance to changes in the channel input power. For the given set of parameters the
biggest tolerance with respect to launch power is found for the case of bidirectional
Raman amplification. Because the effective core area of the TWF is much smaller
in contrast to the sSMF, higher span input powers have a stronger impact on the
eye opening penalty for TWF than for sSMF.

(a) standard single-mode fiber (sSMF) (b) true wave fiber (TWF)

Figure 4.21: 3σ-eye-opening penalty vs. launch powers for different pumping schemes
and types of transmission fiber.

4.2.5 Experimental Validation of the Bidirectional Fiber
Model

To check the validity of the above described fiber model, Figure 4.22 shows the
experimental set-ups used to investigate the Raman amplification process.

WDM-
Coupler

OSA

Raman-
Pump- Laser

1455 nm

ECL

sSMF: 52,8 km

A B

(a) Backward Raman amplification

WDM-
Coupler

OSA

Raman-
Pump- Laser

1455 nm

ECL

sSMF: 52,8 km

C D

(b) Forward Raman amplification

Figure 4.22: Experimental set-up to measure Rayleigh scattering and amplified spon-
taneous emission noise due to Raman amplification (ECL: external cavity
laser, OSA: optical spectrum analyzer).
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To measure the amplified spontaneous emission noise (ASE) due to the Raman am-
plification process, an unpolarized Raman pump laser @1455 nm was launched into
a 52.8 km long sSMF. An unmodulated external cavity laser (ECL) was employed
as signal source. For pump powers between 90 - 810 mW, Figure 4.23(a) shows the
measured Rayleigh spectrum of the pump laser, the backward Raman amplified ECL
signal, and the ASE spectrum caused by backward Raman amplification. The cor-
responding noise powers show values of about -52 dBm to -33 dBm at the peak gain
wavelength of 1555 nm. The spectral shape, which is seen clearly in the wavelength
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(a) Power spectrum at point B in Fig. 4.22(a).
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(b) Power spectrum at point C in Fig. 4.22(b).

Figure 4.23: Measured power spectra of forward and backward Raman amplification as
a function of pump power.

region around 1480 nm is due to the spectral characteristic of the WDM coupler,
which is optimized for pump lasers @1480 nm. Figure 4.23(b) shows a pump laser
spectrum after transmission through the sSMF, the amplified ECL signal, and noise
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power due to Rayleigh scattering and amplified spontaneous emission caused by for-
ward Raman amplification. The corresponding noise powers show values of about
-55 dBm to -37 dBm at the peak gain wavelength of 1555 nm. By sweeping the ECL
through the wavelength range of 1525 nm to 1575 nm, an optical spectrum ana-
lyzer was used to measure the on/off gain as function of pump power for forward
(s. Fig. 4.24) and backward pumping.
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Figure 4.24: Measured on/off gain for forward Raman amplification.
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Figure 4.25: Calculated co-polarized Raman gain coefficient normalized to the effective
area for the 52.6 km long sSMF.

From these measurements, the Raman gain coefficient normalized to the effective
area gR/Aeff was derived according to [90, p. 88]

gR

Aeff
=

d(lnGon/off)

dP 0
p

· αp

1 − e−αpL
, (4.66)
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where Gon/off is the measured on/off gain, P 0
p is launched pump power, L is fiber

length, and αp denotes the attenuation coefficient of the fiber at the pump wave-
length. The slope of the natural logarithm of the on/off gain was computed by
linear regression on combinations of measured gain and pump power for low signal
input powers, when the Raman amplifier operates unsaturated. Figure 4.25 shows
the computed normalized Raman gain coefficient of the sSMF. Outside the mea-
sured wavelength region, the normalized Raman gain was approximated with the
gain shape given in [1, p. 318]. The attenuation coefficient at the pump wavelength
of 1455 nm was measured to αp = 0.3 dB/km. To compare the noise power spectra,
the wavelength dependent attenuation and Rayleigh coefficients of the fiber as well
as the spectral characteristics of the WDM coupler were measured and incorporated
into the simulations. Figure 4.26 shows the comparison of measured and simulated
noise power spectra for the set-up, which is shown in Fig. 4.22(a) at point B as a
function of the pump power. The measured and simulated noise spectra are nearly
identical. At point B, the noise power consists of the backward Rayleigh scattered
light and the spontaneous Raman emission. Both parts are backward Raman am-
plified, so that at point B only the backward scattered and amplified noise powers
are measured.

Figure 4.26: Comparison of measured and simulated noise power spectra for the set-up,
which is shown in Fig. 4.22(a) (S denotes simulation, M denotes measure-
ment).

Figure 4.27 shows a comparison of measured and simulated noise power spectra for
the set-up, which is shown in Fig. 4.22(b). In this figure the measured and simulated
noise spectra differ by up to 1 dB in the covered parameter ranges. This is due to
the fact that the noise floor of the Raman pump in the transmission window was not
considered in the simulations. In addition to the noise power spectra for backward
Raman amplification, the noise power in the case of forward Raman amplification
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consists of an additional part, which is given by the attenuated noise power of the
pump. A better characterization of the pump noise floor in the transmission window
around 1550 nm could further reduce the deviations. For the measurements, which
are shown in Figs. 4.26 - 4.27, the ECL was switched off.

Figure 4.27: Comparison between measured and simulated noise power spectra for the
set-up, which is shown in Fig. 4.22(b) (S denotes simulation, M denotes
measurement).





Chapter 5

Optical Network Design

This chapter discusses the design of all-optical networks using normalized sections
(NSs). After an introduction into the thematic of normalized sections, this design
strategy is applied to optical networks based on 10Gb/s NRZ transmission format.
The numerical results presented in this Chapter are calculated with the PDA envi-
ronment presented in Chapters 2 and 3. This work was done within the European
ACTS project DEMON in collaboration with the Technical University of Denmark
(DTU), T-Systems Nova GmbH, and the Heinrich-Hertz-Institut für Nachrichten-
technik Berlin GmbH (HHI).
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5.1 Introduction

The main goal of the DEMON project was to explore new concepts to extend the
capability of existing optical networks and to produce standardized results, based
on experiences from a demonstrator. The DEMON project was mainly focussed on:

• the subdivision of optical networks into optical domains (s. Fig. 5.1),

• the investigation of signal flows within optical networks for operation, admin-
istration, and maintenance (OAM),

• the investigation of new methodologies to monitor the service quality of optical
transmission channels, and

• the development of novel monolithically-integrated opto-electronic WDM
receivers.

In the DEMON project, optical networking was demonstrated using a realistic net-
work environment provided by the Scandinavia Gigabit Network (SGN), which was
established by Ericsson Telecom AB and Telia AB. Interconnecting several research
institutes around Stockholm, this network represented a real metropolitan network
with a limited number of nodes but with realistic transmission distances.

Figure 5.1: Subdivision of an optical network into optical domains. The connections
within and between the transparent optical domains are divided into intra-
domain and inter-domain connections, respectively.

In order to simplify the routing algorithms within all-optical networks, they are
divided into different optical domains, which can be owned by different operators and
can be based on different topologies (e.g., ring, mesh, etc.). Where the transmission
within an optical domain is purely optical without opto-electronic conversion (intra-
domain connection), transmissions between different optical domains (inter-domain
connections) are not necessarily all-optical. The main advantage of dividing all-
optical networks into different optical domains is that the wavelength conversion
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and signal regeneration can be done at the borders of the domains within the sub-
network interfaces. From the network designer’s point of view, the main task is
to determine the optimum dimension of such an optical domain wherein the signal
transmission and routing can be done all-optically. Because this optimum depends
on a large variety of not necessarily independent device and system parameters
(e.g., path configuration, transmission format, etc.) there is a need to have design
processes, which are fast, simple and experimentally verified.

5.2 Using Normalized Sections to Design Optical

Domains

In all-optical networks, the end-to-end quality of an optical signal is determined by
the transfer characteristics of the optical components and their position within the
transmission path. Because of nonlinear physical effects in such networks, path con-
figurations using identical optical components but in a different concatenation can
lead to dramatic differences in the end-to-end signal quality. In addition, the path
lengths for an established transmitter-receiver connection can be very different in an
optical domain. Therefore, design-processes for optical networks have to consider
the complex interaction of various physical effects within the transmission section
(e.g., fiber dispersion and fiber nonlinearities, amplifier noise, etc.) and routing sec-
tion (e.g., crosstalk within the switching devices, bandwidth narrowing of optical
filters, etc.) with respect to the length of the transmission path.

Figure 5.2: Optical domain, build-up with normalized sections (NSs). The transmission
distances between T1 − R1 and T2 − R1 are different in length and consist
therefore of a different number of NSs, Tx (x ∈ [1, 2]) denotes transmitter
unit, Rx (x ∈ [1, 2]) denotes receiver unit.

A promising strategy to design all-optical WDM networks is to define normalized
sections (NSs) [50] where each transmission path within the network is built by a
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cascade of identically configured transmission sections (s. Fig. 5.2). Optimization of
the whole network is done by optimizing the transmission characteristics of a single
NS, to achieve minimum signal degradation due to the optical components of the NS.
When cascading a NS, it is important that transmission over a predefined number
of NSs can be guaranteed with the required end-to-end signal quality. Optimizing
optical domains based on WDM with respect to their dimension and transmission
performance should be done in four steps:

1) For a given normalized section, numerical simulations are performed to de-
termine the optimum parameter ranges and the system tolerances that can
be expected for single channel transmission. This allows computer optimiza-
tions within a tolerable time and limits the very time consuming experimental
work. Therefore, all the advantages of the PDA environment (s. Chapter 2)
can be used, to optimize the parameters of the NS with respect to a predefined
measure of quality (e.g., eye opening penalty, Q-factor, etc.).

2) Because of the limited range of validity of the mathematical models used within
the numerical optimization process, a subset of these numerical results needs
to be cross-checked with experimental measurements, which can be done by
fiber-loop experiments.

3) In the third step, the optimum parameter settings found for single channel
transmission, are used as the starting point for the numerical optimization
process of WDM based transmission systems. In contrast to single channel
transmission, the frequency dependence of the device components (e.g., spec-
tral characteristic of the amplifier gain, slope of the chromatic dispersion co-
efficient, etc.) as well as the interaction of the channels, e.g., due to four wave
mixing, cross-phase modulation or Raman scattering, lead to an additional
reduction of the maximum number of cascadable NSs.

4) Depending on the strength of the additional inter-channel interaction in WDM
systems, the simulations for WDM transmission also need to be cross-checked
by experiments. For WDM systems, where the impact of inter-channel
crosstalk does not limit the maximum achievable number of NSs, the optimum
operation conditions should be found near those for single channel operation.

The final result of this strategy is increased knowledge of the maximum extension
of an optical domain and the acceptable parameter tolerances of the applied NS
[20]. In the following sections, a case study is explained that considers 3 different
types of NSs for the design of all-optical WDM networks based on 10 Gb/s NRZ
transmission format.
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5.3 Description of the Optimization Tasks

While appropriate optical component design can come up against physical perturba-
tions caused, e.g., by filtering effect, etc., transmission limitation due to the interac-
tion of fiber attenuation, fiber dispersion, fiber nonlinearities, and amplifier noise is
unavoidable. Therefore, system performance depends not only on the configuration
of the transmission section but also on the choice of appropriate operation parame-
ters [103]. Due to fiber attenuation in optically amplified transmission systems, the
maximum transmission distance is limited by the accumulated amplifier noise and
depends among other things on:

• the length and the attenuation coefficient of the transmission fiber and

• the intrinsic noise of the amplifier, which is characterized by the wavelength
dependent noise figure.

