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Kivonat

A disszertacid célja, hogy adjon egy j6 kompromisszumot az utvonalvalasztis és
hullamhossz hozzarendelés (RWA - Routing-and-Wavelength-Assignment) probléma
megoldasara gy, hogy a lehetd legjobban vegye figyelembe az optikai halozat
specifikussagait. Az optikai halézat teljesitOképességének modellezésére analitikus
szamolasokat alkalmaztam. A helyességiiket szimulaciokkal, illetve ahol lehetett mérésekkel
ellendriztem. Ezeket a modszereket beépitettem az altalam javasolt RWA moddszerekbe. Az
eredményeket az alabbi két téziscsoportban foglaltam §ssze.

Az els6 téziscsoportban a fizikai hatdsok modellezésével foglalkozom. Az irodalomban
publikalt modszerekbdl kiindulva, ezeket a szdmolasokat kiterjesztve, vagy éppenséggel
korlatozva, ) szdmolasi modszereket mutatok be, amelyek kielégitik az utvonalvalaszto
algoritmusok altal felallitott kovetelményeket. Minden fizikai hatdsra kidolgozok egy-egy
szamolasi modszert, amellyel az adott fizikai hatds, a megfeleld pontossdg mellett,
kvantitativan lehet jellemezni, azaz vissza lehet vezetni a vevd oldalon mérhetd bithiba
aranyra.

A masodik téziscsoportban az RWA probléma megoldasat tliztem ki célul, a fizikai
korlatok figyelembe vétele mellett. Mint ismeretes, két f6 esetet kiillonboztetiink meg az
modszerre algoritmusokat fejlesztettem ki, amelyek képesek a fizikai hatasok

figyelembevételére. Ezen 1) modszerek eldnyeit szimulaciokkal igazolom.

A disszertaciom alapjat az ipari partnerekkel valé eszmecsere soran felmeriilt problémak
adtak. Ezek segitségével a jovo optikai halozataiban az utvonalvalasztok a fizikai hatasok altal

tamasztott korlatokat is figyelembe tudjak venni.

A disszertdcidmban ismertetett eredményeimet 10 folydirat és 10 konferencia cikk, egy

konyvfejezet és egy nemzetkodzi szabadalom tamasztja ala.



Abstract

The aim of my dissertation is to give a good compromise to the routing and wavelength
assignment (RWA) problem, to be able to take into account the most accurate way the
specifics of optical networks. For investigating the performance of optical networks I have
used analytical calculations. The accuracy of the models were validated by simulations and
where it was possible also measurements were done. These calculations were built in the
proposed RWA methods. The results are classified in two areas which are strongly correlated.

In the first thesis group the modeling of physical effects is presented. Based on the already
published models, these methods are extended or even in some cases restricted. I also present
new calculation methods which fulfill the requirements of the RWA algorithms. For every
physical effect I have developed a method which is able to characterize it in a quantitative
way i.e., to calculate its effects onto the bit error ratio, measured at the receiver.

In the second thesis group the aim is to give a solution to the RWA problem which takes
into account the physical effects. As it is well known two main cases are distinguished in
configuration of optical networks, the static and the dynamic configuration. For both cases I
have developed new methods which fulfill the physical constraints. The advantages of these
effects are presented by simulations.

All the algorithms and solutions of this dissertation are strongly motivated by the
telecommunications industry. They can equip the switches of the future optical networks to be
able to handle the requirements of physical impairments.

The obtained results are supported by 10 journal and 10 conference papers, a book chapter

and an international patent.
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1.1 Preface

Reliability in dynamic, wavelength division multiplexed (WDM), photonic communication
networks is becoming an increasingly important research topic. The combination of the ever-
increasing demand for capacity, the generalization towards meshed network topologies, and
widespread availability of dynamic optical switching, leads to severe constraints on quality of
service (QoS) provisioning. These result from the difficulty in maintaining a uniform and
acceptable quality for any optical path across a transparent optical network comprising
multiple fiber types, signal formats and data rates [1]. Furthermore, the quality of each optical
path is often correlated with other optical paths due to optical impairments such as crosstalk,
limited amplifier output power, or transients in optical amplifiers, among others. In this
scenario, newly emerging unforeseen demands often cannot be satisfied without modifying
the network design, which is costly and time consuming. A solution for the interoperability
issues among network layers based on the introduction of dynamic management and control
(M&C) capabilities must cope with the escalating complexity inherent to the deployment of
more reliable transparent networks. The need to achieve higher performance levels and to
enhance the network reconfiguration capability and autonomy is also spreading from core to
metro and access networks [2]. In communication networks, routing generally performs the
identification of a path (route), per connection request, between a source and a destination
node, across the network. In optical networks, the particular wavelengths along the path
should also be determined. The resulting problem is often designated as routing and
wavelength assignment (RWA) problem in literature [3]. The existing RWA proposals can be
classified into two main categories: (a) considering the effects of impairments on network
performance and (b) network design without impairment consideration. Although this is a
widespread research topic, for transparent networks the incorporation of physical impairments

in the RWA problem is still to be explored in full width.

1.2 Overview of optical networks

Since their first development and deployment, optical transmission networks offer
improved possibilities for dealing with ever growing demands on transmission bandwidth and
system capacity. In the last 20 years, the optical transmission networks have become one of
the most important parts in the telecommunication hierarchy, whose seamless integration with
conventional network applications and services forces a further development and a broader
deployment of optical networks in all telecommunication areas. Making a classification of

different optical transmission networks, it can be distinguished between Access, Metro and
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Core (or back-bone) networks (Figure 1-1: ) [4]. This is the most convenient network
classification made regarding the transmission distance or network diameter. Access networks
as the base of the telecommunication hierarchy, are characterized by the interaction between
numerous different network technologies based on different transmission media e.g. wire,
wireless or fiber. The implementation and deployment of optical networks in this region e.g.
fiber-to-the-home (FTTH) and fiber-to-the-business (FTTB) would address the bottleneck
problems, hence enabling an even broader bandwidth access than with conventional wire
based technologies (e.g. DSL). But this is rather a question of deployment strategy and cost
than of the achievable transmission performance. Metro area networks (MANs) accumulate
the traffic from the access networks with different protocols and services, enabling its further
transmission over longer distances. The MANSs are based on optical transmission technologies
and they are characterized by a limited transmission distance (< 200 km) and an increased
network complexity. Furthermore, MANs have to deal with different communication
protocols, thus requiring close interaction between the network management and transmission
infrastructure, which results in the fact that the channel data rates used here are rather small
(<=10Gb/s/ch, at the moment). It has to be mentioned that in the last years a merge has been
seen between the metro and core technologies, thus the metro networks becomes short range

(< 1000 km) core networks as well.

Core Metro Access

Optical metro L
networks wireless

e

Optical long-haul
networks

=~
distance: 200km-14000km distance: < 200km

under-see, terestrian reduced capacity

point-to-point traffic accumulation

Figure 1-1: Network classification

The core networks connect numerous MANs over distances larger than 200 km. Basically,
it can be distinguished between terrestrial and under-sea core networks. The under-sea
networks are characterized by point-to-point transmission, ultra long-haul transmission

distances (>1000 km), and specialized component characteristics (e.g. component life times
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and customized fiber types). The core networks posses an increased transmission capacity
based on larger channel data rates.
1.2.1 Optical network components

Figure 1-2 shows a generic block diagram of a typical WDM optical communication
system. It consists of a transmitter, a communication channel, and a receiver, the three

elements common to all communication systems.

Input - Output
Optical transmitter > Comuuieaton Optical receiver
channel

Figure 1-2 Block diagram of an optical communication system

\J

In optical networks the only difference being that the communication channel is an optical
fiber cable. The other two components, the optical transmitter and the optical receiver, are
designed to meet the needs of such a specific communication channel. In this section the basic
elements of such systems are presented. The objective is to provide an introductory overview

of them.

1.2.1.1 Optical transmitters

The role of an optical transmitter is to convert the electrical signal into optical form and to
launch the resulting optical signal into the optical fiber. It consists of an optical source, a
modulator, and a channel coupler. Semiconductor lasers or light-emitting diodes are used as
optical sources. The optical signal is generated by modulating the optical carrier wave. Two
types of modulation methods exist: the direct modulation and the external modulation.
Semiconductor optical source can be modulated directly by varying the injection current. Such
a scheme simplifies the transmitter design and is generally cost-effective but has much worst
transmitter parameters than the external modulated transmitters. The coupler is typically a
microlens that focuses the optical signal onto the entrance plane of an optical fiber with the

maximum possible efficiency.

1.2.1.2 Optical fibers

The evolution of optical communication was strongly correlated by the evolution of optical
fibers since its loss was the main bottleneck of such systems. The availability of low-loss
fibers led to a revolution in the field of lightwave technology and started the era of fiber-optic
communications. Several books devoted entirely to optical fibers cover numerous advances

made in their design and understanding [5][6]. The International Telecommunication Union
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has standardized the main optical fiber types and its parameters [7]. In nowadays networks the
most widespread fiber type is defined by ITUT-G. 652, and it is a single mode optical fiber

with zero dispersion at 1310 nm wavelength.

1.2.1.3 Optical amplifiers

Optical amplifiers represent one of the crucial components in an optical transmission
system. Despite of the minimum attenuation at 1550 nm, fiber losses significantly limit the
transmission performance with increased transmission distance. Optical amplification can be
realized using different amplifier concepts and mechanisms e.g. semiconductor optical
amplifiers (SOA), rare-earth doped fiber amplifiers or more recently Raman amplifiers. All
these amplifier types are based upon different physical mechanisms resulting in different
device characteristics and implementation areas. The most important representative of these
amplifiers are the erbium doped fiber amplifiers (EDFAs), which are today’s widely used
amplifier types in optical transmission systems due to the fact that they provide an efficient

optical amplification in the 1550 nm region.

1.2.1.4 Optical Nodes

The traffic entering/leaving a node can be described by the switching granularity: optical
fiber, wavelength, time-slot. Thus, a “perfect” switching node would perform a complete
permutation, i.e. the traffic from any fiber, any wavelength, and any time slot would be
possible to switch to any other fiber, wavelength, time slot. However, due to considerations of
cost and scalability, different node architectures are deployed in reality that have less than
perfect switching capability. Considering WDM architecture where multiple wavelengths are
multiplexed into one carrier optical fiber. If a node is able to add and drop some of the
channels in all-optical way it is so called optical Add-Drop-Multiplexer (OADM). In contrast
to OADMs, which usually have predetermined add/drop wavelengths, Reconfigurable
OADMS (ROADMs) allow a network administrator or operator to dynamically select what
wavelengths to drop or by-pass. In the last years for ring interconnection purposes new types
of ROADMs were developed called multi-degree ROADM (MROADM). These optical nodes
have the feasibility to switch the channels in several directions i.e., in as many directions as
the degree, typically eight in nowadays MROADM nodes [8]. For the interconnection of
multiple optical fiber carrying multiple channels optical cross connects (OXC) are used. These
nodes are usually able to switch from any input fiber any channel to any output fiber,

maintaining the wavelength continuity constraint.
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1.2.1.5 Optical receivers

An optical receiver converts the optical signal received at the output end of the optical fiber
back into the original electrical signal. It consists of a coupler, a photodetector, and a
demodulator. The coupler focuses the received optical signal onto the photodetector.
Semiconductor photodiodes are used as photodetectors because of their compatibility with the
whole system. The design of the demodulator depends on the modulation format used by the
lightwave system. The use of frequency-shift keying (FSK) and phase-shift keying (PSK)
formats generally requires heterodyne or homodyne demodulation techniques. Most lightwave
systems employ a scheme referred to as “intensity modulation with direct detection”
(IM/DD). Demodulation in this case is done by a decision circuit that identifies bits as 1 or 0,
depending on the amplitude of the electric signal. The accuracy of the decision circuit depends

on the signal to noise ratio (SNR) of the electrical signal generated at the photodetector.

1.2.2 Optical modulation formats

In this section different optical modulation techniques are presented. Since the modulation
is crucial on the performance of a lightwave system it is important to distinguish these

techniques.

1.2.2.1 Amplitude modulation

Amplitude-Shift-Keying (ASK) known as ”On-Off’-keying (OOK) is the technique of
modulating the intensity of the carrier signal. In the simplest form, a source is switched
between on and off states. A basic classification of the various ASK-based modulation
formats can be made according to the shape of the optical pulses. All modulation formats can
be divided into two groups: non-return-to-zero (NRZ), and return-to-zero (RZ). The NRZ is
the major applied modulation format in today’s optical transmission systems. The pulse
duration of the NRZ pulses is equal to the length of the time slot. During one time slot NRZ
pulse retains the same amplitude and between successive 1’s no change of the signal
amplitude occurs. In contrast to NRZ the RZ pulses occupy just a part of the bit slot, resulting
in a duty cycle value smaller than 1. The main characteristic of RZ modulated signals is a
relatively broad optical spectrum. The large spectral width results in a reduced dispersion
tolerance and a reduced spectral efficiency of RZ-based WDM systems. The RZ pulse shape
enables an increased robustness to fiber nonlinear effects [9], [10] and to the effects of

polarization mode dispersion (PMD) [11].
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1.2.2.2 Phase modulation

Phase Shift Keying (PSK) uses the phase of the signal to encode information. Optical PSK
signals posses a narrow spectrum and a constant signal envelope, which enables improved
nonlinear tolerance, but on the other hand the PSK signals are sensitive to a phase modulation
induced by multi-channel effects, which can result in decoding errors at the receiver side. At
the same time, PSK-based modulation enables an improved receiver sensitivity (up to 6 dB)
[12] compared to ASK-formats. Especially interesting method of PSK modulation is
differential PSK (DPSK). In DPSK signals, the information is encoded in the phase change
between two successive bits. In spite of increased realization complexity of PSK modulation,
the DPSK and differential quadrature PSK (DQPSK) investigations in 40Gb/s based WDM
systems [13], [14], identified these formats as good alternatives to ASK-based modulation

formats in future high speed WDM systems.

1.2.2.3 Frequency modulation

Frequency Shift Keying (FSK) is realized by switching the laser light frequency between
two frequency values for marks and spaces. The FSK-based formats are not used in already
deployed transmission systems because of complex signal detection. More recently, FSK-
based modulation known as dispersion supported transmission format was intensively

investigated for the implementation in MAN networks [15].

1.2.2.4 Polarization modulation

Polarization shift keying (PolSK) is the most exotic modulation format among all already
presented. The optical PolSK signals are generated by switching the signal polarization
between two orthogonal states of polarization. The PolSK is characterized by a constant signal
envelope enabling an improved nonlinear tolerance [16], an improved sensitivity (3 dB) [17]
compared to ASK-based modulation, and enables a better utilization of the system bandwidth
by the use of orthogonal polarization as an additional degree of freedom. PolSK is a good
alternative for the realization of multilevel modulation formats [18]. The drawbacks of PolSK
are an increased complexity of signal generation and detection, as well as, the sensitivity to
polarization disturbances (e.g. PMD, polarization dependent loss (PDL)) in the transmission
line, whose impact increases with an increased channel data rate. Despite the fact that, PolSK
may not be interesting for the implementation in commercial transmission systems, because of
its complexity and sensitivity, it can be used as additional modulation stage for the

improvement of nonlinear tolerance of ASK-based modulation formats.
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1.2.2.5 Duobinary modulation

Duobinary modulation can be described as a combination of a conventional ASK-based
modulation and phase shift keying (PSK). Depending on the realization, optical duobinary
transmission can be understood as a multilevel transmission with phase encoded bits and a
reduced spectral width. The reduction of the spectral width of the optical duobinary signal is
the reason for its better dispersion tolerance compared to NRZ signals and enables an
improved spectral efficiency in WDM systems. The main disadvantage of duobinary signals,
similar to NRZ signals, is a relatively strong impact of fiber nonlinearities, which represents
the main limiting factor for the maximum transmission length and the achievable transmission

quality.

1.2.3 Performance evolution criteria

Performance monitoring traditionally refers to monitoring at the SONET/SDH (electrical)
layer for bit error rates (BER) and other quality-of-service (QoS) measures. Due to the
diversity of the optical layer several other performance evolution criteria has been introduce,

which are not necessarily correlated with digital performance.

1.2.3.1 Bit error ratio (BER)

Performance requirements are usually characterized in terms of an acceptable bit error rate
(BER), whose value generally depends on a specific source-to-user application. It might be as
high as 10~ for applications such as digitized voice or as low as 10'? for scientific data. The
tendency is towards lower and lower BER requirements. Also the received BER highly
depends from the input signal power. The other problems with the BER that for low BER
values the measuring time can increase drastically. The other disadvantage is that it describes

the system overall performance and gives no details about the error occurring phenomena.

1.2.3.2 Q-factor

The Q-factor provides a qualitative description of the receiver performance because it is a
function of the optical signal to noise ratio (OSNR). The Q-factor suggests the minimum
OSNR required to obtain a specific BER for a given signal. Equation 1-1 shows the definition
of the Q-factor.

Hy — Hy 1-1

o, +0,
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Where oy, o; are the noise variances, iy, ¢; are the mean values of the marks/spaces
voltages or currents. In case of Gaussian noise distribution there is a relationship between the

BER and the Q-factor as presented in [19].

1.2.3.3 Optical signal to noise ratio (OSNR)

The OSNR is determined whenever a dense WDM system is installed. It characterizes the
difference between the peak power and the noise floor at the receiver for each channel.
Optical noise, which has taken on new importance since the introduction of optical amplifiers
in transmission systems, is due mainly to amplified spontaneous emission (ASE) in the
EDFAs. Although the manufacturer has almost certainly tested the EDFAs individually, it is
important to check their performance on-site, with all optical channels in operation and all
cascaded amplifiers present, to confirm that overall performance expectations are being met.
Gain variation merits special attention in multi-amplifier systems, as it will directly affect
system power flatness. ASE noise figures can be particularly significant in some
configurations, since this phenomenon degrades the signal-to-noise ratio in all optical
channels. System gain will vary over time because of temperature changes, local stress,

component degradation, and network modifications.

1.3 Wavelength routing in optical networks

The accelerating growth of data traffic is motivating the research for more efficient,
flexible and intelligent optical network architectures. In this direction, IP over WDM is
becoming accepted as one of the most promising candidates to fulfill these ever-increasing
bandwidth demands. On the other hand, there is a global industry consensus to consider the
generalized multi-protocol label switching (GMPLS) protocol suite [20] to be an integral part
of next-generation transport networks, especially as enabler for the automatically switched
optical network (ASON) [21] control plane, because it renders optical networks intelligent.
However, the huge transport capacity of WDM technology is accepted to not be fully used by
current optical networks [22]. Such inefficiency on the bandwidth utilization is due to the use
of expensive optical-electrical-optical (OEO) transponders, which causes the well-known
electronic bottleneck. These opaque networks have important advantages such as electronic
signal regeneration as well as the capability of wavelength conversion, or grooming, on the
hops of the connection. However, opaque networks also present important drawbacks: a
complex layered structure, sensitive to signal format and date rate, elevated capital and
operational costs (capex and opex), and suboptimal use of WDM’s capacity. As a

consequence, future optical networks are expected to overcome these limitations and take full
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advantage of the WDM technology. This will be achieved using all-optical switches (e.g.,
reconfigurable optical add drop multiplexers, ROADMs, and/or optical cross-connects,
OXCs) which allow to switch/route entirely an optical connection (lightpath) over the optical
domain (i.e., transparent networks). Thus, the introduction of transparency in optical networks
eliminates the need for expensive OEO transponders (reducing capex) during the switching of
a lightpath. However, this also results in losing the electrical regeneration of signals, which in
turn makes the optical signal not oblivious to the accumulation of the impairments due to fiber
transmission (attenuation, dispersion, nonlinearities, etc.), optical amplification (ASE),
insertion losses and crosstalk introduced by optical elements such as switches, filters or
mux/demux in ROADMs and OXCs. Considering a transparent network scenario, the signal
quality degradation will increase the importance of performance monitoring. The BER
computation is not as fast as desired (minutes) in the context of a dynamic, transparent optical
network, in which changes may take place in msec-sec order. Other parameters such as optical
signal noise ratio (OSNR), Q-factor or polarization mode dispersion (PMD) penalty are thus

being investigated to be used for guaranteeing on-line QoS with lower opex and delays.

Considering a nowadays (2009) more realistic scenario the translucent networks are
located in the path toward the transparent optical networks (full optical) networks. Since all
optical regeneration (re-amplification, re-shaping and re-timing) are not mature enough,
translucent networks are inevitable. Optical-Electrical-Optical regeneration not only affects
the routing and wavelength assignment strategies, due to their impact of physical layer

performance, but also paves the way for other functions like traffic grooming.

A central issue in wavelength routing (WR) networks is the resource allocation of
wavelength channels to lightpaths. Lightpaths provide end-to-end, circuit-switched
connections between a pair of physical nodes using a single, previously specified wavelength.
First, in order to establish such a connection, one needs to find a reasonably short sequence of
physical network links between the endpoints — this process is called routing; the resulting
sequence will be the assigned route or path of the lightpath. In a WR network, a set of
wavelengths is available on each physical link; lightpaths, on every link belonging to the
assigned route, need exactly one of these for exclusive use from setup until termination. Also,
a lightpath requires all optical nodes traversed along the assigned route to be set to states in

which the wavelengths belonging to the lightpath on subsequent links are connected.

Another important question is the distinction between two kinds of problems: static and
dynamic routing. There is a wide range of literature available on the subject

[23][24][25][26][27][28]. Consider the operation of a network where all connections are
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provisioned for long periods of time, e.g., months or years; it can always be sure that the set of
held calls does not change frequently. Also, when admitting a new call to the network, there
may be no stringent requirement that the route be established in a very short period of time:
there may even be enough time available for the operator to find the best solution of the
nondeterministic polynomial-time hard (NP-hard) optimization problem and route all calls

accordingly.

In general it can be said that the RWA problem is an NP-complete problem with
computational effort increasing exponentially with the problem size. Thus, a wide range of
optimum approximation methods and heuristics have been proposed to solve various network
optimization problems. Integer linear programming (ILP) could be employed [29], but it
requires heavy computational efforts. Other heuristic algorithms such as Tabu-search [30],
simulated annealing [31], and genetic algorithms [32] with to some extent scalable
computation effort have also been proposed. It has also been used to solve single objective
RWA problem [33], to optimize amplifier placement [34], as well as to optimize multicasting

sessions [30].