For 10 Gb/s, NRZ WDM transmission using standard single mode fiber (sSMF),
accumulated chromatic dispersion limits the achievable transmission distance to less
than 100 km. To bridge distances of several 1000 km’s, chromatic dispersion needs to
be compensated over the whole bandwidth of the WDM signal, which is usually done
by inserting of dispersion compensating fibers (DCF) into the transmission section
(s. Fig. 5.3). Due to the interplay of chromatic dispersion and fiber nonlinearities,
the maximum achievable transmission distance with respect to the compensation of
chromatic dispersion, strongly depends on:

• the position of the DCF within a transmission section (pre-, post-, and hybrid
compensation techniques are distinguished),

• the launch powers into the sSMF and the DCF (this is due to the power
dependency of the fiber nonlinearities), and

• the compensation ratio of the chromatic dispersion (this is due to the interac-
tion of chromatic dispersion and fiber nonlinearities)

CR(λ) = −LDCF · DDCF (λ)/ [LTF · DTF (λ)] · 100 %, (5.1)

where DTF , DDCF are the wavelength dependent chromatic dispersion coeffi-
cients and LTF , LDCF are the lengths of the transmission fiber (sSMF) and
dispersion compensating fiber (DCF), respectively. Depending on CR < 100 %,
CR =100 %, or CR> 100 %, the transmission section is referred to as under-
compensated, fully compensated, or overcompensated.

Because of the large number of system parameters and their manifold dependencies,
determining optimum operating conditions for a given path configuration with re-
spect to the maximum achievable transmission distance and parameter tolerance is
the main task within the design process for the physical layer of all-optical networks.
Figure 5.3 shows the configuration of the three investigated NSs as well as their cor-
responding dispersion maps. The NSs differ with respect to the location of the DCF.
In the case of pre/post-compensation, the signal passes the DCF/sSMF first before
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it is launched into the sSMF/DCF. The hybrid-compensation scheme embeds the
sSMF in between two compensation sections. The amplifiers within the NSs are used
to adjust the launch powers into the DCF and the sSMF. As can be seen in Fig. 5.3,
depending on the length of the sSMF/DCF included in the transmitter section, the
dispersion map of the NS shifts into the regime of positive/negative accumulated
chromatic dispersion. In the following sections, this is referred to as pre-distortion,
whereby its value is related to the length and the dispersion coefficient of the trans-
mission fiber. For a pre-compensated NS and for single channel transmission, the
percentage of pre-distortion at the transmission wavelength λtr is given by:

PDpre(λtr) =
LPDpre

LTF
· DPDpre(λtr)

DTF (λtr)
· 100 %, (5.2)

where LTF and DTF denote the length and the dispersion coefficient of the transmis-
sion fiber, respectively, LPDpre is the length of the fiber causing the pre-distortion,
and DPDpre is its dispersion coefficient. The chromatic dispersion caused by pre-
distortion is compensated in the receiver-section, so that the pre-distortion does
not influence the dispersion compensation ratio of the transmission path. For the
pre-compensated section, the compensation of pre-distortion in the receiver section
at the transmission wavelength is given by:

CPDpre(λtr) =
LCPDpre

LTF
· DCPDpre(λtr)

DTF (λtr)
· CR(λtr), (5.3)

where LCPDpre is the length of fiber needed to compensate for the pre-distortion
and DCPDpre is its dispersion coefficient. For the post-compensated section, pre-
distortion in the transmitter section and its compensation in the receiver section are
given by:

PDpost(λtr) =
LPDpost

LTF
· DPDpost(λtr)

DTF (λtr)
· CR(λtr), (5.4)

CPDpost(λtr) =
LCPDpost

LTF
· DCPDpost(λtr)

DTF (λtr)
· 100 %, (5.5)

where LPDpost , LCPDpost are the lengths of the fibers used for the pre-distortion and
its compensation and DPDpost , DCPDpost are their dispersion coefficients. If dispersion
compensation is applied symmetrically, the pre-distortion and its compensation ratio
are given by:

PDhybrid(λtr) =
LPDhybrid

LTF
· DPDhybrid

(λtr)

DTF (λtr)
· CR(λtr), (5.6)

CPDhybrid(λtr) =
LCPDhybrid

LTF
· DCPDhybrid

(λtr)

DTF (λtr)
· 100 %, (5.7)

respectively, where LPDhybrid
, LCPDhybrid

denote the lengths of the fibers in the trans-
mitter and receiver section and DPDhybrid

, DCPDhybrid
are their dispersion coefficients.
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Figure 5.3: Configuration of the investigated normalized sections and their dispersion
maps.

To minimize the number of parameters that have to be considered within the op-
timization process, it is assumed that the fibers in the transmitter and receiver
sections are operated in the linear power regime and the optical signal to noise ratio
does not change due to the use of additional optical amplifiers in these sections. The
numerical investigation was performed with respect to the following questions:

• What are the optimum operating conditions for the three NSs with respect to
the DCF/sSMF input power and the compensation ratio?

• How does pre-distortion influence the maximum number of cascadable NSs for
a given end-to-end signal quality?

• What are the tolerances of the operating conditions with respect to the com-
pensation ratio, the launch powers, and the amount of pre-distortion?

• Which NS performs best?



92 CHAPTER 5. OPTICAL NETWORK DESIGN

5.4 Optimization of the Pre-Compensated NS for

1x10 Gb/s NRZ Transmission

To determine the optimum operating parameters with respect to the maximum
achievable transmission distance for a sufficient signal quality at the receiver, the
launch power into the transmission fiber PsSMF , the power launched into the DCF
PDCF , the dispersion compensation ratio CRpre, and the ratio of pre-distortion
PDpre were varied independently. Due to the high sSMF/DCF dispersion coeffi-
cients, the numerical simulations assume that there is no interaction between ASE
noise and the modulated signals during propagation through the fibers. Figure 5.4
shows the simulation set-up used for the numerical study of the pre-compensated NS.
The transmitter consists of a DFB laser, which is externally intensity modulated by
a Mach-Zehnder modulator. The information source is modeled as a concatenation
of a pseudo-random bit generator, a NRZ pulse former, and an electrical Gaussian
low pass filter, which models the limited bandwidth of the pulse generator and the
modulator. The signal at the output of the modulator is launched into a trans-
mission loop. The first EDFA in the loop controls the launch power for the DCF.
Analogous to the experimental set-up (s. Section 5.7), the compensation section is
built by two pieces of DCF, where their splice losses of about 0.7 dB are considered.
The compensation section is followed by an EDFA, which justifies the sSMF input
power.

Figure 5.4: Set-up for the numerical investigation of the pre-compensated NS for
1x10 Gb/s NRZ transmission format. The main parameters of the individual
elements are listed in Table 5.1.

The third EDFA in the simulation set-up models the additional EDFA in the loop
experiments (s. Section 5.7), which is needed to compensate the inherent loop losses
of about 8 dB (e.g., insertion loss of the optical loop switches, etc.). The optical filter
within the fiber-loop limits the optical bandwidth to about 1 nm. For single channel
transmission, it was assumed, that the filter bandwidth is large enough and does
not influence the spectrum of the circulating signal. After a certain number of loop
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round trips, the signal is coupled out and launched into the receiver. The receiver
is modeled as an optical pre-amplifier receiver (s. Section 3.4.2), whose optical and
electrical bandwidths are adjusted to reach a receiver sensitivity of ≈ −37 dBm. The
additional fibers in the transmitter (sSMF#2) and the receiver section (DCF#3) are
used to adjust the dispersion map and control the ratio of the pre-distortion. The
interaction of chromatic dispersion and fiber nonlinearities during pulse propagation
through the fibers was calculated by solving the nonlinear Schrödinger equation
(s. Chapter 4) using the split-step Fourier method. A detailed description of the
receiver model, which was used for the calculation of the BERs and the RSPs is
given in Section 3.4.2. Using this model, the Q-values and BERs were calculated
according to Eq. 3.57. The decision threshold and sampling point were optimized
numerically with respect to the maximum Q or minimum BER, respectively. For
simplicity, the BER and the Q-factor were calculated assuming Gaussian distributed
noise. Table 5.1 gives an overview of the main simulation parameters,

Fiber parameters sSMF#1 sSMF#2 DCF#1 DCF#2 DCF#3

length in km 82.9 adjusted 6.55 adjusted adjusted
(Eq. 5.2) (Eq. 5.1) (Eq. 5.3)

attenuation @ 1.55 µm 0.19 0.2 0.51 0.46 0.5
in dB/km
dispersion @ 1.55 µm 16.6 16.6 -104.26 -102.6 -102.4
in ps/(km · nm)
dispersion slope @ 1.55 µm 0.058 0.058 -0.2 -0.2 -0.2
in ps/(km · nm2)
nonlinear refractive index 2.6 2.6 2.6 2.6 2.6
in 10−20m/W
effective core area 69.5 69.5 20.0 20.0 20.0
in 10−12m2

Other parameters

EDFA noise figures: ≈ 4.5 dB
attenuation of DCF splices: 0.7 dB
transmitter: externally modulated, chirp free
OSNR after the transmitter: 28 dB
Loop input power: -3 dBm
optical receiver bandwidth: 100.0 GHz
electrical receiver bandwidth: 7.5 GHz
transmission wavelength: 1550 nm

Table 5.1: Parameters used for numerical optimization. The parameters also characterize
the experimental fiber-loop set-up, which is shown in Fig. 5.17.

which also correspond to the parameters of the experimental loop set-up (s. Sec-
tion 5.7). The EDFAs, which were used to adjust the launch powers into the sSMF
and the DCF, were operated with constant pump powers, followed by computer con-
trolled attenuators, which controlled the fiber launch powers within a bandwidth of
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100 nm. For these two EDFAs, their input power dependent gain and noise figures
(s. Fig. 5.5) were also incorporated into the numerical simulations.

(a) EDFA#1 (b) EDFA#2

Figure 5.5: Input power dependent gain and noise figures of the EDFAs used to control
the sSMF/DCF launch powers (s. Fig. 5.4).

Figure 5.6 shows typical measures of quality to determine the performance of an
optical transmission system. Whereas the OSNR estimates the minimum launch
power, for which a given end-to-end signal quality can be guaranteed, the EOP de-
termines the maximum launch powers, which guarantee less signal distortion due to
fiber nonlinearities. For the NS using 100 % pre-compensation of chromatic disper-
sion, Fig. 5.6(a) shows the OSNR after 25 sections.

(a) OSNR (b) EOP

Figure 5.6: Comparison of different criterions to estimate the quality of a transmission
path within an optical domain. The OSNR and the EOP were calculated
after a cascade of 25 pre-compensated NSs (CR = 100%, PDpre = 0%).

As expected, the maximum OSNR is reached for the maximum DCF and sSMF
launch powers. For the minimum sSMF/DCF input power, the OSNR is about 6 dB
less than it is for the optimum choice of the launch powers. Because the attenuation
of the sSMF is higher than of the DCF, the OSNR is mainly determined by the
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EDFA, which follows the sSMF, and therefore is more dependent on the sSMF than
on the DCF launch power. The EOP (s. Fig. 5.6(b)) shows the opposite behav-
ior. Without considering ASE noise, the eye opening penalty becomes small/high
for small/high sSMF/DCF launch powers. The stronger dependence on the sSMF
launch power can be explained due to the counteraction of the self-phase modulation
and the group velocity dispersion in the anomalous dispersion regime, which leads
to strong pulse compressions (s. Section 5.5). In the normal dispersion region, where
the SPM also contributes to the widening of the pulses, the influence of high DCF
launch powers is less than for high sSMF launch powers. Both measures of quality,
the OSNR and the EOP, are inherently included in the receiver sensitivity penalty,
which is a better criteria for determining the performance of optical transmission
systems.

(a) CRpre : 98 %, Loop: 20 (b) CRpre : 99 %, Loop: 25

(c) CRpre : 100 %, Loop: 25 (d) CRpre : 101 %, Loop: 20

Figure 5.7: Receiver sensitivity penalties (@ BER = 10−9) vs. sSMF/DCF launch powers
for different compensation ratios in the case of pre-compensated NSs.
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For a receiver sensitivity penalty ≤ 5 dB @ BER = 10−9, Figure 5.7 shows selected
simulation results for RSP vs. the DCF and sSMF launch powers. For different com-
pensation ratios of chromatic dispersion, it can be seen, that for the optimum choice
of the launch powers and compensation ratio, more than 25 normalized sections can
be cascaded with less than 3 dB receiver sensitivity penalty. Figure 5.8 shows receiver
sensitivity penalty vs. transmission distance for different compensation ratios of the
pre-compensated NS. The achievable RSP is less for under-compensated normalized
sections than for overcompensated normalized sections.
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Figure 5.8: Receiver sensitivity penalties (@ BER = 10−9) vs. transmission distance
for different compensation ratios (PsSMF = 0dBm, PDCF = 0dBm) for the
pre-compensated configuration.

For single channel transmission, up to transmission distances of about 2500 km,
the fully compensated (CR =100 %) and the slightly under compensated configura-
tion (CR =99 %) show nearly identical performance, whereby an overcompensation
(CR =101 %) and a stronger undercompensation (CR =98 %) lead to more RSP. The
maximum number of cascadable NSs can be enlarged by pre-distortion, where a piece
of sSMF is inserted into the transmitter section. Its additional chromatic dispersion
is compensated in the receiver section by inserting an appropriate piece of DCF.
Figure 5.9 shows the eye diagrams after signal transmission through 40 NSs with
(a) and without (b) pre-distortion. Due to pre-distortion, the pulse compression,
especially for the ’011’ and ’111’ pulse trains, is less than without pre-distortion.
Using 50 % pre-distortion in the transmitter section, the EOP penalty (without
considering noise) can be significantly reduced to about 0.005 dB after transmission
through 40 pre-compensated NSs (total transmission distance: 3316 km). In com-
parison to the configurations without pre-distortion, the optimum launch powers for
50 % pre-distortion and a compensation ratio of 99 % (s. Fig. 5.10) move towards
higher sSMF and lower DCF launch powers. Especially for undercompensation,
pre-distortion shows its great advantage (s. Fig. 5.9).
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(a) CRpre = 99 %, PDpre = 50 %,
PsSMF = 3 dBm, PDCF = -3 dBm,
EOP ≈ 0.005 dB
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(b) CRpre =99 %, PDpre = 0 %,
PsSMF = 0dBm, PDCF = 0dBm,
EOP ≈ 4.73 dB

Figure 5.9: Eye diagrams after transmission through 40 pre-compensated normalized
sections with (a) and without (b) pre-distortion. The EOPs are estimated
for noise free transmission at 0 ps with respect to the back-to-back eyes.

(a) CRpre : 98 %, Loop: 20 (b) CRpre : 99 %, Loop: 25

(c) CRpre : 100 %, Loop: 25 (d) CRpre : 101 %, Loop: 20

Figure 5.10: Receiver sensitivity penalties (@ BER= 10−9) using 50 % pre-distortion in
the transmitter section for different compensation ratios CR.
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5.5 Comparison of the Pre-, Post-, and Hybrid-

Compensated NSs

A comparison of the three NSs was performed to answer the question of the best
performing configuration with respect to the maximum number of cascadable sec-
tions for a given RSP. To analyze the post- and hybrid-compensated NSs, the set-up
shown in Fig. 5.4 was modified as follows:

Post-Compensation: To analyse the post-compensated NS, the order of the trans-
mission and compensation sections was reversed. To study the influence of
pre-distortion, sSMF#2 in the transmitter section was replaced by DCF#3 of
the receiver section and vice versa. The ratio of pre-distortion and its com-
pensation were adjusted as given in Eq. (5.4) and Eq. (5.5), respectively.

Hybrid-Compensation: To study the performance of the hybrid-compensated
NS, the compensation section was split into two sections. The second dis-
persion compensating fiber DCF#2, including the splices belonging to it, was
placed behind the transmission section. To obtain negative amounts of pre-
distortion, the sSMF#2 in the transmitter section was replaced by DCF#3 of
the receiver section and vice versa. The ratio of pre-distortion and its com-
pensation were adjusted as given in Eq. (5.6) and Eq. (5.7), respectively.

Figure 5.11 shows a comparison of eye diagrams for pre-, post-, and hybrid-
compensated NSs for a pseudo-random bit sequence of 256 bits. For 0 dBm launch
power into the DCF and the sSMF and a compensation ratio of 100 %, the eye dia-
grams (s. Fig. 5.11(a, c, e)) differ dramatically. After transmission through the pre-
compensated sections, the pulses are compressed and show higher peak amplitudes
in contrast to the pulses propagated through the post-compensated sections. Due
to their stronger pulse widening, the eye diagram of the post-compensated pulses
(s. Fig. 5.11 (c)) shows a drastic reduction of the eye opening in contrast to the
corresponding eye diagrams of the pre- and hybrid-compensated NSs. Because the
eye diagram of the hybrid-compensated NS also shows smaller eye opening in con-
trast to pre-compensated section, for the given parameters, the pre-compensated
section performs best with respect to the EOP. Using 50 % pre-distortion for the
pre-compensated section and -50 % pre-distortion for the post-compensated section,
the eye diagrams of all three NSs are nearly identical (s. Fig. 5.11(b, d, f)). It is
therefore reasonable to assume that this will also be the case for other parameter
sets using the appropriate amount of pre-distortion. For a more detailed compar-
ison, Figs. 5.12 - 5.14 show the study of pulse propagations through a cascade of
pre-, post-, and hybrid-compensated NSs. Here, the amplitudes of the pulses were
normalized to their peak amplitudes by directly connecting the transmitter to the
receiver (back-to-back reference). For this study, the extinction ratio of the MZM
was assumed to be infinite. Figure 5.12(a, c, e) shows the evolution of ’010’, ’011’,
and ’111’ pulse trains propagated through 99 pre-compensated NSs. As expected,
the behavior of the distinguished pulse trains are very different. The strongest pulse
compression can be seen for the pulse train, which consists of two ’1’-symbols. The
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pulses are compressed when propagated through a transmission path with 100 %
pre-compensated NSs, whereas the pulses are broadened when propagating through
a cascade of 100 % post-compensated NSs (s. Fig. 5.11). In the later case, the ’010’
pulse trains are affected earlier and more strongly than the ’011’ and the ’111’ pulse
trains. Considering a compensation ratio of 100 %, the pulse propagation though a
cascade of hybrid-compensated NSs shows fewer changes in the pulse shapes in con-
trast to the pre- and post-compensated cases. Because changes in pulse shapes are
caused by the interplay of chromatic dispersion and fiber-nonlinearities, changes in
pulse shapes strongly depend on the launching conditions as well as on pre-distortion
(comparison of the left and right columns in Figs. 5.12 - 5.14). By applying the ap-
propriate amount of pre-distortion, the three different NSs show nearly identical
evolution of their pulse shapes (comparison of the right columns in Figs. 5.12 - 5.14).
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Figure 5.11: Eye diagrams after transmission through 25 (a, c, e) normalized sections
(CR =100 %, PsSMF = 0dBm, PDCF = 0dBm) and 40 (b, d, f) normal-
ized sections (CR= 99 %, PsSMF = 3dBm, PDCF = −3 dBm). The sub-
scripts pre, post, and hybrid refer to the pre-, post- and hybrid-compensated
NS.
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(a) Pulse Train: 00001000
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(b) Pulse Train: 00001000
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(c) Pulse Train: 00011000
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(d) Pulse Train: 00011000
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(e) Pulse Train: 00111000
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(f) Pulse Train: 00111000

Figure 5.12: Evolution of pulse trains for 100 % pre-compensated sections (a, c, e) with
PDpre = 0%, PsSMFpeak

3 dBm, PDCF peak
= 3dBm and 99 % pre-

compensated sections (b, d, f) with PDpre = 50%, PsSMFpeak
= 6dBm,

PDCF peak
= 0dBm.
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(a) Pulse Train: 00001000
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(b) Pulse Train: 00001000
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(c) Pulse Train: 00011000
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(d) Pulse Train: 00011000
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(e) Pulse Train: 00111000
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(f) Pulse Train: 00111000

Figure 5.13: Evolution of pulse trains for 100 % post-compensated sections (a, c, e) with
PDpost = 0%, PsSMFpeak

= 3dBm, PDCF peak
= 3dBm and 99 % post-

compensated sections (b, d, f) with PDpost = 50%, PsSMFpeak
= 6dBm,

PDCF peak
= 0dBm.
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(a) Pulse Train: 00001000
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(b) Pulse Train: 00001000
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(c) Pulse Train: 00011000
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(d) Pulse Train: 00011000
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(e) Pulse Train: 00111000
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(f) Pulse Train: 00111000

Figure 5.14: Evolution of pulse trains for 100 % hybrid-compensated sections (a, c, e)
with PDhybrid = 0%, PsSMFpeak

= 3dBm, PDCFpeak
= 3dBm and 99 %

hybrid-compensated sections (b, d, f) with PDhybrid = 0%, PsSMFpeak
=

6dBm, PDCF peak
= 0dBm.
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5.6 The Influence of Parameter Tolerances on the

Number of Cascadable NSs

Due to unavoidable drifts in the operating conditions, the optimum transmission
performance is quoted for a given tolerance range of each system parameter. There-
fore, for all three NSs, their sensitivity with respect to changes in the compensation
ratio, the ratio of pre-distortion, and the launch power conditions was investigated
[85]. Table 5.2 summarizes the parameters, which were varied to analyze their in-
fluence on the maximum achievable transmission distance for which the minimum
required RSP of 3 dB was not exceeded. In summary, 3x11x9x9x9 =24,0571 differ-
ent parameter configurations were analyzed to characterize the single channel NRZ
transmission performance. For each parameter set, the NRZ signal was propagated
through 60 NSs, which sums up in total to about 1.2 · 108 simulated transmission
kilometers. The analyzed transmission signal, was a pseudo-random bit sequence,
which consisted of 256 bits, each represented by 32 sample points.

Parameter Parameter Range Granularity

Compensation ratio, 90 %, 93 %, 96 %, 97 %, 98 %, 99 %,
CR = CRpre = CRpost = CRhybrid 100 %, 101 %, 103 %, 105 %, 110 %
sSMF launch power, PsSMF −6 · · · 6 dBm 1.5 dB
DCF launch power, PDCF −6 · · · 6 dBm 1.5 dB
Pre-Distortion,

PDpre 0 · · ·96.5 % 12.06 %
PDpost −96.5 · · · 0 % 12.06 %
PDhybrid −50 · · · 50 % 12.5 %

Table 5.2: This table lists the parameter ranges and their granularity for the study of
1x10 Gb/s NRZ transmission. The subscripts pre, hybrid, and post refer to
the NSs with pre-, post-, and hybrid-compensated sections.