1.3.1 Impairment aware routing

In case of optical networks the signal gets slightly degraded after traversing a link or a
node; it is obvious, that lightpaths can not be arbitrarily long as signal regeneration is not yet
possible purely in the optical layer. Thus in WR networks signal degradation due to
transmission impairments cannot be neglected; however, their adverse effects on the
performance of routing and wavelength assignment have not been studied extensively. Most
impairment aware RWA (IA-RWA) approaches recently proposed, still consider the quality of
the transmission separately from the RWA problem [35][36]. A common strategy employed is
to incorporate impairments into the cost function. However, a cost function for both linear and
nonlinear impairments is still an open question. Different analytical models have been
developed to describe reference links with or without compensation of fiber impairments
[36][37]. Only few studies, consider the simultaneous impact of chromatic dispersion (CD),
polarization mode dispersion (PMD), amplified spontaneous emission (ASE), and nonlinear
phase shift [38]. Therefore, other more universal metrics have been used, including the
average measured Q [39] or noise variance [37]. In any case, accurate Q-path estimation is not
a trivial task and in some cases can have heavy computation, even in the static RWA problem
demanding offline calculation. For an IA-RWA strategy to be actually implemented, one
needs to consider also fundamental aspects like enabling Optical Impairment Monitoring

(OIM) for indirect evaluation of signal quality, or enabling direct Optical Performance
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Monitoring (OPM) [40]. In 2004, ITU-T defined a list of OPM parameters that might be used
for impairment-aware RWA [41]. The most important performance parameters: (a) residual
chromatic dispersion (CD), (b) total EDFA input and output powers, (¢) a channel’s optical
power budget, (d) optical signal-to-noise ratio (OSNR), and (e) Q-factor as an estimator of the
overall optical performance. In this dissertation the focus is on the utilization of intelligent
routing algorithms which take into account physical layer attributes as input parameters (i.e.,
constraints) for the path computation, with the aim to achieve quality-enabled services. Such

routing algorithms are known in the literature as impairment aware RWA (IA-RWA).

1.4 Overview of dissertation and claims

The Dissertation consists of five chapters.

In Chapter 1 a short introduction is given where the basics of optical networks and routing
in such networks, are presented. The concept was to give a very short and brief state of art of

these topics.

In Chapter 2 an analytical calculation method is presented for estimating the Q-factor of an
optical connection. The novelty of the method is that it allows calculating a link Q-factor in
relatively short time, e.g. several seconds, which makes it possible for use in IA-RWA
methods. The other advantage of the method is that it takes into account all important physical
effects which have influence onto the signal quality in case of, up to 10 Gbit/s NRZ amplitude

modulated direct detected systems.

In Chapter 3 an IA-RWA method is given for both static and dynamic routing cases. In
case of dynamic routing; a new scheme is proposed where it is able to consider multilayer
networks besides the constraints of the optical layer. In case of static routing a new method is
proposed, called adaptive configuration method, where the control plane is able to adjust the
signal power of each channel. In this way it is possible to configure the optical network in a

more accurate way.

In Chapter 4 a short overview and conclusion is given of the dissertation. The Chapter 5 is

an appendix, the ILP formulation is given for the adaptive configuration method.
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Chapter 2

Modeling the physical impairments in

WDM optical networks
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2.1 Claim 1.1: Analytical method of Q-factor estimation

Claim 1.1: "I have proposed an analytical signal quality calculation method, which has
low computation requirements while it still takes into account the main degrading effects of
intensity modulated direct detection 10 Gbit/s bit-rate wavelength division multiplexed all-

optical networks."

Claim 1.1 describes an analytical method to calculate the Q-factor. Several methods have
been proposed in the literature so far and it is quite hard to distinguish between them, since
the basic method is to calculate the variance of the noise at the receiver side. The method
presented in this dissertation also calculates the variance of the noise, but it has two main

advantages comparing to the already published ones.

The first difference is, that it is able to calculate nearly all physical effects which occur in
WDM optical networks concerning the assumptions mentioned in previous section. To the
best of the author knowledge this is the first method which can handle EDFA noise, node
crosstalk, fiber nonlinearities like four-wave mixing (FWM), stimulated Raman scattering

(SRS), cross-phase modulation (XPM) and also the effects of PMD simultaneously.

The other very important issue of the proposed calculation method is that the original
problem is divided into sub problems. Considering a point-to-point connection where a chain
of optical elements fibers, EDFA, optical nodes, etc. are used the proposed method is reduced
to several sub calculations, where each of the calculations can be done separately. The
advantage of it is the cooperation possibility with the impairment routing schemes, as

presented in Chapter 3.

2.1.1 Introduction

In the last fifteen-twenty years the optical technology had been widespread in the
telecommunication networks. Various technologies were developed for each segment of the
network. In the access part of the network short range passive optical networks were proposed.
In the metro networks the WDM and Corse WDM (CWDM) technology were deployed
together with OADM-ROADM-MROADM optical nodes. In the core and long haul networks
low noise figure amplifiers, Raman amplifiers, and accurate dispersion mapping is used. And
all these technologies can be used with various modulation formats and bit rates. Thus, to
make a calculation method of the impairments which is valid in each segment of the network
is impossible. The only solution is to distinguish between the certain technologies and to

define the main impairments which have the most influence onto the signal quality.
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Since the dissertation is based on routing in WDM optical networks the calculation of the

physical constraints have the following assumption:

e  WDM metro-core network

e high performance, externally modulated distributed feedback lasers (DFB) for
transmitters

e amplitude modulated NRZ or RZ signals

e direct detection receiver, PIN or Avalanche APD photodiode

e channel bit rate up to 10 Gbit/s

e channel spacing 50 or 100 GHz

As it can be seen, these assumptions are not sever assumptions, nearly all types of
nowadays (2009) deployed WDM systems fulfill these requirements. However, it has to be
mentioned, that several companies have 40 Gbit/s channel bit rate phase modulated systems.

In this case the proposed calculation method must be improved.

The signal quality of a connection is characterized by Bit Error Ratio (BER). Experimental
characterization of such systems is not easy since the direct measurement of BER takes
considerable time. Another way of estimating the BER is to degrade the system performance
by moving the receiver decision threshold value, as proposed in [42]. This technique has the
additional advantage of giving an easy way of estimating the signal quality (Q) of the system,
which can be more easily modeled than the BER. In section 1.2.3.2 the definition of Q-factor

was already given. [43].

It is an obvious question that if the BER is the most well-known parameter of an optical
system why the Q-factor has been introduced. The answer is that both the modeling and
measuring the BER is very difficult. For a given design at a BER such as 10"? and a line rate
of 155 Mbps, the network would have one error in approximately 10 days. It would take 1000
days to record a steady state BER value. Of course if the line rate is increased for example to
10 Gbit/s typically used in nowadays WDM systems this time will scale down but still if we
would like to know a system BER floor which could be lower than 10" these measurements
are nearly impossible. That is the reason why BER calculations are quite difficult. On the
other hand, Q-factor analysis is comparatively easy and from the estimated Q-factor the BER

can be calculated as well.

Let as consider the definition of BER:



CHAPTER 2. MODELLING THE PHYSICAL IMPAIRMENTS IN WDM OPTICAL NETWORKS 16

Number of errors 2-1
Number of transmitted bits

BER =

As mentioned previously the error counting method has several drawbacks thus another
definition has been proposed for BER estimation. Considering a two level amplitude

modulated system (i.e. ‘0’ and ‘1’ bits). A typical eye diagram of such systems can be seen in

Figure 2-1, source [44].

P(110)
= K1 Average ‘1’level

— — - V4 Optimum decisicn threshold

Ho

Optimum
decision tim<

Figure 2-1 Bit Error Rate (BER) estimation

Due to noise, the ‘1’ level and the ‘0’ level are not fixed. It not only varies from bit to bit,
but also fluctuates within a bit. Over a large number of bits, the ‘1’ and ‘0’ levels are

statistically represented by distributions, each with its own mean and variance.

e the mean level of ‘1’ is given by u;
e the variance of the distribution of ‘1’ is given by o,
e the mean level of ‘0’ is given by uy

e the variance of the distribution of ‘0’ is given by oy

In this case the BER can be defined as follows:
BER = p(1)P(0|1) + p(0)P(1]0) 2-2

Where:

e p(l) is the probability of ‘1’ transmitted ~ proportion of ‘1’s in the transmitted

sequence

e p(0) is the probability of ‘0’ transmitted ~ proportion of ‘0’s in the transmitted

sequence
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e P(0]1) is the probability of detecting a ‘0’ given thata ‘1’ is actually received
e P(1]0) is the probability of detecting a ‘1’ given that a ‘0’ is actually received

If the same number of ‘0’s as ‘1’s are sent, then p(0) = 0,5 = p(1) so the BER simplifies to

1 2-3
BER = E[P(o )+ P(1]0) ]

The two BER values give the same results in case of infinite number of bits. Assuming a
Gaussian noise distribution, which is typical in WDM systems, expressions for the various
probabilities may be written explicitly in terms of the means, variances of the ‘0’s and ‘1’s,

and the decision level y;:

i 2] 2-4
P(3) = ——exp L)
1 oN2rx 20,
i 2] 2-5
1 (J’d_ﬂo)
= exp| ———=+
Po(¥) T p 20,
© i 27] B 2-6
1 (yd_:uo) 1 Yi— My
PIO = > ~ = X - | =—erjc| —/————
10)= p(y> v,y ~ po) amf p_ o |2 f_ﬁ%
i 2] B 2-7
1 (yd_ﬂl) 1 =Y,
PO = < ~ = ex - |=—erfc
O =p(y<y,|y~p)= o pf_ o |72 | o

Substituting 2-6 and 2-7 in 2-3 we obtain:

P 2-8
BER =— {erfc( N ]+erfc( \/_O_oﬂ

As it is to be seen the BER values highly depends from the decision threshold. The
optimum y,; gives minimum BER. erfc stands for the well known error function. Several
techniques have been proposed in experimental setups to determine the optimum [45]. In case

of optimum y, the following equation holds:

() =py(y,) 2-9
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In general this equation must be solved numerically. In case of Gaussian noise distribution
a common but accurate approximation is that for an optimum threshold:
_ Oyt T Ol 2-10

P(01) = P(1]0) = ¥y,
Go-i-()'1

in this case the

— 2-11
BER = %erfc(g) where Q= A

V2 o, +0,

where Q is the Q-factor of the signal. As it is to be seen in case of Gaussian noise
distribution the BER is determined fully by Q-factor. Thus if it is possible to measure or
calculate the Q then the BER can be determined. The method presented enables a good BER
estimation, but according to the inaccuracy of Gaussian distribution the predicted BER values
are typically larger than the minimum expected BER [45] and determined y,; may deviate from

the real optimum.

2.1.2 Q-factor estimation

An optical link consists of several optical elements in chain as presented in Figure 2-2. An
accurate calculation method to determine the signal quality must handle all of these elements

simultaneously.
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Figure 2-2 Optical link elements

Using the definition of Q-factor and with a simple mathematical rearranging as shown in
equation 2-12 it is possible to calculate the Q-factor after one optical element (Q.,s) while
knowing the input Q-factor (Q.~) and the degradation effects of the element. Using the
previously presented method it is possible to calculate Q-factor while the signal passes

through the network as follows.