The optimization procedure involves the optimum placing of a 5-dimensional toler-
ance space within a 5-dimensional parameter space, so that the number of cascad-
able NSs becomes maximum with respect to the required RSP. From a mathematical
point of view, the optimization task consists of finding the maximum of the func-
tion, which describes the number of cascadable NSs for a given RSP depending on
the launching conditions PsSMF , PDCF , the compensation ratio CR and the ratio of
pre-distortion PD for the boundary conditions, which describe the tolerance range
of each of these parameters

NSmax = Max(NS(PsSMF , PDCF , CR, PD))|∆PsSMF ,∆PDCF ,∆CR,∆PD, (5.8)

where Max(·) searchs for the maximum cascades of NSs (NSmax) for the given
tolerance ranges (∆PsSMF , ∆PDCF , ∆CR, ∆PD). Visually, the 5-dimensional

1The numerical investigation of the parameter ranges for one NS took about 8 weeks using a
400 MHz Pentium-II computer.
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parameter space is represented by two cuts, each representing the dependence of
the maximum number of cascadable NSs on two parameters. Thereby, the contour
plot, which shows the dependence of the number of achievable NSs on the launching
conditions is calculated using the optimum parameter ranges for the compensation
ratio CR and the ratio of pre-distortion PD as well as their tolerances ∆CR and
∆PD. The other cut shows the dependence of the maximum number of achievable
NSs on the compensation ratio and the ratio of pre-distortion for the given launch
powers PsSMF , PDCF and their tolerances ∆PsSMF , ∆PDCF .

For the pre-compensated NS, Figs. 5.15(a), 5.15(b) show the dependence of
the maximum number of cascadable NSs on the launching conditions and the
chosen dispersion map, respectively. With ∆PsSMF = ∆PDCF = ±0.5 dB,
∆CR = ±0.5 %, and ∆PD = ±2.5 %, the optimum operating conditions
for the pre-compensated NS are: PsSMFopt = 1.5 dBm, PDCF opt = −3.5 dBm,
CRopt = 98.5 %, and PDpreopt

= 49.8 %. By choosing these optimum parameter
settings, 40 NSs (in total 3316 km) can be cascaded with less than 3 dB RSP. As can
be seen in Fig. 5.15(b), the maximum number of cascadable sections shows a strong
dependence on the compensation ratio. Because the compensation ratio is also
influenced by other devices in the transmission path (e.g., phase characteristics of
the optical filters, chirp of the transmitter lasers), higher tolerances with respect to
the compensation ratio are desirable. Figures 5.16(a), 5.16(b) show the maximum
number of cascadable NSs for higher tolerances in the system parameters for the
pre-compensated NS. With ∆PsSMF = ∆PDCF = ±1.5 dB, ∆CR = ±1.0 %,
and ∆PD = ±10.0 %, the optimum operating conditions for the pre-compensated
NS are: PsSMF opt = 1.3 dBm, PDCF opt = −4.0 dBm, CRopt = 98.0 %, and
PDpreopt

= 49.8 %. As expected, the increased system robustness to tolerances
in its operating conditions results in a reduction of the maximum number of
cascadable NSs - in this example to about 28.

Figures 5.15, 5.16 show a comparison of pre-, post-, and hybrid-compensated NSs
with different tolerances in the operating conditions. Comparing the performance
including the appropriate pre-distortion for each section, it can be seen, that even
for the optimum number of cascadable NSs, pre-, post, and hybrid-compensated
NSs show nearly identical performance and dependence on varying their operating
conditions.
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Figure 5.15: Maximum number of cascadable pre-, post-, and hybrid-compensated sec-
tions for 3 dB RSP (PsSMF opt = 1.5 dBm, PDCF opt = −3.5 dBm, CRopt =
98.5%, PDpreopt

= 49.8%, ∆PsSMF = ±0.5 dB, ∆PDCF = ±0.5 dB,
∆CR = ±0.5%, ∆PD = ±2.5%).
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Figure 5.16: Maximum number of cascadable pre-, post-, and hybrid-compensated sec-
tions for 3 dB RSP (PsSMF opt = 1.3 dBm, PDCF opt = −4.0 dBm, CRopt =
98.0% PDpreopt

= 49.8%, ∆PsSMF = ±1.5 dB, ∆PDCF = ±1.5 dB,
∆CR = ±1.0%, ∆PD = ±10.0%).
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5.7 Experimental Investigation Using 1x10Gb/s,

NRZ Transmission

To verify the simulations for single channel 10 Gb/s, NRZ transmission, fiber loop
experiments were carried out at the Heinrich-Hertz-Institut für Nachrichtentechnik
Berlin GmbH. Figure 5.17 shows the experimental set-up to study the influence
of compensation ratio and pre-distortion on the number of cascadable normalized
sections when varying the power launched into the sSMF/DCF.

Figure 5.17: Loop set-up for experimental investigation of single channel 10 Gb/s NRZ
transmission using pre-compensation of chromatic dispersion. The fiber
spools within the transmitter and receiver are used to investigate the influ-
ence of pre-distortion on transmission performance.

To emulate a transmission path consisting of a variable number of consecutive nor-
malized sections, the transmitter signal is fed into a recirculating fiber loop. After
a certain number of round trips, the signal is tapped from the loop and fed into
an optically pre-amplified receiver (sensitivity: -37 dBm @ BER =10−9). To adjust
the compensation ratio, small pieces of additional sSMF or DCF are inserted in the
loop and/or the wavelength of the tunable laser device is adjusted. To control the
sSMF/DCF input power over a wide range and in a fast and reliable fashion, the
EDFAs were operated in constant pump power mode, and the attenuators to adjust
the sSMF and DCF input power were controlled by a personal computer. The most
important system parameters are summarized in Tab. 5.1. An additional EDFA was
used to compensate for loop attenuation caused mainly by the 3-dB coupler and the
insertion loss of the loop switch. For different parameter sets, the dependence of
BER on receiver input power was measured. As a characteristic measure of system
performance, the power penalties with respect to the back-to-back reference were
calculated from this for BER =10−9.
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Figure 5.18: Receiver sensitivity penalties vs. fiber input powers,
CRpre : 98 %, Loop: 20, PDpre : 0 %

Figure 5.19: Receiver sensitivity penalties vs. fiber input powers,
CRpre : 99 %, Loop: 25, PDpre : 0 %

Figure 5.20: Receiver sensitivity penalties vs. fiber input powers,
CRpre : 100 %, Loop: 25, PDpre : 0%
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Figure 5.21: Receiver sensitivity penalties vs. fiber input powers,
CRpre : 101 %, Loop: 20, PDpre : 0%

Figure 5.22: Receiver sensitivity penalties vs. fiber input powers,
CRpre : 99 %, Loop: 40, PDpre : ≈50 %

Figures 5.18 - 5.22 show the derived penalties for different compensation ratios as a
function of the sSMF/DCF average input power. These figures show an optimum
for 99 % compensation ratio and sSMF/DCF input powers ≤ 0 dBm. In this case,
the cascade of 25 normalized sections (2072.5 km) results in a RSP of about 2 dB.
Even for 100 % compensation ratio, 25 normalized sections could be cascaded with
a sufficient signal quality at the receiver. In this case, the measured penalty value is
about 4 dB even in a power region below 0 dBm sSMF/DCF average input power.
For compensation ratios of 98 % and 101 %, only a cascade of 20 normalized sections
(1658 km) results in a sufficient signal quality at the receiver (2 dB and 5 dB penalty,
respectively). In these cases, the optimum sSMF/DCF input power was found to
be below 0 dBm and 1 dBm for the compensation ratio of 98 % and 101 %, respec-
tively. Figure 5.22 shows the penalty contour plot for 41.3 km sSMF pre-distortion
and a compensation ratio of 99 %. In this case, a cascade of 40 normalized sections
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(3317 km) results in a penalty of 2.2 dB. The achievable transmission length is ap-
proximately 60 % larger than for 99 % compensation ratio without pre-distortion.
Compared to sections without pre-distortion, the optimum power region moves to-
wards lower (-4 dBm) DCF and higher (2.5 dBm) sSMF input power. Figure 5.23
and Table 5.3 show RSP vs. the number of cascaded normalized sections for differ-
ent compensation ratios and for 41.3 km sSMF pre-distortion. The penalties were
measured for the particular optimum of sSMF/DCF input power. It can be seen
that due to pre-distortion in the transmitter section a 10 Gb/s NRZ signal can be
transmitted over more than 4000 km.

Figure 5.23: Receiver sensitivity penalty vs. transmission distance for different compen-
sation ratios and pre-distortion for 1x10 Gb/s NRZ transmission.

Number of NS 10 20 25 30 40 50
(km) (829) (1658) (2073) (2488) (3317) (4146)

CRpre = 98 % 0.1 1.76 10 – – –
CRpre = 99 % – – 2.2 6.4 – –
CRpre = 100 % – 2 3.8 13 – –
CRpre = 101 % 0.85 5.4 15 – – –
CRpre = 99 %, PDpre ≈ 50% 0.6 0.9 1.3 1.8 2.2 6.7
(LPDpre = 41.3 km)

Table 5.3: Measured penalties for 1x10 Gb/s NRZ transmission.
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5.8 Experimental Investigation Using 8x10Gb/s,

NRZ Transmission

Experimental verification for 8x10 Gb/s, NRZ signals was performed at the Tech-
nical University of Denmark in Copenhagen [85]. The main objective of these mea-
surements was to investigate the influence of pre-distortion on WDM transmission
systems. Figure 5.24 shows the experimental set-up to study 8x10 Gb/s WDM
transmission.

Figure 5.24: Experimental set-up for investigation of 8x10 Gb/s NRZ transmission [40].

In this set-up, the optical WDM transmitter consists of 8 DFB lasers with a channel
spacing of 1.6 nm in the wavelength region of 1549.31 - 1560.6 nm. A short piece
of sSMF (≈ 4 km) after the modulator is used to decorrelate the jointly modulated
signals. Variable attenuators after the EDFAs (Att #1 and Att #2) allow the setting
of the desired sSMF and DCF launch powers. As in the case of single channel
transmission, the EDFAs are operated in constant pump power mode. To get a
compensation ratio in the covered wavelength range as constant as possible, DCFs
are used, which are also able to compensate for the slope of the sSMF dispersion.
The second EDFA within the transmission loop provides sufficient output power to
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maintain an overall loop gain identical to one. In order to change the compensation
ratio for all channels, small pieces of sSMF were inserted into the transmission
loop. A Mach-Zehnder gain equalizer (MZE) was used to equalize the non-constant
EDFA gain characteristics. To select a certain channel for BER measurement, an
arrayed-waveguide-grating (AWG) demultiplexer was used in front of the optically
pre-amplified receiver (sensitivity: -37 dBm @ BER =10−9). The most important
parameters of the loop set-up are summarized in Table 5.4.