— lulend — Iqund — ( lulend — ﬂOend ]X [ Ulv\'m”‘ + UO,xtart JX[ lulstart — IUOStart J — 2- 1 2

Qend -
O-l,end + O-O,end lulstart - luOstart O-l,end + O-O,end O-l,start + aO,start

- { Fhend ~ Hocd } x ( Csan * To,sar J xQ,,, = (Eye Penalty)x (Noise Penalty)xQ,,,
Hisiare — Hostan Olend T O0.end

As presented in equation 2-12 a system overall Q-factor can be determined by the

calculation of each element physical degradation i.e. the eye and noise penalty. The Eye

related penalties are the dispersion related penalties such as chromatic dispersion (CD) and

polarization mode dispersion (PMD). The Noise related penalties are the amplifier

spontaneous emission (ASE) and crosstalk.

The CD in nowadays metro-core optical networks is compensated. Since the CD has
wavelength dependency the residual dispersion can deteriorate the signal quality. Hopefully it
does not have high influence on the signal quality in case of typically used C or L bands and

just several hops, less than 20 compensation points for current networks.
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The situation is different in case of PMD. Since in networks in used nowadays the PMD is
not compensated, thus even for 10 Gbit/s system it can have high influence onto the signal

quality [46].

The noise related penalties include ASE noise from EDFA the crosstalk from the nodes
and also the nonlinearities in the optical fiber. Here we assumed that the influence of each
phenomena to the others is very small, i.e., it results in a larger or smaller perturbation around
the mean value of a channel. The phenomena under consideration (ASE, crosstalk (XT),
FWM, XPM, and SRS) are treated as statistically independent, and their overall contribution

to the Q-factor is approximated by a Gaussian variable.

Using the equations for a p-i-n photodiode in the receiver and the previously stated

assumptions, the Q-factor is approximately given by [47]:

Hi; — Hyi 2-13

2 2 2 2 2
O asei + \/ O asei ¥ T T (Cxprs + O + Ospsi)

O, = Ugg

Where 69455, 01456 are the noise variances excluding the nonlinear effects, 1, w;; are the
mean values of the marks/spaces voltages or currents, and oxpyi, GFwasi, Osrsi, are the induced
optical power deviations due to the respective effect at i" channel. Usrs; 18 the SRS-caused

signal level deviation normalized by the output power.

Combining the equation 2-12 and 2-13 it is possible to calculate the performance of an
optical link containing a chain of optical fibers and different elements such as optical switches,

EDFAs, etc.

The Q-factor unlike the OSNR is an electrical performance monitoring parameter thus it
also includes the receiver parameters. In this dissertation for Q-factor estimation the following
calculation method is used. The method is an extension of [48] to be able to calculate other

impairments as well.

Let as assume an optical signal before the receiver in the presence of disturbing

contributions like ASE, XT, nonlinearities:

E,(t)=E

sig

(6)+ E,(t)+ E,(t) + E;(t) + ...+ E, (¢) 2-14

where Eg(?) is the lightwave received, the first term Ej,(2) represents the lightwave for the
desired signal component and E;(2)-E,(t) represents the disturbing effects such as ASE, XT

etc. The received lightwave, after photo detection, produces a photocurrent given by:
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i, ()= R(ER (D)) +i,, (1) +1,, (1) 215

where the first term represents the square-and-average response of the photodetector to the
incident lightwave Ex(?) with R representing the responsivity of the photodetector, the second
term is the shot noise produced by the incident lightwave, and the third term accounts for the
receiver thermal noise. Assuming that the signal power is much higher than the receiver
sensitivity the shot noise and the thermal noise can be neglected. The first term of i,(?) in

(2-15) can be expressed as:
R(Ep(6)) =ty () + iy () + i 5 (6) iy, (8) + other 2-16

where ig;,(?) represents the desired signal component while the remaining terms account for
the beat noise components between signal and the deteriorating effects. In the other

component all the other cross components are involved such as i;_;(?) or i;.5(2).

Considering that the dominant beat noise terms are contributed by the signal-disturbing
effect, and representing all the noise components as a combined noise process the equation

2-15 can be approximated as:

ip (t) ~ isig (t) + [isigfl (t) + isig72 (t) +..t isig—n (t)} 2- 1 7
=1, +n,(1) 2-18
= RP, b, +n,(t) 2-19

where £ in the subscripts of all the terms in (2-18) and (2-19) represents the data bit (1 or 0)
being received, Iy with k=1 or O represents the corresponding signal components of the
photocurrent, P,,, represents the average value of the received optical signal power, and b;=2
or 0 for k=1 or 0, respectively. The combined electrical noise nx(?) is modeled as a zero-mean

Gaussian random process with a variance given by

2 2 2 2 _
O-k = O-k sig—1 + O-k sig—2 +...+ Gk sig—n 2 20
The receiver Q-factor is evaluated with a given decision threshold choice. One can
maximize the Q-factor by an optimum selection of it. However, an optimum choice of the
threshold can only be made with a prior knowledge of the received power levels of signal,

crosstalk, and ASE components and the other deteriorating effects.
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Assuming a perfect laser extinction (i.e., by =0, and hence /=0), in the following fix
receiver threshold is used in the calculation, the value is /;;/2. Using the above threshold and

noise variances, the Q-factor of the system can be express by :

o 221

o, +0,

sl

The novelties of the proposed method are as follows: It is able to calculate step-by step
each physical effect as the equation 2-12 indicates. The receiver model presented in [48] was
extended to be able to take more physical effects into account. Also to fulfill the step-by-step
model the receiver noise at this point was neglected. Finally the cross effects between physical

effects was neglected.

In the following sections form 2.1.2.1 to 2.1.2.4 the detailed calculation of each physical

effect is presented.

2.1.2.1 Calculation of ASE noise

Optical amplifiers represent one of the crucial components in an optical transmission
system. Despite of the minimum attenuation at 1.55um (theoretically, 0.16 dB/km), fiber
losses significantly limit the transmission performance with increased transmission distance
(>20 km). Optical amplification can be realized using different amplifier concepts and
mechanisms e.g. semiconductor optical amplifiers (SOA), rare-earth doped fiber amplifiers
(e.g. erbium, holmium, thallium, samarium) or more recently Raman amplifiers. All these
amplifier types are based upon different physical mechanisms resulting in different device
characteristics and implementation areas. The rare-earth doped fiber amplifiers provide optical
amplification in the wavelength region from 0.5-3.5um. The most important representative of
this amplifier type is erbium doped fiber amplifier (EDFA), which is today’s widely used
amplifier type in optical transmission systems due to the fact that it provides an efficient

optical amplification in the 1.55um region.

Considering a chain of EDFAs besides the signal amplification the noise is also generated

as shown in Figure 2-3.

Signal Signal Signal "
Level Level Level
(dB) oA Noise (dB) Noise (dB) Noise
Level (dB) Level (dB) Level (dB)

T

Figure 2-3 noise accumulation in optically amplified link source:[19]
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Several methods can be found in the literature presenting the calculation of the noise
induced signal quality deterioration [19] [43] [48]. Most of the calculations are based on

OSNR calculation and its conversion to the Q-factor. In this dissertation I also followed this

method.

The noise power generated by the EDFA is given by the recursive formula:

P = PASEbe_/bre G+ Znsp (G-DhvB, 2-22

Where ng, represents the spontaneous emission factor for the EDFAs, 4 is Planck’s
constant, v is the optical frequency, By is the optical filter bandwidth and G is the gain of the

amplifier. Pasgbefore i 1S the noise power before the EDFA at i™ channel.

Assuming a direct detecting receiver the variances of the noise at the receiver point while

obtaining the eye diagram can be calculated as follows:
0 p-si = R*(P,g; | B,)’(B,— B, /2)-2B, 2-23
G sig-spi = 2R°PP, ./ B, - 2B, 2-24

Where azsp_spi is the spontaneous-spontaneous beat noise in i channel, azsig_spi is the signal-
spontaneous beat noise in i" channel; R is the responsivity of the photo detector, B, is the

electric bandwidth of the receiver, and P; is the optical power at the output.

Neglecting thermal and shot noise of the receiver the oy 45z, 07455 can be obtained:

2 2 -
O 0ASEi = O sp—spi 2-25
2 2 2 -
G 1ASEi = O sig-spi T O sp-spi 2-26

2.1.2.2 Calculation of Crosstalk

The XT in optical systems can be characterized in two different categories: interchannel
and intrachannel XT. Interchannel XT occurs in case of non ideal filtering in multiplexers and
de-multiplexers. Since the noise component has different wavelength than the signal thus can
be easily removed by filtering out. The intrachannel XT occurs in optical switches. Since in
this case the disturbing XT noise and the signal has the same wavelength it makes nearly
impossible to remove it. In this section we only model and calculate the impact of

intrachannel XT coming from optical switches.
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Figure 2-4: Optical cross connect architecture

In Figure 2-4 a basic architecture of an optical node can be seen. It has several fiber input
and output ports. The switching is done by (N+k)*(N+k) switches as indicated in figure. The

origin of intrachannel XT is also from these switches.

The XT power generated by the EDFA is given by the recursive formula:

N+k 2-27
PXT[ = PXTbeforei ’ st + Z XswPi jst

Jj=1

where Pyrp; is the power of XT at i" channel after the switch, the Pxrpeore i the power of XT

at i channel before the switch Xs the XT parameter of the switch, Ly, the insertion loss of
the switch and the P;;. is the signal power at port j. The index i refers to i"™ channel however
since a switch is dedicated to one channel it has no meaning in this particularly case. It was

used to be consequent with the calculation presented in previous section.

Assuming a direct detecting receiver as introduced in section 2.1.2 the variances of the XT

at the receiver point:

0% 1y = Oy =26, R°PBP, 228

Sig—xt ti
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where &, = 1/2 (see [49]) representing the polarization mismatch factor between the signal
and crosstalk lightwaves, P; and P, are average the signal and of the XT power at i"™ channel

respectively, while by. is the constant introduced in equation 2-19.

In case of ASE and crosstalk noise the novelty was that receiver model was restricted to a
noise free model. This was necessary to fulfill the requests coming from the step by step
calculation. Since the model calculates the Q-value after each step, each EDFA or node, and
at this point the signal remains in the optical layer a virtual receiver has to be considered to
obtained a Q-value. This virtual receiver is noiseless. Obviously at the end of the connection a

where the signal is detected, the noise of the receiver can be taken into account.