Fiber parameters sSMF#1 sSMF#2 sSMF#3 DCF#1 DCF#2

length in km 39.939 40.128 28.894 12.962 4.800
attenuation @ 0.186 0.192 5.8 0.492 3.2
1550 nm dB/km dB/km dB dB/km dB
dispersion @ 16.76 16.51 16.6 -102.78 -102.6
1550 nm in ps/(km · nm)
dispersion slope @ 0.0599 0.0593 0.0596 -0.3807 -0.38
1550 nm in ps/(km · nm2)
nonlinear refractive 2.0 2.0 2.0 2.6 2.6
index in 10−20m2/W
effective core 73 73 73 20 20
area in 10−12m2

Other parameters

MZM chirp factor: α ≈ 0
extinction ratio: 12-13 dB
bandwidth: ≥ 16 GHz

AWG (de)multiplexer channel spacing: 1.6nm
3 dB-bandwidth: ≈ 0.8 nm

EDFA#1 output power: ≈ 18 dBm
noise figure: ≈ 7 dB

EDFA#2 output power: ≈ 13 dBm
noise figure: < 4.5 dB

EDFA#3 output power: ≈ 15.7 dBm
noise figure: ≈ 4.5 dB

optical switches extinction ratio: ≈ 40 dB
insertion loss: ≈ 2 dB

Table 5.4: Parameters of the WDM loop set-up [40, 85].

To evaluate system performance, BER measurements for several numbers of loop
round trips were obtained. From this, receiver sensitivity penalties were derived
relative to measured BER values after the first round trip. The output power of
the DFB lasers and the MZE in the loop were tuned in order to obtain a flat power
spectrum even for high numbers of loop round trips. Figure 5.25 shows the WDM
comb after 1 and 25 round trips (RTs). The total launch power into the DCF and
the sSMF was set to about 2.7 dBm and 8.4 dBm, respectively.
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Figure 5.25: Power spectra within a resolution bandwidth of 0.2 nm after 1 and 25 loops
round trips (RTs)[40, 85].

The difference in channel powers after a single round trip is due to the need to
equalize the channels especially for higher number of round trips. Unfortunately,
using the available equipment it was impossible to achieve a uniform evolution of the
channel powers with increasing loop round trips. In particular, channel #1 suffered
a rapid decrease in signal power while, e.g., the signal power in channel #7 increased
at the expense of the other channels (s. Fig. 5.26).

Figure 5.26: Evolution of the average power per channel within a resolution bandwidth
of 0.2 nm [40, 85].

Figure 5.27 shows RSP vs. loop round trips for each of the 8 channels for 100 %
dispersion compensation. Due to compensation of the dispersion slope, for up to
10 round trips, all channels showed nearly the same transmission performance with
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respect to the measured penalties. As expected, channel #1 suffered a decrease
in optical signal to noise ratio (OSNR) and was strictly limited to a maximum of
14 round trips. This clarifies the importance of spectral flatness in the covered
wavelength range for all components included in the transmission path. Such a
problem seems to be an inherent drawback of a loop test-bed because the same
components are cascaded on consecutive round trips.

Figure 5.27: RSP vs. number of loop round trips for each of the 8 channels [40, 85].

This gives rise to a maximum accumulation of gain or loss deviations. On the
other hand, in a real transmission system, the component characteristics differ. In
this case, the gain and loss deviation can be average. For the 4th channel, Fig-
ure 5.28 shows RSP vs. the number of loop round trips for a fully compensated
(CR =100 %), an under-compensated (CR =98.76 %), and a pre-distorted (30 km
sSMF, CR =98.76 %) transmission path. To show the influence of different compen-
sation ratios and pre-distortion, channel 4 was chosen because of its nearly constant
signal power for increasing number of round trips.

Figure 5.28: RSP vs. number of loop round trips for channel 4 for different compensation
ratios and for pre-distortion [40, 85].
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As for single channel 10 Gb/s, NRZ transmission, system performance could be
improved using under compensation. After a cascade of 20 normalized sections
(≈1601.34 km) an under compensation of 1.24 % results in 3.25 dB less penalty in
comparison to full compensation. By using 30 km sSMF in the transmitter section,
this value could be further improved by ≈ 2 dB.

5.9 The Influence of Cross-Phase Modulation on

the Number of Normalized Sections

Cross-Phase modulation (XPM) is one of the key nonlinearities degrading WDM
transmission when high optical power is launched into the fiber. The XPM results
from the Kerr effect in optical fibers, where intensity modulation of an optical car-
rier modulates the phases of the other co-propagating signals in the same fiber. The
presence of fiber dispersion leads to XPM induced pulse distortion due to phase-to-
amplitude modulation (PM-AM) conversion [117]. For high bit rate transmission
along high dispersion fibers with small channel separations, the XPM-induced inten-
sity modulation (IM) is large [18]. In WDM transmission systems, XPM distortions
on the j-th channel caused by channel k depend on the channel walk-off [105]

djk =
1

vgrj

− 1

vgrk

≈ −
{

D(λk − λj) +
1

2

dD

dλ
(λk − λj)

2

}
, (5.9)

where vgrk
, vgrj

are the channels group velocities, (λk − λj) is channel spacing and
D is the chromatic dispersion coefficient of the fiber. The realignment due to
full compensation of the dispersion of the transmission fiber leads to constructive
interference between XPM components from consecutive spans [117]. For wider
channel spacing, XPM distortion is reduced by the increased walk-off between
the channels. In the non-zero dispersion region, even when the walk-off parame-
ter is high, the XPM-induced IM is inversely proportional to channel separation [18].

For low and moderate powers and low accumulated fiber dispersion, the XPM-
induced IM can be modeled as an intensity modulator driven by the intensity
of co-propagating waves [23]. This model avoids the need of numerically solving
the GNLSE to obtain the temporal XPM-induced intensity fluctuations at fiber
output. For NRZ signal formats, good estimates of the penalty can be obtained
from calculations of the distortion of a CW probe channel, which allows the effect
of XPM to be isolated from other impairments and can be rapidly carried out using
simplified numerical techniques [71]. In addition, the pump-probe approach allows
rapid optimization of the link design to minimize XPM penalties. However for
large number of NSs this method results in a notable inaccuracy in predicting the
XPM-induced intensity noise in the probe-channel due to the undistorted pump
approximation and the neglect of SPM [71], especially for high fiber input powers.
Figure 5.29 shows the influence of XPM generating additional timing and am-
plitude jitter in contrast to single channel 1x10 Gb/s NRZ transmission (s. Fig. 5.11).
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To estimate the influence of XPM on RSP, a 3x10 Gb/s NRZ transmission
system was simulated with 100 GHz channel spacing, and the central channel
positioned at 1550 nm. In Figure 5.30, a comparison of the RSPs calculated for
1x10 Gb/s and 3x10 Gb/s WDM transmission is shown. The additional distortions
due to XPM, result in a reduction of the maximum transmission length of about
300 km for 2 dB RSP. Assuming fully dispersion compensated WDM system, the
channels are perfectly re-aligned after transmission through one NS which leads
to strongest system degradation due to XPM, which can be seen by comparing
Fig. 5.30(a) and Fig. 5.30(b).
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Figure 5.29: Eye diagrams after transmission through 25 (a, c, e) normalized sections
(CR= 100 %, PsSMF = 0dBm, PDCF = 0dBm) and 40 (b, d, f) normal-
ized sections (CR =99 %, PsSMF = 3dBm, PDCF = −3 dBm). Shown is
XPM distorted channel @ 1550 nm of a 3x10Gb/s system (second chan-
nel @ 1549.2 nm) assuming parallel SOPs (worst case) of the interacting
waves. The subscripts pre, post, and hybrid refer to the pre-, post- and
hybrid-compensated NS (s.a. Fig. 5.11).

Figure 5.30 also shows that the XPM-induced distortions can be reduced by prop-
erly arranging the compensation ratio of the transmission span. The 99 % and 98 %
under-compensated paths perform better than the path configurations with 100 %
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Figure 5.30: Receiver sensitivity penalties (@ BER = 10−9) vs. transmission distance
for different compensation ratios (PsSMF = 0 dBm, PDCF =0 dBm) for the
pre-compensated configuration (1024 Gaussian PDFs are used for RSP es-
timation).

and 101 % compensation of chromatic dispersion. If the time re-alignment is not
complete, due to partial compensation of the dispersion or a deliberate introduction
of an inter-channel delay, which can be seen as a XPM compressor [5], XPM can
be reduced significantly. Linear imperfections of the fiber such as polarization de-
pendent loss (PDL) and polarization mode dispersion (PMD) are known to pertub
the polarization states of the channels, which also reduces XPM. As can be seen
in Fig. 5.31, the distortion of XPM is mainly given by a channel’s neighbors and
becomes significant after transmission through about 1000 km (≈ 12 NS). In this
experiment, the additional penalty due to XPM was measured to be below 1 dB
and 2.5 dB for transmission distances of 1600 km and 3200 km, respectively [21].
The chromatic dispersion @ 1550 nm was 99 % symmetrically compensated and the
launch powers into the sSMF and DCF were chosen to be 0.4 dBm and -2.0 dBm,
respectively.

Figure 5.31: The influence of XPM on RSP for 16x10 Gb/s NRZ transmission
(PsSMF = 0.4 dBm, PDCF = -2.0 dBm) for the channel @ 1550 nm [21].
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Figure 5.32 shows a comparison for the optimum launch powers per channel for
single channel and 3-channel transmission. In the case of 3-channel transmission,
the optimum launch power for equal RSPs remains nearly the same. Because the
XPM causes additional RSP in the case of 3-channel transmission, the parameter
tolerances of the launch powers are less in comparison to single channel transmission.

(a) 1x10 Gb/s NRZ (b) 3x10 Gb/s NRZ

Figure 5.32: Comparison of the optimum launch power range
(CRpre = 99%, PDpre = 0%, Loop: 25).

Figure 5.33: Receiver sensitivity penalty for the best case and worst case measurement
on the 99 % symetrically compensated NS (PsSMF = 0.4 dBm, PDCF =
−1 dBm) due to variation in the states of polarization [21].

The transmission through up to 40 cascades showed high sensitivity of the measured
RSP with respect to the polarization state of the transmitted light even in the case
of a single channel transmission. Figure 5.33 shows the best and the worst case
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RSP which could be obtained for the 99 % symmetrically compensated normalized
section by varying the polarization controllers of the experimental loop set-up. Up
to 20 cascades (1600 km), the polarization dependence of the RSP is tolerably small.
At longer distances, however, strong degradation induced by polarization dependent
effects are observed. It could be verified experimentally that this dependence is not
caused by PMD but due to polarization dependent loss of couplers and polarization
dependent gain (PDG) of the amplifiers [51]. Because in loop set-ups, a transmission
path consists of identical NSs, the influence of polarization dependence can be artifi-
cially strengthened whereas in real systems the polarization dependence is expected
to be lower because devices and fibers are cascaded with statistically independent
polarization properties. The experimental results presented in this chapter are mea-
sured under best case conditions, where the polarization states were optimized after
specific time intervals, typically hours.

5.10 Conclusions

A huge amount of numerical simulations and time consuming system experiments
have been performed to investigate the optimum design and operating conditions of
transparent, dispersion managed transmission links using 10 Gb/s NRZ transmission
format. Taking the assumed system parameters, numerical simulations and exper-
iments have shown that with an optimized link design, a single channel, 10 Gb/s
NRZ data stream can be transmitted over 4000 km of standard single mode fiber
with amplifier distances of 80 km. This assumes sufficiently low values of fiber atten-
uation and polarization effects such as polarization mode dispersion, and polariza-
tion dependent gain or loss. If the transparency range is limited to moderate values
(e.g. 1600 km), systems with high parameter tolerances with respect to fiber input
power and compensation ratios can be designed. The various normalized section
designs investigated here have comparable tolerance ranges for the sSMF and DCF
input power, and likewise overlapping tolerance ranges for the degree of dispersion
compensation. This means that these designs can be operated with identical param-
eters, a fact that greatly simplifies the operation of transparent links. The questions,
listed in Section 5.4, can be answered as follows:

• The pre-compensated NS without pre-distortion performs best for compensa-
tion ratios in the range of 99 % - 100 %. The optimum launching conditions
depend strongly on the choice of compensation-ratio, and the configuration
of the NS. For the pre-compensated section, it could be shown numerically
that for compensation ratios in the range of 99 % - 100 %, the optimum launch
power into the sSMF and DCF are ≤ 0 dBm. For the pre-compensated NS
with pre-distortion, the optimum sSMF and DCF launch power move toward
higher sSMF input power and lower DCF input power. These numerical pre-
dictions were verified experimentally.