2.1.2.3 Calculation of fiber nonlinearities

The response of any dielectric to light becomes nonlinear for intense electromagnetic
fields, and optical fibers are no exception. On a fundamental level, the origin of nonlinear
response is related to anharmonic motion of bound electrons under the influence of an applied
field. As a result, the total polarization P induced by electric dipoles is not linear in the

electric field £
P=5,(y'E+x" :EE+y"EEE+..) 2-29

where ¢, is the vacuum permittivity and y? (j=1,2, ...) is /™ order susceptibility. In general,
%" is a tensor of rank j+1. The linear susceptibility y'” represents the dominant contribution to
P. Its effects are included through the refractive index n and the attenuation coefficient a. The
second-order susceptibility » is responsible for such nonlinear effects as second-harmonic
generation and sum-frequency generation [50]. However, it is nonzero only for media that
lack an inversion symmetry at the molecular level. As SiO2 is a symmetric molecule, y”
vanishes for silica glasses. As a result, optical fibers do not normally exhibit second-order
nonlinear effects. The lowest-order nonlinear effects in optical fibers originate from the third-
order susceptibility ™ which is responsible for phenomena such as third-harmonic
generation, four-wave mixing, and nonlinear refraction. Unless special efforts are made to
achieve phase matching, the nonlinear processes that involve generation of new frequencies
(e.g. third-harmonic generation and four-wave mixing) are not efficient in optical fibers. Most
of the nonlinear effects in optical fibers therefore originate from nonlinear refraction, a
phenomenon referring to the intensity dependence of the refractive index. In its simplest form,

the refractive index can be written as:
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ii(,|E*|) = n(@) + n, |E”| 2-30
where n(w) is the linear part of the refractive index E° is the optical intensity inside the

fiber, and 7, is the nonlinear-index coefficient related to ¥ by the relation:

3 2-31
nZ = Re(lixxx)

&n
where Re stands for the real part and the optical field is assumed to be linearly polarized so

that only one component y(3)xxx Of the fourth-rank tensor contributes to the refractive index

[51].

Nonlinear processes

|
| |

inelastiscal elastical, parametric
scattering processes processes
[ |
Brillouin scattering Raman scattering Kerr
(SBS) (SRS) nonlinearities
Four-wave mixing Selfphase modulation Crossphase modulation
(FWM) (SPM) (XPM)

Figure 2-5: Nonlinear processes in optical transmission

Basically, the nonlinear processes can be divided into in-elastic and elastic (parametric)
processes (Figure 2-5). The in-elastic processes are dependent on the imaginary part of ™
and become evident above some specific power threshold level. The elastic processes known
as Kerr nonlinearities are characterized by the dependence on the real part of y©. The Kerr
nonlinearities are self-phase modulation (SPM), cross-phase modulation (XPM), four-wave
mixing (FWM) as well as intra-pulse processes such as intra-channel four-wave mixing
(IFWM) and intra-channel cross-phase modulation (IXPM), which become important at
increased channel bit rates. Stimulated Raman Scattering (SRS) and Stimulated Brillouin

Scattering (SBS) are inelastic processes.

The propagation of optical fields in dielectric fibers is described by Maxwell’s equations.
Considering x-polarized light propagation in z direction the nonlinear Schrodinger equation

(NLSE) can be obtained [51]:



CHAPTER 2. MODELLING THE PHYSICAL IMPAIRMENTS IN WDM OPTICAL NETWORKS 27

2-32

9 dzn=—2 iz i P Ao
5, A@n=——A ,t)+12 Az, )+ TA( 1)

7o 2 o 2 o O 2
-~ az(‘A(Z”)‘ Az,0) = jy|A(z,0) A(z,0) - jiT, az‘A(Z’”‘ A(z,1)

0

where a represents the fiber attenuation, 7' is measured with the frame of reference moving
with the pulse at group velocity v, (T=t-z/v,), T refers to the slope of the Raman gain, and y
is the nonlinear coefficient of the fiber, A(z, ¢) is the field amplitude, wy the carrier frequency
and S, is the propagation constant given by:

2-33
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The terms on the left hand side of Equation 2-32 describe the fiber propagation limitations.
The first term is the linear attenuation, the second and third describes the group velocity
dispersions (GVD) and the last one represents the nonlinear Kerr effect, self-steepening and
stimulated Raman scattering (SRS) group. In the following sections, these effects will be
further described. The self-steepening is a higher order nonlinear effect, which originates from
the intensity dependence of the group velocity [51]. Since it occurs only for ultra-short optical

pulses with widths smaller than 1 ps [51], this effect is not considered in this work.

In the next sections from 2.1.2.3.1 to 2.1.2.3.3 the basic idea of the calculations are
presented. The detailed calculation can be found in the references. The aim was to show how
this calculation can be taken into account in the previously presented (section 2.1.2) Q-factor
calculation method. The novelty is as mentioned before that it is assumed that the influence of
nonlinearity on to the evolution of the others is very small, i.e., the nonlinearities result in a
larger or smaller perturbation around the mean value of a channel. The phenomena under
consideration (FWM, XPM, and SRS) are treated as statistically independent, and their
overall contribution to the Q-factor is approximated by a Gaussian variable. Also the

calculation of each effect noise variance is not a trivial task.

2.1.2.3.1 Calculation of XPM

When two or more optical fields having different wavelengths propagate simultaneously
inside a fiber, they interact with each other through fiber nonlinearity. The fiber nonlinearity
can couple two fields through cross-phase modulation (XPM) without inducing any energy

transfer between them. Cross-phase modulation is always accompanied by self-phase
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modulation (SPM) and occurs because the effective refractive index seen by an optical beam
in a nonlinear medium depends not only on the intensity of the beam but also on the intensity
of other co-propagating beams [51]. Since the XPM has twice higher impact onto the signal
quality than the SPM [51] thus in this work the effects of SPM are neglected.

The impairment due to XPM can be expressed as XPM-induced noise. It is caused by high-
power co-propagating wavelengths which introduce a slight phase shift of the pulses edges in
the channel of interest. While the phase-to-intensity (PM/IM) conversion, induced through
GVD by a phase modulation present at the input of the fiber, can be perfectly undone by a
compensating fiber, the one induced by XPM components generated away from the input
cannot be perfectly compensated, and the resulting residual intensity distortion impairs the
performance of intensity modulated, direct detected systems. Such intensity distortion has
been mostly studied by means of computer simulations, because the nonlinear Schrodinger
equation is not analytically solvable for general pulses when both the nonlinear and the
dispersive terms are present. Simulations involving XPM are almost prohibitively time
consuming, because they require the propagation of all the WDM channels. The key idea is
the following based on [52]. The XPM at the end of the link is the sum of the XPM
contributions generated in each infinitesimal fiber segment. Each infinitesimal XPM
contribution gives an infinitesimal intensity distortion by PM/IM conversion at the end of the
link. Here we also assume that such infinitesimal contributions add up to give the total output
intensity distortion. The noise variance coming from XPM, at i channel, oypy;, can be
calculated as follows [52]-[53]. Here the novelty was the equation 2-34 and 2-35 where from
the XPM transfer function it is able to calculate the noise variance due to XPM:

O pu =;a§m 2-34
where o°ypy; the noise variance square due to XPM at j’h channel. ¢° xpmij 1 given by the

following Fourier transform:

. g 2-35

where o is the angular frequency, Hxpy; is the transfer function of the crosstalk at the i"
channel coming from channel j’h and S§; is the spectral density of the j’h channel By is the

optical bandwidth. Hypys;; can be calculated with the following expression:
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where 7; is the nonlinear index of the fiber for the i channel, P;(0) is the power of the i
channel at the fiber input. L is the fiber length, v, is the group velocity in the fiber and a and b

is given by the following expression:
a=a-jod, 2-37
b=aw’D,2 4z c) 2-38

where dj; is the walkoff parameter, f is the propagation constant, D; is the dispersion
coefficient of the i channel. The spectral density of the signal (S;) assuming NRZ modulation

is:
PY 1 , 2-39
S, :(z/j 7\G(a))\

where T} is the bit time and G(w) in case of rectangular pulse is given by the following
expression.

Glo)=7,50@%/2) 2-40
" wl,/2

2.1.2.3.2 Calculation of FWM

Four-wave mixing is a further development of the Kerr nonlinearity in DWDM
transmission systems, the occurrence of which requires three co-propagating waves A4;, A and
A; on considerable power levels. Then, the third-order susceptibility %' causes nonlinear
polarization of the waveguide material, resulting in a transfer of optical power to the mixing
frequencies o; = o; + wi-my, J,k#L. It is possible to get de-generated four-wave mixing with two
channels as well. In this case the generated frequency will be o; = 2w; - ®x. In DWDM
systems with equidistant spectral channel separation, these newly generated frequencies

interfere with existing carriers, causing crosstalk.

The crosstalk power Pjy; in a piece of fiber of length L can be approximately derived by use
of the multi-channel NLSE (equation 2-32), whose GVD, SMP, XPM and SRS terms have

been discarded. Just the terms for fiber attenuation and FWM remain.

The noise variance due to FWM, oz, can be calculated as follows [54]-[55]:
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. 2-41
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where P is the average channel power inserted into the fiber, B, and By are the electrical
and optical bandwidth respectively and

Py i(L) = Z ijl (L) 2-42

J+k—I=i
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Where j, k, [ the channel numbers causing the noise and i is the channel which is disturbed,

L is the length of the fiber.

1—e ) +4esin®(Ag,,L/2) , 2-43
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K
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ol 18 the polarization factor which in our case is 1, y; is the nonlinear coefficient and a the

attenuation of the fiber,

274

C

Aﬂjkl =
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dA

where ¢ is the speed of light in vacuum, Af is the channel spacing, D is the dispersion

coefficient and 4, is the wavelength of channel /.

2.1.2.3.3 Calculation of SRS

In multi-wavelength optical transmission systems employing silica fiber, any
monochromatic pump wave (i.e. wavelength channel) experiences inelastic scattering by
molecular vibrations. Any longer-wavelength channels, if present, are amplified coherently,
causing the depletion of the pumping shorter-wavelength channels. Due to the fact that optical
signals are modulated by random sequences, this power transfer shows statistical behavior.
This statistical behavior according to [56]-[57] can be derived to a noise fluctuation oggs; and

to a mean value usgs; changing.
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where i and j are the interacting channels, 7} the bit time, Q(w) the Fourier transform of the

signal power coming from SRS, in case of NRZ modulation:

2-49
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where Pj(w) is the power spectra of the ;™ channel, j and i are the channel numbers, d;; the

channel walkoff (d;;=1/vgi-1/vg~ D-(%;- 4;)) and:

P 2-50
24,

where g g is the Raman-gain slope, Aepris the effective core area of the fiber.

2.1.2.4 Calculation of PMD

In conventional single-mode fibers, birefringence is not constant along the fiber but
changes randomly, both in magnitude and direction, because of variations in the core shape
(elliptical rather than circular) and the anisotropic stress acting on the core. As a result, light
launched into the fiber with linear polarization quickly reaches a state of arbitrary
polarization. Moreover, different frequency components of a pulse acquire different
polarization states, resulting in pulse broadening. This phenomenon is called polarization-

mode dispersion (PMD), Figure 2-6 .
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Figure 2-6: Polarization Mode Dispersion

Polarization mode dispersion (PMD) is one of the most important degradation effects in
long haul and high data rate transmission systems. It is widely recognized that 40 Gb/s data
transmission rates impose very strict requirements on the fiber plant and transmission systems
deployed in the field. However, for a data rate of 10 Gb/s the PMD design rules are not so
sever, still has to be taken into account. In particular, PMD can be serious limitation on

certain fiber links operating at 10 Gb/s [46].