• As predicted by the numerical simulations, the transmission distance can be
increased by choosing the appropriate pre-distortion. For the pre-compensated
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NS, it was shown both numerically and experimentally that for a compensation
ratio of 99 %, the maximum number of cascadable sections could be increased
by ≈ 60 % when choosing ≈ 50 % pre-distortion.

• Both experiments and numerical simulations show a strong dependence of
the maximum number of cascadable sections on compensation ratio and pre-
distortion ratio. As predicted by simulations, the optimum operating condition
for the pre-compensated NS without pre-distortion shows a stronger depen-
dence on sSMF input power than for DCF input power. With ∆PsSMF =
∆PDCF = ±0.5dB, ∆CR = ±0.5 %, and ∆PD = ±2.5 %, the optimum
operating conditions for the pre-compensated NS were found to: PsSMF opt =
1.5 dBm, PDCF opt = −3.5 dBm, CRopt = 98.5 %, PDpreopt

= 49, 8 %. By
choosing these optimum parameter settings, 40 NSs (3316 km) can be cascaded
with less than 3 dB RSP, which is in good agreement with the experimental
results.

• Numerically it could be shown that by choosing the appropriate pre-distortion,
the pre-, post-, and hybrid-compensated NS show nearly identical performance
and dependence on the compensation ratio, the ratio of pre-distortion, and the
input power into the sSMF and DCF.
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Figure 5.34: Comparison between simulations and measurements
(CRpre: 99 %, PDpre: 0 %, Loop: 25).

In comparison with measurements, simulations predict nearly the same system per-
formance for changes of the compensation ratio and changes of the pre-distortion.
Because of the simple models, which were used to describe the experimental loop set-
up, an exact match of the absolute RSPs between simulations and experiments was
never expected. Nevertheless, good agreement between simulations and experiments
could be found for CRpre : 99 %, PDpre : 0 % and CRpre : 99 %, PDpre : 50 %
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Figure 5.35: Comparison between simulations and measurements
(CRpre: 99 %, PDpre: 50 %, Loop: 40).

(s. Figs. 5.34, 5.35), where the configuration of the experimental loop set-up corre-
sponds to the configuration of the set-up, which was used for the simulations. For
compensation ratios of 98 % and 101 %, simulations and measurments show large
deviations especially for variation of the DCF launch power. For these cases, the
configuration of the experimental loop set-up did not match with the configura-
tion of the simulation set-up. In these cases, additional sSMF or DCF was used
in the experimental loop set-up to adjust the required compensation ratios, which
was not considered in the simulations. The optimum input power depends strongly
on the noise dependence of individual amplifiers used in the experiment. As seen
during comparison of simulations and experiments, the attenuation of DCF splices
of the compensation modules contributes to changes in the optimum launch powers
and therefore need to be considered. Taking into account the gain saturation of
the amplifiers and their input power dependent noise figures, numerical simulations
show good agreement with experimental results, especially for low receiver sensitiv-
ity penalties(s. Figs. 5.34, 5.35). For large receiver sensitivity penalties, when the
system is limited due to the strong deformation of the transmitted pulse shapes,
simulations overestimate system performance (s. Figs. 5.34, 5.35). This leads to the
assumption that, in these cases, modeling the exact behavior of the decision circuit
within the receiver is important, especially when the decision window is small due
to strong pulse compression. In addition, the polarization dependent loss and gain
have a strong effect on the measured RSPs. The consideration of these effects on
Q, BER, or RSP results in time consuming simulations for the calculation of their
probability densities, and was therefore neglected in this study. In general, a bet-
ter match between simulations and measurements can be reached if simulations are
paramterized by the measured component parameters. Using the measured nonlin-
earity coefficients of the fibers (for simulations, nonlinearity coefficients were chosen
from the data sheets of the fibers) and the measured transfer characteristic of the
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receiver’s optical filter and electrical circuits in simulations, the agreement between
simulations and measurements could be improved.



Chapter 6

Summary

Telecommunication service providers rely heavily on new technologies to satisfy the
ever increasing demand for bandwidth. Enabling technologies such as wavelength
division multiplexing have been quickly deployed into optical core networks.
Increasing technological complexity and the need to upgrade and integrate, compli-
cate the required rapid decision process. Currently, the process of qualifying new
technology starts by evaluating the hardware prototypes in advanced technology
labs followed by an exhaustive acceptance testing procedure. Evaluating multiple
technologies in this manner requires considerable time and manpower. To alleviate
this problem, software for photonic design automation (PDA) allows the rapid
prototyping of optical components, sub-systems, and networks, by dramatically
reducing the need for experimental tests. Manufactures of optical components, such
as JDS Uniphase, WDM system manufactures such as Ciena, or telecommunication
providers such as Sprint, could benefit in several ways by choosing PDA software:
1) Critical and complete prototype evaluations, 2) Reduced lab evaluation time
through planned testing for the limiting cases 3) Lower costs of putting new
technology in the field through savings in time.

In this work, the prototype of the first commercially available PDA environment
(BroadNeD TM) for design and analysis of the physical layer of optical networks
was developed and presented at Optical Fiber Communication (OFC) conference
in 1997, Dallas, USA. The PDA environment is designed as an open system,
which consists of a graphical user interface (GUI), a module library for optical
and electrical network elements, and a scheduler for controlling the simulation
tasks. To model the transmission and switching layer of optical networks, the
signal-flow-driven simulation paradigm was chosen, where the network itself is
described by a block diagram. Each block represents an optical component or
sub-system of the network. The interconnections of the blocks define the signal
flow in the network. The basic principle is a one to one mapping of the functional
blocks onto software modules, each module implementing a specific functionality.
The modules are programmed as classes and linked with the simulation control
program. The resulting PDA environment consists of a pre-compiled software
kernel, which offers low-level access to computer system resources and allows
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dynamic linkage of particular functionality at run-time. The scripting capability of
the PDA environment allows the programming of arbitrary optimization routines.
Parameter variations of the current simulation can be controlled using results of
previous simulations. This eliminates the need to evaluate and optimize network
designs through manual repetition. Interactive simulations allow an immediate
evaluation of different parameters at run-time. Chapter 1-2.

A comprehensive module library, which contains models for optical transmitters,
fibers, amplifiers, filters, receivers and also electrical components like coders, filters
and amplifiers has been developed. Because the simulation of optical networks and
their components is in general very time consuming, huge effort has been spent on
fast and robust numerical algorithms and an effective description of WDM signals in
frequency and time domain. Therefore, an optical network simulation layer (ONSL)
has been developed, which supports the simulation of WDM systems using different
types of base-band transformations. Although, most of the implemented models of
the network blocks are based on existing publications or doctor theses, their integra-
tion into an environment for PDA offered a new quality and flexibility to investigate
existing optical networks and develop new design strategies for future optical net-
works. Because comprehensive models of optical components have the drawback of
requiring time consuming computations, the resultant module library offers a set
of mathematical models for each of the network building blocks (e.g., transmitter,
filter, receiver, etc.). These models differ with respect to covered physical effects,
execution time, or numerical algorithms, and allow the user to tailor the simula-
tor to investigate a particular type of optical network or a particular phenomenon.
The developed C++-library can be easily extended by incorporating new numerical
algorithms or models of newly developed optical components (e.g., erbium-doped
waveguide amplifiers (EDWA), etc.).

A new method for BER estimation has been proposed for WDM systems based
on standard single mode fiber (sSMF) using NRZ transmission format. In cases,
where the interaction between ASE noise and the signal can be neglected, the
ASE noise is represented by its noise power density and kept separate from the
signal during simulation. After processing the signal and ASE noise separately
through the optical components of a transmission link, e.g., the electrical signal
current and time dependent electrical noise power are calculated analytically. This
approach promises to be accurate and fast for system optimization in cases where
the tails of the PDF of the marks and spaces are determined by the overlay of the
Gaussian noise distributions and not by the mostly non-Gaussian distribution of
the deterministic signal itself. The drawback of this approach is the assumption of a
Gaussian distribution for the signal-ASE as well as the ASE-ASE noise components,
which slightly overestimates the BER for the optimum decision threshold [79] but
also provides a fair estimate of the BER [28, pp. 186]. This approach should be
extended to handle arbitrary shapes of optical power spectral densities. Chapter 3.

A new modeling approach was developed to investigate and optimize hybrid (Raman
and EDFA) amplified WDM systems including fiber dispersion and nonlinear index
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effects. After calculating the signal to noise ratio over the fiber length, the solution
for the backward traveling waves is used in the frequency decomposition approach
of the nonlinear Schrödinger equation for the analysis of field propagation. With
this model, the effects of multiple Rayleigh scattering of the signals and noise can
be investigated. The simulated and measured noise power densities, which build
up by pumping a 52,8 km standard single mode fiber with a laser @ 1455 nm, are
in good agreement with the predictions of the model. For the first time, to the
author’s knowledge, this model allows the optimization of the launch powers in
WDM and OTDM systems using distributed Raman amplification. The optimum
launch powers show large differences for WDM systems using distributed Raman
amplification or for those based on EDFAs. In the given example, the optimum
launch powers differ by up to 7 dB. Chapter 4.

The expense of building full scale laboratory demonstrators has given rise to
greater importance being placed on both loop experiments and numerical models.
To test the benefit of the developed simulator, the software was used in the
European Acts project DEMON for a design study of a nation wide all-optical
network. Therefore, the proposed design strategy of “Normalized transmission
Sections (NSs)” was applied [50]. It could be shown that using this approach, the
simulation time to find the optimum operation conditions of a transmission span
(e.g., launch powers, dispersion map, etc.) for a given link length can be drastically
reduced. For transmission links based on standard single mode (sSMF) and
dispersion compensating fibers (DCF), it was shown by numerical simulations that
by choosing the appropriate pre-distortion, pre-, post-, and hybrid-compensated
NSs show nearly identical performance and dependence on compensation ratio,
ratio of pre-distortion, and launch powers. For the pre-compensated NS, it was
shown both numerically and experimentally that for a compensation ratio of 99%,
the maximum number of cascadable sections could be increased by ≈ 60% when
choosing ≈ 50% pre-distortion. In experiments, polarization dependent loss of the
couplers and polarization dependent gain of the amplifier showed strong impact
on the receiver sensitivity penalty (RSP). The consideration of these effects on Q,
BER, or RSP results in time consuming simulations for the calculation of their
probability density, and was therefore neglected in this study. In comparison
with the best-case (with respect to settings of the polarization controllers in the
loop) measurements, the predictions of the simulations are in good agreement
with the measured system performance for changes of the launch powers into
the sSMF and DCF, compensation ratio, and pre-distortion ratio, especially for
low receiver sensitivity penalties. For large receiver sensitivity penalties, when
the system is limited due to strong deformation of the pulses, simulations mostly
overestimate system performance. This leads to the assumption that modeling the
exact behavior of the decision circuit becomes important in these cases, especially
when the decision window is small due to strong pulse compression. Because the
walk-off between adjacent channels is an important parameter in WDM systems,
the optimization of NSs based on a 3- or 5-channel system should result in better
prediction of the optimum launch power or the optimum compensation ratio for
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multi-channel transmission. The work has shown, that experimental work can
be drastically reduced if simulations are used to find and limit the interesting
parameter space for system operation. On the other hand, this work has also
shown that due to the limited validity range of the models and the mostly non
predictable confidence intervals of the simulation results, at this stage simulations
cannot completely substitute the experimental work because it is still required for
validating the simulation results. Chapter 5.