Considering the pulse propagation in the fiber, it can be distinguished between two
orthogonal polarization axes called principle states of polarization (PSPs). These axes are not
necessarily in the vertical and horizontal planes. In fact, their random orientation depends
upon the stresses in the fiber. The light polarized along one of the axes experiences a different
refractive index than light polarized along the other axis. This effect is known as
birefringence. As the index of refraction is a measure of how fast light moves through the
material, the linear-polarized light launched into one principal axis travels through the fiber
faster than the light launched into the other axis. It also means that the relative phase of the
light in the two axes changes as it propagates along the fiber. This phase difference changes
the overall state of polarization (SOP) of the light leaving the fiber [46]. An optical pulse with
the polarization aligned with one of the principal axes emerges at the fiber output in the same
state of polarization without any PMD impact. For a pulse with randomly oriented
polarization, one part of the pulse is transmitted along one of the principal axes, and the other
part is transmitted along the other principal axis. The received pulse becomes broadened,
because the two parts arrive with a delay time Az, called differential group delay (DGD)
(Figure 2-6). The total pulse broadening due to PMD can be estimated from the time delay 4z
between the two polarization components (Figure 2-6). In a fiber with length L, the DGD is
given by [46]:
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where x and y are the two orthogonal polarized fiber modes and 4f; is group delay
difference related to the fiber birefringence. The DGD between the polarization states in a
non-polarization preserving fiber is a random variable, with a mean value <A47>. The time-

averaged DGD between the two orthogonal SOPs in a fiber can be defined as:
<Ar>=D, L 2-52

where Dpyp stands for the fiber PMD parameter, measured in [ps/km” 2], and L is the fiber

172

length. Typical values of Dpyp are in the range of 0,1 to 1 [ps/km ], although in old fibers

172

Dpyp larger than 1 [ps/km"“] can occur. Nowadays, fiber manufactures offer fibers with Dpyp

smaller than 0.05 [ps/kml/ .

Several methods have been proposed in literature for the PMD induced penalty. The most
widely accepted is the separate calculation of DGD, from other effects, as presented in [4] or
[19]. The problem with these methods is that it excludes the other effects such as noise or
nonlinearities. In this thesis the effects of the PMD are taken into account by investigating the
influence of PMD on the Q-factor. In such a way it is possible to simultaneously handle the

noise related effects and PMD.

Any DGD between the PSPs distorts the optical pulses and gives rise to inter-symbol
interference (ISI), which manifests in reduced receiver eye-opening. Therefore, PMD-induced
performance degradation in IM-DD transmission systems is assessed by an eye-opening
penalty along the lines according to [58]. This eye-opening penalty (EOP) is subsequently
translated to a Q-factor penalty. Based on the work published in [59] the EOP can be

calculated as follows:
EOP, ~ A(AT/T,) y(1-7) 2-53

where EOP p is the eye-opening (or closure) penalty in dB. 4 is the pulse form factor
which is 21,4 in case of NRZ rectangular pulses [59], 47 is the DGD in [s] due to PMD and y

is the power distribution factor.
This approximation considers first-order PMD only, i.e. DGDs are way smaller than the bit
period ( Az <<T,). The PMD-induced instantaneous DGD (and thus the instantaneous EOP)

varies with changing environmental conditions. Measurements show that the instantaneous

DGD behaves according to a Maxwellian probability density function (PDF).
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If defining DGD excursions beyond to a given limit as outage, then the Maxwellian PDF
allows to formulate an outage probability (OP) due to the tail of the distribution beyond a
certain threshold. This interrelation has been formulated by [59] in order to yield an OSNR
penalty. Here, an intermediate result of their calculation is used where the Q-factor penalty

can be identified by inspection.
Considering the DGD PDF reported in [61]:

32 A7 ~2Hagfiar)y’ 2-54

72_2 <AT>3 e

pdf (A7) =

For this Maxwellian-distributed instantaneous DGD Az and random power splitting, the

PDF of the EOP is found to be negative-exponentially distributed [59]:

pdf(EOPdB) _ ﬂ,e—W'EO%B 2-55
where
16 2-56
no= — 5
Ax(Ar) B

By transformation of equation 2-55 from logarithmic to linear scale,

_ d _ 2-57
pdf (Y) = pdfyon, (f I(Y))/dEOPdB 7))
where Y eye opening (or closure) due to PMD effects
EOLy 2-58

Y=f(EOP,)=10
EOP,, = f7'(Y)=10-log,, Y

the PDF of the eye closure Y is obtained, which is in turn transformed to the PDF of the Q-

factor by making use of the fact that the eye closure reduces the Q-factor:
0 =~ QOuulY 2-59

%U/Q'(QASE/Q)_WW 0<90<0,
pdf(Q) =

0 elsewhere
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where Qask is the baseline Q-factor due to ASE or other noise sources.

The outage probability OP, as mentioned above, determines to which probabilistic extent

the maximum tolerable instantaneous DGD Az, 1s exceeded:

o 2-60
OP= | pdf(Ar)dAr
O 2-61
= [ pdf(@)30
0
10 2-62

= (Qmin ! Quse )mﬂ

Where Q,;, 1s the minimal acceptable Q-factor considering both noise related effects and
PMD.

Solving equation 2-62 for QPpyp=0min/Quse yields the desired PMD-induced Q-factor

penalty as a function of the outage probability OP:

In10 Az{A7)’ B? 2-63
OPoyp = OP 0 e

where OPpyp is the Q-factor penalty due to PMD, B is the bit rate.

The novelty of the method is that based on the previously presented calculation, while
knowing the Q-factor when just the noise related effects are taken into account, and an

accepted outage probability, the Q-factor for both the PMD and noise can be obtained.

2.1.3 Validation of the calculation

The calculation method presented in previous section 2.1.2 is a highly complex method
using several sub-calculations. The validation of it is a difficult task. As first step the
calculation presented for ASE and PMD was compared with the results obtained with
commercially available software VPI Transmission Maker [62] where very similar results
were obtained. In case of nonlinearities this is not possible since in case of higher total power
where the nonlinearities have influence (> 18 dBm) the calculation time increases drastically
(upto several weeks even months). Here I compared the optimal signal power (see section 2.2)
using the previously presented method, and the commercially available products EDFA output
power like the Cisco and Huawei ones. Here I again found very good mach. The results for

nonlinearities were also compared with the results of commercially available simulation
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softwer Optisystem [63] in case of CWDM systems where the calculation time is much less
than in case of DWDM systems. Figure 2-7 shows the simulation results compared to the
calculation results of the model for 60 km fiber length. The aim of this comparison was to find
the maximum Q-factors. The OptiSystem simulation results show the maximums such as the
calculation results. The powers of the maximums are nearly equal in the two cases. As it is to
be seen there is a good correspondence between the estimated progresses of the two graphs.
The Q factor calculation by OptiSystem for power values over 26 dBm was impossible, as
well as the calculation for higher fiber lengths than 60km. These calculations require an
incredible amount of time, one more point in the 60km case requires about 1 week of running.

The results were published in [64].

Calculation results
80 « OptiSystem simulation results

50 |

40

30

20 A

Q factor
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Inserted signal power (dBm)

Figure 2-7: Comparison of the calculation results and the OptiSystem simulation results

Also these calculations were used in [65][66][67] where the analytical results were
compared with real measurements and also with simulations. The data from the Table 2-1
were obtained from a cooperation study between BME and Magyar Telekom [65]. The M1-
M8 means the names of the measuring points. In these points the analytical, the VPI
simulation and the experimental data were compared. As it is to be seen, the results match
very well except from the M6 point were the dispersion was not compensated. It was a total
700ps/nm dispersion. At this point the analytical calculation and the simulations matched well
but not with the experiment measurements. Finally we have investigated this problem and it
turned out that the measuring equipment was wrong and the calculations and simulations gave

the correct results.
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M1 M2 M3 M4 M5 Me M7 M8

Analytical 25,64 | 27,82 | 28,73 | 29,07 | 32,54 | 29,97 +700ps =10 27,94 27,15

Simulation 27,78 | 23,43 | 30,8 29,7 | 32,76 10,52 26,02 29,5

Experiment | 31,93 | 26,01 | 30,35 | 32,7 | 29,89 22,12 25,82 24,19

Table 2-1: Analytical, simulation and experimental data comparison.

As conclusion the presented analytical calculation method for Q-factor estimation gives
accurate results for systems up to 10Gb/s channel bit rate OOK modulation and direct

detection, i.e. the nowadays mostly deployed systems.

It is also very important to distinguish between the influences of different optical effects
considering different network scenarios. For example in access networks the dominant
physical constraint is the insertion loss, however in case of metro or long haul networks
besides the insertion loss other physical effects have to be taken into account as well. Since in
this dissertation the focus is on the metro and long haul networks it is important to investigate
which physical effects are important in these networks. In both cases the most important effect
is the noise; however the origin is changes in the two cases. In case of metro networks the
crosstalk (XT) in the optical nodes has high impact. In lack of dispersion mapping the

nonlinear interaction is also important.

In case of long-haul networks despite the accurate dispersion mapping, due to high signal
power the nonlinear interaction is also very important. In this case the dispersion distortions
have high impacts. Since the polarization mode dispersion (PMD) depends from the length of
the optical links, this also has high influence onto the signal quality. Considering the
chromatic dispersion, due to the several inline compensation points, the residual dispersion

can be high enough not to be considered as a neglecting effect.

As conclusion, the main degrading effect in both cases is the amplifier noise. In case of
metro networks the XT and the nonlinearities are important, in case of long—haul networks the
nonlinearities the PMD and the residual dispersion is important, besides the ASE noise from

the amplifier.
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2.2 Claim 1.2: Calculation of optimal signal power for WDM
optical networks

Claim 1.2: "I have calculated for different network scenarios the optimal signal power for
intensity modulated direct detection 10 Gbit/s point-to-point wavelength division multiplexed

optical systems."

In Claim 1.1, a model to calculate analytically the signal quality deterioration due to
physical impairments was presented. In claim 1.2, based on simple network scenario and the
method mentioned before, the exact value of the optimal signal power is calculated. As a
result the exact values are given for the optimal signal power at the transmitter point, or at the

output of the inline amplifiers for 10 Gbit/s WDM-OOK-DD systems.

2.2.1 Introduction

In the last twenty years the WDM technology had an incredible evolution. Nearly all
physical effects can be compensated in an all-optical way. The only effect that cannot be
compensated is the noise. Clearly there are techniques to decrease the noise distortion such as
bandwidth filters, however the total eraser is very difficult to be done all-optically. Thanks to
technology evolution low-noise amplifier techniques have appeared, such as Raman or
parametric amplifiers, or even EDFA and SOA with low noise figures. The crosstalk of the
nodes is drastically decreasing as the technology evolves and the noise of the transmitters can

be very low as well.

The only phenomena that still limit the optical networks are the nonlinear effects. Although,
there are optical fibers with low nonlinear coefficients, it is commercially nearly impossible to
replace the already deployed fibers with new ones. The only solution is to maximize the signal
power inserted into the optical fiber. To increase the size of optical networks the
maximization of the signal power is needed. Moreover, the nonlinear effects highly depend on
the network bit rate. While increasing the bit rate from 2.5 Gbit/s to 10 or 40 Gbit/s or even
higher the maximally allowed signal power in one optical fiber is decreasing and therefore the

size of the all-optical network is decreasing as well.

Nowadays in case of optical networks system designers have very strict rules regarding the
optical power inserted into optical fibers in order not to reach the nonlinear region of them. A
model of the nonlinear behavior would lead to a more accurate system design. Using the
proposed scheme it is possible to determine a signal power range where the signal quality

deterioration due to nonlinear effects is tolerated. This way it is possible to maximize the
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signal power used in optical fibers, to increase the size of the optical network or to minimize
the number of inline amplifiers. It has to be mentioned that there are other existing techniques
like the use of other modulation formats, or dispersion mapping which decrease the influence
of nonlinearities onto the signal quality [68]-[70]. Best results can be reached combining these

techniques and maximizing the signal power.

Using the model presented in section 2.1.2 it is possible to calculate the optimal signal
powers of the transmitters and inline amplifiers in typical optical networks. The emphasis for
network designers is to give the maximum signal power which can be used for different

network scenarios. The results are also compared with the Brillouin threshold.

2.2.2 Model description

In Figure 2-8 the used model is depicted. The goal of the calculation was to increase the
total power at point P after the EDFA and calculate the signal quality at point Q. In this way

the optimal signal power for a point-point WDM optical network can be obtained.
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Figure 2-8: Model used for calculating the optimal signal powers in WDM optical networks

The results can be extended to multiple amplified systems since the optimal signal power
will not change in case of using more EDFAs, only the signal quality will decrease. To
demonstrate the effects of nonlinearity onto the signal quality, ideal transmitters and receivers
were assumed. The idea behind it was that in case of low signal power where the impact of
nonlinearity onto the signal quality is negligible a noisy transmitter-receiver would lead to
false results. The crosstalk from the mux-demux was also neglected. Table 2-2 contains the

main parameters of the model.
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Symbol Quantity Value
Optical bandwidth
B, 40 GHz
of the receiver
Electrical bandwidth
B, ' 7 GHz
of the receiver
o Bit rate 10 Gbit/s
S Dispersion slope 0.085 ps/(nm” km)
D Dispersion coefficient 17 ps/(nm km)
Highest channel
Ao 1550 nm
wavelength
c Speed of light 300,000 km/s
Attenuation
a 0.21 dB/km
coefficient
y Nonlinear index 1.18:107 1/(Wm)
NF EDFA noise figure 4.5dB
2 Responsivity of the |
photo detector
gRr Raman gain slope 7.482-10%" m/(WHz)
Aegy Effective core area 80 um”

40

Table 2-2 Main parameters of the optical system

2.2.3 Results

As mentioned in previous section, I increased the signal power inserted in the optical fiber
and determined the signal quality at the receiver side. I also compared the signal quality for

each nonlinear effect with the signal quality obtained when only the ASE noise is taken into
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consideration. As it was expected while increasing the gain of the amplifier the ASE noise is
increasing which leads to a decreased OSNR. This results in a decreased signal quality when
only the ASE is taken into account. See in Figure 2-10 - Figure 2-15, the solid line marked
with ASE. In these figures the total input power inserted in the fiber is plotted versus the Q-
factor. It was mentioned before that I use ideal transmitters and receivers which means that
the receiver sensitivity is infinite. The curve corresponding to ***+A4SE means the respective
nonlinear effect and the effects of ASE onto the signal quality, where *** is the corresponding
nonlinear effect. XPM means the cross-phase modulation, WM means the four-wave mixing
and SRS means the stimulated Raman scattering. The curves signed with TOTAL were

obtained when all the nonlinear effects were taken into account.

In the next section, I present the results obtained for channel spacing of 50 and of 100 GHz
and for different fiber lengths and different channel numbers. The highest wavelength means
the channel with wavelength 1550 nm. The lowest and medium wavelengths are changing for
every calculation, depending on the channel spacing and channel number used. In Figure 2-9 1
plotted the spectra of the channels and indicated the channel numbers for 16 channels. Of
course, in case of 80 channels the enumeration goes to 79 instead of 15. All these results were

published in [47].
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Figure 2-9: Number of channels

2.2.3.1 50 GHz cannel spacing

From Figure 2-10 to Figure 2-12, the results are presented for 50-GHz channel spacing. In
Figure 2-10 the results for 40-km fiber length are plotted. In Figure 2-10-a the results obtained
for the highest channel using 16 channels are plotted. As it is to be seen the SRS has lower
impact then the FWM and the main constraint is the XPM for this network scenario. As it is to
be seen the TOTAL curve is nearly the same as the XPM curve. For the medium channel,

Figure 2-10-b, I got nearly the same results except for the FWM. This is due to the fact that
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more parasite signals appear on the center wavelengths, than on the peripheral ones. A little
change can be observed on the XPM curve, too. This is because XPM has stronger impact in
case of more neighboring channels i.e., in middle wavelengths. Figure 2-10-c is nearly the
same as the Figure 2-10-a. This is the consequence of the fact that Raman scattering is
negligible when using 16 channels. In Figure 2-10 d-e-f, results for 80 channels are plotted.
As can be seen there is a significant difference between results obtained for 16 channels. In
Figure 2-10, channel for 0, the XPM is still the most dominating effect. Raman scattering has
very interesting behavior. The signal power of low frequency channels is increasing thus the
signal quality is also increasing. Due to Raman crosstalk, noise is generated which

deteriorates the signal quality. These two effects lead to the behavior seen in Figure 2-10-d.

In Figure 2-11 and Figure 2-12 the same results can be seen as those of Figure 2-10 for
fiber lengths of 80 and 120 km. In each figure I also plotted the Brillouin threshold. The
results are similar to the 40-km case. There is only small signal quality deterioration as I
increase the fiber length. This is the result of the longer interaction length between the
channels. However, as the nonlinear effects are dominant at high signal power close to the

fiber input, the increased fiber length causes a negligible nonlinear distortion.
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Figure 2-10: Q-factor as function of the input power for a 40-km transmission line using 50-GHz

channel spacing taking into account ASE noise and nonlinear effects using 16 channels a) the longest, b) a

medium, c) the shortest wavelength channel; using 80 channels d) the longest e¢) a medium f) the smallest

wavelength channel
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Figure 2-11: Q-factor as function of the input power for a 80-km transmission line using 50-GHz
channel spacing taking into account ASE noise and nonlinear effects using 16 channels a) the longest, b) a

medium, c¢) the shortest wavelength; using 80 channels d) the longest, ¢) a medium, f) the shortest

wavelength channel
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Figure 2-12: Q-factor as function of the input power for a 120-km transmission line using 50-GHz
channel spacing taking into account ASE noise and nonlinear effects using 16 channels a) the longest b) a
medium c) the shortest wavelength channel; using 80 channels d) the longest e) a medium f) the shortest

wavelength channel

2.2.3.2 100 GHz cannel spacing

From Figure 2-13 to Figure 2-15 the results are presented for 100-GHz channel spacing. In
Figure 2-13 the results for 40 km fiber length are presented. In case of 16 channels, Figure
2-13 a-b-c, the results are nearly the same as presented for 50-GHz channel spacing. Using 80
channels the increased frequency difference between the high and low wavelength channels
increase the Raman effect, so Raman scattering becomes the dominating effect. For the

middle channels the XPM is still the dominating effect.

In Figure 2-14 and Figure 2-15 the same results can be seen as in Figure 2-13 for fiber
lengths of 80 and of 120 km. A small signal quality deterioration can be observed, for the

same reason as for the 50-GHz case.
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Figure 2-13: Q-factor as function of the input power for a 40-km transmission line using 100-GHz
channel spacing taking into account ASE noise and nonlinear effects using 16 channels a) the longest b) a

medium c) the shortest wavelength; using 80 channels d) the longest e¢) a medium f) the shortest

wavelength
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Figure 2-14: Q-factor as function of the input power for a 80-km transmission line using 100-GHz
channel spacing taking into account ASE noise and nonlinear effects using 16 channels a) the longest b) a

medium c) the shortest wavelength channel; using 80 channels d) the longest e) a medium f) the shortest

wavelength channel
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Figure 2-15: Q-factor as function of the input power for a 120-km transmission line using 100-GHz
channel spacing taking into account ASE noise and nonlinear effects using 16 channels a) the longest b) a

medium c) the shortest wavelength channel; using 80 channels d) the longest e) a medium f) the shortest

wavelength channel

2.2.3.3 Optimal signal power versus number of channels

To define the optimal signal power, I introduced the Q-factor penalty of the nonlinear

effects. The Q-penalty of the nonlinearities can be obtained as follows:

op - st 2-64

QTOTAL

Where Qasg is the Q-factor when only the ASE is taken into account as described in

previous section and QOrorar 1s the Q-factor when the effects of nonlinearities are taken into

account besides the effect of ASE.

The QP can be expressed in dB where conversion is:

QP =20-log QP 2-65
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I defined for the QP 5 two margins, 1 and 2 dB. These are the typical margin values where
the influences of the certain physical effects are tolerated. The results can be seen in Figure
2-16. As a comparison I also plotted the curve corresponding to Brillouin threshold. The

results were obtained as follows:

e [ calculated the Q-factor of the ASE and the nonlinearities as presented in previous
section for different number of channels.

e [ took the worst channel and calculated the signal power corresponding to 1 or 2 QP z
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Figure 2-16. Maximum total signal power to avoid the nonlinearities for different number of channels for
40-km fiber length a) 50-GHz channel spacing b) 100-GHz channel spacing; for 80-km fiber length c) 50-
GHz channel spacing d) 100-GHz channel spacing; for 120-km fiber length e) 50-GHz channel spacing f)
100-GHz channel spacing

As it is to be seen in nearly all cases the Brillouin threshold has higher values than the

maximum allowable signal power corresponding to 1 and 2-dB QP 3.

The other interesting property is that while increasing the channel number the maximum
signal power is increasing, too. It has to be mentioned that the maximum signal power means
the total signal power inserted into the optical fiber. The results show that the optimum signal

power is approximately 12 dBm for 16 channels and about 21 dBm for 80 channels.

2.2.3.4 Maximum communication length

In this section the way to determine the maximum communication length is presented
having in mind that a typical detector has -26 dBm receiver sensitivity and the signal quality
for error free operation has Q-factor of 9.5. The results show the maximum distance for point-

to-point systems where no inline amplifiers are used.

In this case the insertion loss of the dispersion compensation unit (DCU) has to be taken
into account. I also assumed that the dispersion coefficient of the DCU fiber is -90 ps/(nm km)
and the attenuation coefficient is 0.6 dB/km. The length of the DCU fiber was exactly the
same as the length of the optical fiber multiplied by 17/90, to overcome the effects of
dispersion at the receiver side. To remember the fiber dispersion coefficient was 17 ps/(nm
km) Table 2-2. I also plotted the SBS threshold. It has to be mentioned that the SBS threshold
is defined for a single channel. For WDM systems where the number channels is different the
SBS threshold will change, as it is to be seen in Figure 2-17. Of course the SBS threshold
plotted by a straight line has no physical correspondence. It should be a point at each channel

number at a certain input power which gives a position of a horizontal line. Just for better
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illustration purpose a straight line was plotted. As it is to be seen in this case when no inline
amplifier is used and only the nonlinearities are the limiting factors on an optical link the main
constraint is the Brillouin scattering, and the maximum communication length is about 110

km with an input power 20-28 dBm depending on the number of channels.
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Figure 2-17:. Maximum communication length without inline amplifier

2.2.4 Conclusion

In this section the dependency of the nonlinear effects on the signal power was presented.
By analytical calculations the optimal signal powers for different network scenarios were
determined. I also demonstrated for different network scenarios what the most limiting
nonlinear effects are. I also calculated the maximum connection length based on nonlinear
behavior of the optical fibers for point-to-point systems. These results are useful tools for

network designers for improving their optical network or even redesigning their power budget.
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Chapter 3

Physical impairment based routing
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3.1 Claim 2.1: Dynamic IA-RWA algorithm

"I have proposed a novel dynamic [A-RWA algorithm which can take into account the

physical constraints of the optical layer considering a multilayer network environment. "

In both, metropolitan optical networks (MON) and long haul optical networks (LHON) the
signal quality is often influenced by the physical impairments, therefore a proper impairment
based routing decision is needed. In the absence of all-optical 3R regenerators, the quality of
transmission has a strong impact on the feasibility of all-optical transmission. It is assumed
that signal regeneration can be done only in electrical layer. Once the signal is in electrical
layer there are some features supported e.g., the traffic grooming. I have shown, that by taking
into account both, the physical impairments characterized by the Q-factor, as I propose in
section 2.1.2, and the features of electrical layer, will have a strong impact onto the routing

that is based on impairment constraints. The claim 2.1 presents a method for that.