Due to the boost in photonics, a variety of new optical components and system
applications have been presented at conference exhibitions. The trend in optical
networks is going to integrated sub-systems (e.g., optical frequency converters based
on SOAs, etc.), which are inherently compact and offer a better price/performance
ratio than an arrangement of their corresponding discrete optical devices. Thereby,
the modeling of the interaction of optical components, which are integrated on the
same chip, is becoming more complex. For example, consider a DFB laser integrated
with a Mach-Zehnder modulator (MZM) on the same chip. There is ideally only
unidirectional transmission from the laser to the modulator and therefore the chirp
of this integrated device is equal to that of MZM. However, reflections traveling
backward into the DFB laser cause amplitude and phase modulation of the laser
diode, which lead to a frequency chirp [75]. If the laser and the modulator are
manufactured on same chip without an isolator to reduce the back-reflections into
the laser, full bi-directional simulation is required. Therefore further development
of the simulator is required to allow coexisting uni- and bi-directional interaction
of models for the individual network blocks. The fast growing photonics industry
and the invention of new optical components require the PDA environment to be
permanently updated. Its updates should include the incorporation of models for
newly developed optical network components (e.g., models for the recently proposed
erbium-doped waveguide amplifiers [4]) or simulation approaches like the recently
published work on BER estimation in OTDM [127] and WDM [64] systems, which
allow the calculation of the probability density function of the amplitude noise at
sampling time related to timing jitter. In general more effort has to be spent on
efficient models for the description of polarization effects like polarization mode dis-
persion (PMD) or polarization dependent gain/loss (PDG/PDL) in optical networks
because of their strong impact on system performance in high-speed, all-optical net-
works. Already existing approaches for simulation of PMD (s. Appendix G) are in
general too time-consuming.



Appendix A

Information Source Models

The following list gives an overview of the variant implementations for the binary
data source.

Arbitrary bit sequence: Arbitrary series of marks and spaces can be specified
(e.g. 0110). This allows the use of the same bit sequence for both, numerical
simulations and experimental investigations.

Pseudo random bit sequence: Digital sources can be modeled as a series of
pseudo random bit sequences, each with a period of 2Np − 1, where Np is
the order of the primitive polynomial modulo 2 [98, pp. 296 - 300].

Specific sequences: Bit sequences with alternating zeros and ones
(e.g., · · · 010101 · · ·) can be generated. Also, sequences containing exclusively
ones or zeros can be produced.

Figure A.1 gives an overview of the implemented line codes.

Figure A.1: State diagrams of the coding schemes [39].
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Appendix B

Electrical Pulse Models

The following list gives an overview of the implemented electrical pulse shapes s(t),
where s0 specifies the peak amplitude of the pulses.

Rectangular pulse:

sRect(t) = s0 · rect
(

2 t

TFWHM

)
= s0 ·




1 : |t| < TFWHM/2
1/2 : |t| = TFWHM/2

0 : |t| > TFWHM/2
(B.1)

Gaussian pulse:

sGauss(t) = s0 · exp

{
− ln 2

(
2 t

TFWHM

)2n
}

(B.2)

For n > 1, sGauss(t) describes the super-Gaussian pulse form.

Soliton pulse:

sSoliton(t) = s0 · 1/ cosh

{
2t

TFWHM
· acosh (2.0)

}
(B.3)

RZ/NRZ pulses with determined rise time: The rise time of electrical
RZ/NRZ pulses is modeled by filtering their rectangular pulse shapes
(s. Eq. (B.1)) with the Gaussian low pass filter

Hrise(f) = exp

{
− ln 2

(
f

f6dB

)2
}

, (B.4)

where f is frequency and f6dB denotes the 6 dB cut-off frequency of the filter.
In the time domain, the resulting pulse shape after filtering is given by

srise(t) =
1

2

{
erf

[(
t +

TFWHM

2

) √
ln 2

πf6dB

]
− erf

[(
t − TFWHM

2

) √
ln 2

πf6dB

]}
,(B.5)
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where erf(x) =
∫ x

0
e−ỹ2

dỹ denotes the error function. For a given rise time trise,
the 6 dB cut-off frequency of this filter f6dB is approximated by the solution
of the convolution integral

y(t) =

∫ ∞

−∞
h̃(τ)sb(t − τ)dτ =

∫ t

−∞
h̃(τ)dτ =

1

2

[
erf

(
πf6dB√

ln 2
t

)
+ 1

]
, (B.6)

where

h̃(t) =

√
πf6dB√
ln 2

exp

{
− π2

ln 2
(f6dBt)2

}
(B.7)

is the response function of the filter and

sb(t) =




0 : t < 0,
1/2 : t = 0,

1 : t > 0
(B.8)

describes the rising flank of the TFWHM/2-delayed rectangular RZ/NRZ pulse.
The correlation between the rise time trise = t90%− t10% that specifies the time
in which the amplitude of the pulse rises from 10% to 90% of its maximum
amplitude and the 6 dB cut-off frequency of the filter is given by

trise = erfinv(2 · 0.9 − 1)

√
ln 2

π f6dB
− erfinv(2 · 0.1 − 1)

√
ln 2

π f6dB
, (B.9)

f6dB = [erfinv(0.8) − erfinv(−0.8)]

√
ln 2

π trise

≈ 0.4803

trise

. (B.10)

In Eqs. (B.9) - (B.10), erfinv denotes the inverse of the error function so that
erfinv[erf(x)] = x .

Measured pulse: Measured data can be used to describe s(t).



Appendix C

Generation of Pseudo Random
Sequences

To generate pseudo random sequences uniformly distributed between 0 and 1, a
modified version [39] of the Wichman-Hill generator [124] is used. The uniformly
distributed random numbers ûi are obtained by

ûi =

(
x̂i

p̂g
+

ŷi

q̂g
+

ẑi

r̂g

)
(mod 1), where (C.1)

x̂i = âg · x̂i−1 (mod p̂g), âg = 1284, p̂g = 1664431,

ŷi = b̂g · ŷi−1 (mod q̂g), b̂g = 1281, q̂g = 1664417,
ẑi = ĉg · ẑi−1 (mod r̂g), ĉg = 1276, r̂g = 1664387.

(C.2)

The high quality of this pseudo-random generator is obtained by addition of three
single generators. In contrast to the original version of the Wichman-Hill generator,
the usage of 32-bit arithmetic increases the period from ≈ 1014 to ≈ 1018. Uni-
formly distibuted and statistically uncorrelated processes are modeled using different
seeds x̂0, ŷ0, and ẑ0 for the generator (s. Tab. C.1). Gaussian random variables are
generated using the Box-Muller transformation to obtain two uncorrelated Gaussian
random variables ĝ1i

, ĝ2i
from the uniformly distributed and statistically indepen-

dent values û1i
and û2i

according to [33]

ĝ1i
= mg1 + σg1

√
−2 ln(û1i

) · sin(2π û2i
), (C.3)

ĝ2i
= mg2 + σg2

√
−2 ln(û1i

) · cos(2π û2i
) . (C.4)

The generated Gaussian distributions have mean values mg1, mg2 and variances
σ2

g1
, σ2

g2
, respectively.
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(i−1)
109 x̂i−1 ŷi−1 ẑi−1

0 1 1 1
1 1379034 36666 1355543
2 852193 1211037 261753
3 1654254 565916 97445
4 53174 1253734 142154
5 581780 1542138 1454697
6 376607 457584 200190
7 1452708 451584 1167916
8 1270438 158628 437149
9 455154 781250 898910

10 931257 695930 120334
11 52482 1456770 1327814
12 9215 1122873 925914
13 1532056 242506 340215
14 173037 409382 1054237
15 1091512 687906 934847
16 655696 186178 990409
17 1634880 628431 830051
18 94870 1526515 936631
19 1350118 184114 924810
20 1142947 1512989 104656
21 1542421 236064 17876
22 1391450 554224 1540722
23 936640 310031 504771
24 30244 1292953 978018
25 192298 1489704 1290342
26 11057 314175 1445471
27 126547 110493 164390

(i−1)
109 x̂i−1 ŷi−1 ẑi−1

28 354110 145360 1260275
29 654219 306526 178559
20 400775 938732 923062
21 1380076 1068369 702580
22 1401668 763659 180057
23 833206 1498120 974336
34 1099757 978086 13242
35 1062865 972594 1350998
36 738483 997379 879492
37 1071486 992507 466765
38 359964 448374 1645958
39 1028905 634375 1146923
40 838890 1430592 1211876
41 59003 1648934 59668
42 1433667 1530936 1653459
43 1147500 836051 1334783
44 386060 1078077 644469
45 1637518 531949 328720
46 1204827 803628 1078546
47 788971 650097 1295808
48 926917 340745 992585
49 338798 642168 1197855
50 1521708 889006 1290805
51 760599 351468 1587981
52 753786 1009274 1520165
53 1108139 1057323 1438861
54 652558 204354 1084768

Table C.1: Seed values to generate uncorrelated statistical processes – each with a num-
ber of 109 elements –using several modified Wichman-Hill generators in one
simulation (x̂0 = ŷ0 = ẑ0 = 1) [39].



Appendix D

Simplified Laser Model

The system model takes into account the phase noise of the laser, which is modeled
by a Gaussian noise source n∆fν (t) having zero mean and 2π∆fν variance, where
∆fν denotes the laser’s linewidth. The complex field envelope at laser output is
modeled according to

�Eout =
√

Pout

[√
1 − εp �ex +

√
εp ejδp �ey

]
ej

� t
0

n∆fν (τ)dτ , with 0 ≤ εp ≤ 1,(D.1)

where Pout is the laser’s output power, εp (0 ≤ εp ≤ 1) is power splitting ratio
between the x/y-polarization mode, and δp is phase constant. The laser’s state
of polarization can be adjusted by the ellipticity ηp and the azimuth Θp of the
normalized polarization ellipse, where

Θp =
1

2
arctan

(
2
√

εp − ε2
p cos δp

1 − 2εp

)
, −π

2
≤ Θp ≤ π

2
, (D.2)

ηp =
1

2
arcsin

(
2
√

εp − ε2
p sin δp

)
, −π

4
≤ ηp ≤ π

4
. (D.3)
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Appendix E

Modulator Models

In Eqs. (E.1) - (E.4), �Ein, �Eout denote the complex field envelope at input and output
of the modulators, respectively, and cm(t) is the modulation signal.

Phase modulator: The output signal of the phase modulator is given by

�Eout(t) = �Ein · exp [j∆φm cm(t)] , (E.1)

where ∆φm denotes the phase deviation.

Frequency modulator: The output signal of the frequency modulator is given by

�Eout(t) = �Ein · exp

(
j2π

∫ t

0

∆fm [cm(τ) − 0.5] dτ

)
, (E.2)

where ∆fm denotes the frequency deviation.

Intensity modulator: The output signal of the intensity modulator is given by

�Eout(t) = �Ein ·
√

(1 − mm) + mm · cm(t) , (E.3)

where 0 ≤ mm ≤ 1 is the modulation index.

Polarization modulator: Dependent on the modulation signal cm(t), the polar-
ization is switched between two orthogonal states of polarizations. The theory
of polarization shift keying is well described in [86]. The output signal of the
modulator is given by [86]

�Eout(t) =
√

Pout

√
εp + cm(t)[1 − 2εp] �ex +

+
√

Pout

√
1 − εp + cm(t)[2εp − 1] ej[δp+cm(t)·π] �ey, (E.4)

where Pout denotes output power. In Eq. (E.4), the correlation of εp, δp to
the ellipticity ηp and the azimuth Θp of the polarization ellipse is given by
Eqs. (D.2) - (D.3).

135





Appendix F

Optical Filters

The following list gives an overview of the implemented optical filters and their
parameters.

Fabry-Perot (FP) filter: The transfer characteristic is given by [116]

GOF (f) =
Tr

1 − Rr exp
(
j2π f−fc

FSR

) , (F.1)

where Tr is the power transmittance, Rr is the power reflectance, and fc is the
center frequency of the filter. The free spectral range is determined by FSR =
BFWHM ·FI, where BFWHM is the full width at half maximum bandwidth and
FI = π

√
Rr/(1 − Rr) is the finesse. The basic filter structure can be used to

define more efficient FP filters as there are double cavity FP filters, double
path FP filters, Vernier FP filters, or three mirror FP filters [102, 12].

Functional description In addition to the selection of appropriate physical mod-
els, the simulator supports the functional description of the filter’s amplitude-
and phase characteristics. A variety of amplitude transfer characteristics (e.g.,
Gaussian-, rectangular shape, etc.) and phase characteristics (e.g., linear,
quadratical, etc.) can be applied.

Measured transfer characteristic: The simulator also supports the incorpora-
tion of measured amplitude- and phase characteristics into the simulation.
These filters can also be used to model the frequency dependence, e.g., of
other optical components (e.g., couplers, isolators, amplifiers, etc.).
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Appendix G

Fiber Model to Account for PMD

This model is based on two coupled nonlinear Schrödinger equations, which de-
scribe the evolution of the two orthogonal polarization modes of the electric field.
This model can simulate polarization mode dispersion (PMD) in fibers whose prin-
cipal axes of birefringence rotate randomly [80]. Furthermore, this module takes
into account four-wave mixing (FWM), self-phase modulation (SPM), cross-phase
modulation (XPM), first order group-velocity dispersion (GVD), second order GVD
and attenuation of the fiber. The physical model is based on the coupled nonlinear
Schrödinger equation [1, p. 245][

δ

δz
+

α

2
+ β1x

δ

δt
− j

β2

2

δ2

δt2
− β3

6

δ3

δt3

]
Ax(z, t) = (G.1)

−jγ · Ax(z, t)

[
|Ax(z, t)|2 +

2

3
|Ay(z, t)|2

]
,

[
δ

δz
+

α

2
+ β1y

δ

δt
− j

β2

2

δ2

δt2
− β3

6

δ3

δt3

]
Ay(z, t) = (G.2)

−jγ · Ay(z, t)

[
|Ay(z, t)|2 +

2

3
|Ax(z, t)|2

]
,

where Ax/y(t) denotes the slowly varying complex field envelope of the x/y-
polarization mode, β2, β3, denote the first and second order group velocity disper-
sion, respectively, and β1x , β1y describe the group velocity deviations of the modes.
These parameters are determined by [80]

β1x = −β1y =
Dpmd

2
√

2Lcorr

, (G.3)

where Dpmd is the PMD-coefficient in units of s/
√

m and Lcorr is the fiber correlation
length. PMD with randomly varying birefringence is simulated using the coarse-step
method, which scatters the electric field after each split-step. The scattering is done
by multiplication of the state of polarization in a Jones vector representation with
a randomly generated unitary matrix.
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Appendix H

Demodulator Models

This appendix gives an overview of the available demodulator types for the hetero-
dyne detection technique. The models are based on the models published in [39, pp.
53 - 54]. The following demodulator models were adapted to the developed ONSL:

Ideal single path demodulator with quadratical characteristic curve:

u2(t) =

{
Gd u2

1(t) for u1(t) > 0
0 otherwise

(H.1)

Ideal double path demodulator with quadratical characteristic curve:

u2(t) = Gd u2
1(t) (H.2)

Delay line demodulator:

Figure H.1: Schematic of the delay line demodulator.

Ideal single path demodulator with linear characteristic curve:

u2(t) =

{
Gd u1(t) for u1(t) > 0

0 otherwise
(H.3)
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Ideal double path demodulator with linear characteristic curve:

u2(t) = Gd |u1(t)| (H.4)

Single path envelope demodulator:

Figure H.2: Schematic of the single path envelope demodulator.

Double path envelope demodulator:

Figure H.3: Schematic of the double path envelope demodulator.

In Eqs. (H.1) - (H.4) and Figs. H.1 - H.3, u1(t) and u2(t) refer to the input and output
signal of the demodulator modules, respectively, and Gd is gain constant.



Appendix I

Receiver Sensitivity Penalty

Assuming an optical pre-amplifier, which amplifies the input signal to a constant
output power level Pc = G Pin = G (P1 + P0)/2, the power levels for the marks and
spaces are given by

P1 =
2PcExt

1 + Ext

, (I.1)

P0 =
2Pc

1 + Ext

, (I.2)

respectively, where Ext = P1/P0 denots the extinction ratio of the marks and spaces
at the input of the amplifier. In the case, where the probability density functions
of the noise terms at sampling time are Gaussian, BER and Q-factor are related by
BER = 0.5 erfc (Q/

√
2),

QC =
R (P1 − P0)

Q
=

√
σ2

ase−ase + σ2
s−ase1

+ σ2
shot1

+ σ2
shotn

+ σ2
th +√

σ2
ase−ase + σ2

s−ase0
+ σ2

shot0
+ σ2

shotn
+ σ2

th (I.3)

can be used to calculate the receiver sensitivity for a given Q-factor. In Eq. (I.3),
the terms σ2

s−asei
, σ2

ase−ase, σ
2
shoti

, σ2
shotn

, σ2
th denote the signal-ASE noise power, ASE-

ASE noise power, shot noise power of the signal current, shot noise power of the DC
noise current, and the thermal noise power of the marks (i = 1) and spaces (i = 0),
which fall into the receiver’s electrical bandwidth Be, and R is the responsivity of
the photodiode. The noise power terms are given in detail by [92]

σ2
ase−ase = MpR

2P 2
n [2Be/Bo − (Be/Bo)

2] = P 2
n CA

σ2
s−ase1

= 4R2P1PnBe/Bo = Pn CB

σ2
shot1

= 2qRP1Be

σ2
shotn

= Mp2qRBePn = Pn CC

σ2
th = 4kBTBe/RL

σ2
s−ase0

= 4R2P0PnBe/Bo = Pn CD

σ2
shot0

= 2qRP0Be

(I.4)

where Pn denotes the optical noise power contribution of the amplifier for a specific
gain G in the bandwidth Bo, q is electron charge, Mp accounts for the number
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of considered polarization modes, kB is Boltzmann’s constant, T denotes absolute
temperature, and RL is the load resistor of the receiver. Introducing the noise figure
of an optical amplifier

NF = [1 + 2nsp(G − 1)] /G, (I.5)

where nsp denotes the inversion factor1 of the amplifier. The noise power per polar-
ization mode in bandwidth Bo of the amplifier is given by

Pn = hνc
NF G − 1

2
Bo, (I.6)

where h is Planck’s constant and νc denotes the optical carrier frequency. The
substitution of Eq. (I.4) into Eq. (I.3) results in

QC =
√

P 2
nCA + PnCB + σ2

shot1
+ PnCC + σ2

th +√
P 2

nCA + PnCD + σ2
shot0

+ PnCC + σ2
th, (I.7)

which needs to be solved for the noise power Pn. Defining the constants

C1 =
(CB − CD)

2QC

,

C2 =
σ2

shot1
− σ2

shot0
+ Q2

C

2QC
,

C3 = (CA − C2
1),

C4 = (CB + CC − 2C1C2),

C5 = (σ2
shot1 + σ2

th − C2
2), (I.8)

the solution of Eq. (I.7) and the receiver sensitivity for the assumed Q-factor are
given by

Pn1,2 = − C4

2C3
±

√
C2

4

4C2
3

− C5

C3
(I.9)

and
Pin = Pc/G = PcNF/(2Pn2/(hνcBo) + 1), (I.10)

respectively. The receiver sensitivity penalty caused by an additional ASE noise
power P+

n at the input of the photodiode is found to:

RSP |dB = 10 log

[
2Pn2 + hνcBo

2(Pn2 − P+
n ) + hνcBo

]
. (I.11)

1For fully inverted amplifiers nsp = 1 and for G >> 1, NF ≈ 2nsp.



Appendix J

The Raman Response Function

Assuming that the Raman response function is given by

hr(t) =
τ 2
1 + τ 2

2

τ1τ 2
2

exp(− t

τ2
) sin(

t

τ1
), t > 0, (J.1)

where τ1 and τ2 are two adjustable parameters to provide a good fit to the Raman
gain spectrum, the Fourier transformation of hr(t) can be calculated by using the
relation

Hr(f) =

∫ ∞

−∞
h

′
r(t) exp(−σLt) exp(−j2πft)dt (J.2)

where h
′
r(t) =

τ2
1 +τ2

2

τ1τ2
2

sin( t
τ1

) and σL = τ2
−1. The solution of Eq.(J.2) is [13, p. 637]

Hr(f) =
τ 2
1 + τ 2

2

τ 2
1 τ 2

2

1(
1
τ2

+ j2πf
)2

+ 1
τ2
1

, (J.3)

�[Hr(f)] =
τ 2
1 + τ 2

2

τ 2
1 τ 2

2

1
τ2
1

+ 1
τ2
2
− 4π2f 2[

1
τ2
1

+ 1
τ2
2
− 4π2f 2

]2

+
[

4π
τ2

f
]2 , (J.4)

�[Hr(f)] =
τ 2
1 + τ 2

2

τ 2
1 τ 2

2

−4π
τ2

f[
1
τ2
1

+ 1
τ2
2
− 4π2f 2

]2

+
[

4π
τ2

f
]2 (J.5)

where �[x] and �[x] denote the real and the imaginary part of x, respectively. The
extreme values of Eq. (J.5) are found to

f1,2 = ±

√√√√√ 1

12π2


 1

τ 2
1

− 1

τ 2
2

+ 2

√[
1

τ 2
1

+
1

τ 2
2

]2

− 1

τ 2
1 τ 2

2


, (J.6)

where f1,2 ≈ ±13.077 THz for the commonly used values τ1 = 12.2 fs and τ2 =
32.0 fs.
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W. Reimer, W. Röhr, D. Seewald, G. Tsegay, and O. Ziemann. Numerische
und experimentelle Analyse des optischen Heterodynempfangs. Technical re-
port, DBP TELEKOM, 30. May 1994.

[15] R. Dietzel, R. Freund, M. Huneck, R. Irmer, P. Rauschenbach, W. Reimer,
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