3.1.1 Introduction

IA-RWA may be used in transparent networks as a tool for performance engineering with
the goal of choosing feasible paths, while obtaining the optimal routes regarding the RWA
problem. As it was mentioned in section 1.3.1, many excellent papers have been written about
constraint based routing which obeys physical effects [35]-[39]. The main difference of the
proposed model and the already published ones is that, in this case the features of electrical
layer can also be taken into account. The other difference is that in this case, the physical

effects are modeled in a very complex and accurate way.

There is no doubt, that the near future info-communications will be based on optical
networks. In general for networks of practical size, the number of available wavelengths is
lower by a few orders of magnitude than the number of connections to be established. The
only solution here is to join some of the connections to fit into the available wavelength-links.
This is referred to as traffic grooming. The main idea of the optimization is that it is assumed
that in the optical layer, there is no signal regeneration, and the noise and signal distortion
accumulate along a lightpath. Actually, re-amplification, re-shaping, and re-timing, which are
collectively known as 3R regeneration, are necessary to overcome these impairments.
Although, 3R optical regeneration has been demonstrated in laboratories, only electrical 3R

regeneration is economically viable in current networks.

It was already mentioned that in the electric layer it is possible to do traffic grooming. If

we investigate the physical limitations in the optical domain, and take them into consideration,
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we will have to include new optical-electrical-optical conversion just to ensure the quality
prescriptions. These new optical-electrical-optical conversions will have influence onto the

RWA process.

3.1.2 Graph model

Several graph models have been proposed for representing WR networks with traffic
grooming capability [72]. The applicability of these models, obviously varies; the one most
closely conforming to the demands of this work has been proposed by Cinkler et al. [73][74].
In this work a slightly modified version of it is presented. The adaptation has been done by
Szigeti et al. for the purposes of IDRSIM [75] and was presented a little later with some
changes in [76]. The purpose of this model is to facilitate the solution of the RWA problem by
assigning a graph to a WR network in which path computation algorithms (Dijkstra, Bellman-

Ford, Suurballe, etc.) may be used to route calls.

Figure 3-1 illustrates a hybrid node type, used in this work which consists of an OXC and
an attached electronic switching and processing layer. Any incoming signal may be forwarded
towards an arbitrary output port on the same wavelength. Furthermore, a limited number of
signals may be switched towards the electronic layer via dedicated ports of the internal cross-
connects. For OXCs, one port is required on internal switch for every port of the OXC. The
same applies for the node type being discussed, however, additional ports on internal switchs
may be connected to the input ports of the electronic layer in order to allow electronic
processing. The number of such extra ports determines the number of signals on each
wavelength that can be forwarded towards the electronic part of the node: if there are as many
extra ports as optical - optical ports, every incoming signal can be processed electronically (in

this case, each internal switch has twice as many ports as the node itself).
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Figure 3-1: Representation of network nodes

It has to be mentioned that IDRSIM [75] supports other type of nodes such as pure OXCs
or electrical cross connects. In this thesis just the presented node architecture is used since the

aim was to investigate the IA-RWA in case of multilayer environment.

3.1.3 Routing model

The Intra-Domain Routing IDRSIM Simulator [75] provides a discrete event simulation
environment for routing simulations in sub-rate multiplexed wavelength routed (WR)
networks using graph models. In accordance with the graph model, the network architecture
consists of two transport layers: an electronic and an optical one. The control planes of the
two layers are allowed to inter-operate by the generalized multi protocol label switching
(GMPLS) peer interconnection model. The optical layer performs WR network switching
over Wavelength-Divison Multiplexing, while the electronic layer adds dynamic traffic
grooming time division multiplexing (TDM) capability to the network functionality. In order
to enhance the performance of this feature, it is allowed lightpaths to be torn when an add or
drop operation is requested at an intermediate node of a lightpath. The program takes a
network topology and a traffic sample as inputs. Starting with an empty network (containing
no active calls), it takes the traffic demands of the sample one by one and routes them using
Dijkstra’s shortest path algorithm in the logical graph built from the physical topology,

realizing the routing function. During the conduction of the traffic sample, several measures
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are recorded, including the blocking ratio of the sample, the hop and lambda counts of
individual calls and the network load as a function of time. A route can be blocked due to the
RWA problem, or because of the physical impairments. A route is blocked due to RWA
problem if there is not enough resource to route the demand between the source and
destination node. This happens when all the wavelengths are used or in case of grooming
there is not enough free capacity to groom the demands. A route is considered blocked due to
physical impairments if value of Q of the route is lower than 7.5, which is a typical
requirement for connection quality in case of metro-core networks, without forward error

correction schemes.

The setup of the algorithm can be split in two main parts. The first one is the routing part
and the second one is the calculation of physical impairments (CPI), (Figure 3-2). The
communications between these two parts are as follows: The routing algorithm chose an
optimal route, between the source and destination node and it sends the description of the
route to CPI. The description of the route contains the lengths of the optical fibers between the
nodes. The CPI calculates the signal quality based on the calculation presented in chapter 2
and if it is adequate it sends a message back to the routing part, that the connection can be
established. If the signal quality is not adequate the CPI determines the maximum reachable
node (MRN) along the path and sends this information back to the routing model. The routing
model establishes the connection between the source and the MRN, than chooses another
route between the MRN and the destination node. If the MRN is the source node e.g. there is

no possible connection due to the physical layer, the route is blocked.

Calculation of
Routing Physical
- Impairments (CPI)
Maximum
Reachable
Node (MRN)

Figure 3-2: Set-up of the algorithm

The used network scenario is the basic topology proposed by COST 266 project [77],
Figure 3-3. The bit-rate is 10Gbit/s per wavelength. All traffic samples were created using a
Poisson-like birth process having geometrically distributed inter-arrival times with a mean of
10 time units; the source and destination nodes were distributed uniformly among the
possibilities with the exclusion of calls whose endpoints are the same. The bandwidth
requested by each call followed a binomial distribution of a mean of 100, 1000 or 10000
Mbit/s, while the holding times had, again, a geometric distribution with an average obtained

to have 0 blocking in case of 80% network load.
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Figure 3-3: Used network scenario

3.1.4 Results

The results can be divided into two subcategories. The first set of results shows the mutual

impact of physical impairments and grooming in multilayer networks as presented in [76].

In the second group the cross impact is also investigated, however here the grooming
capability of the nodes are decreased by decreasing the number of O/E ports in the node

switches.

3.1.4.1 Physical impairments and grooming
To perform the effects of grooming onto the IA-RWA four simulation types were made.

e The first one when there is no grooming in the RWA and the physical effects are
negligible

e The second one when there is grooming and the physical effects are negligible

e The third one when there is no grooming in the RWA and the physical effects are
taken into consideration

e The fourth one when there is grooming and the physical effects are taken into

consideration

As it was mentioned before, the routing is done by a shortest path algorithm when each
link has its own cost. By using different cost values for the links of the network one can
optimize an RWA oriented, or a physical impairment oriented routing. For this purpose I use

four metrics.
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routing.

referred as length routing.

factor of the link

factor of the link

In the case of the third and of the fourth metrics the Q-factor of each link is calculated as a
point-to-point connection between the two end nodes of the link. The Q-factor based routings
are not obviously the best routings for the point of view of the physical layer. This is due to
the nonlinear behavior of the Q-factor. If we have two lightpats, each lightpath has its
representative O, for example Q; and Q,. Consider a route which contains these two lightpats
in chain. The overall Q cannot be calculated from these two Q-factors, other information is
also needed as presented in section 2.1.2. The only assumption which we can make, is that, if

Q; and Q> have high values than the overall O will be high as well. The exact flow chart of the

algorithm can be seen in Figure 3-4.

The first one where the cost of each link is the same. Will be referred as hop

The second one when the cost of each link is equal to the length of the link. Will be

The third one when the cost of the link is equal to the //Q where the Q is the Q-

The fourth one when the cost of the link is equal to the 7/0° where the Q is the Q-

Choose a new free wavelength or try to
groom with existing ones according to

Request arrives - Routing -t
/ \
Grooming on Grooming off
¥

\

Choose a new free wavelength

according to wavelength assignment

No free wavelength
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Figure 3-4: Flow chart of the algorithm
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destination node
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The physical impairment calculation was done based on calculations presented in Claim

1.1, section 2.1.2. The main physical parameters of the network can be seen in Table 3-1.

Nf 4,8 dB Noise figure of the EDFA

Xow 40dB Crosstalk of the switch

Dpmd 0,1ps/mm*km | PMD coefficient of the fiber

Alpha 0.2 dB/km Fiber Attenuation

Liap 1dB Attenuation of the measuring point
Lox 4dB Attenuation of the multiplexer
Lamx 4dB Attenuation of the demultiplexer
Lew &8dB Attenuation of the switch

opP 107 Outage probability

Pout 8dBm Total Output of an EDFA

Table 3-1 : The main physical parameters of the network

The four metrics used for representing the cost values of the links were compared, in
Figure 3-5-Figure 3-6. In Figure 3-5 the calculation of the physical impairments was switched
off and the grooming capability was switched on, and in Figure 3-6 both modules were
switched on. In the X axis the scale of the network can be seen. The meaning of it is that we
changed the used network link lengths, by multiplying the original lengths with the scale
parameter. This resulted in increase of impairments. On the Y axis the blocking ratio is
plotted. In Figure 3-5 it is to be seen that the best metric from the point of view of the
blocking ratio is the hop-metric followed by 1/Q and 1/Q? metrics while length metric yields
the worst results. It is expected that in case when the physical impairments are switched off
the scale of the network has no influence onto the blocking ratio. This is true when the
grooming is switched off. In case of grooming there are several routing decisions which have
the same probability so it is done randomly. These random decisions lead to the non-

deterministic behavior.

In Figure 3-6 when the physical effects are taken into consideration the differences

between the four metrics decrease. To understand this behavior the blocking ratio dependency
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on to the physical effects was investigated, see Figure 3-7. In the X axis the network scale and
in the Y axis the blocking ratio due to physical effects is plotted. This blocking ratio contains
only the blockings due to physical effects without rerouting. This means that the routing
module chooses an optimal lightpath and the CPI module calculates its Q-factor. If the Q is
lower than 7,5 then the request is blocked. This is a more simplified scenario than the one
presented before. In Figure 3-7 it is to be seen that the characteristics of the curves are what
we expected. In case of low network scales, where the lengths of the links are very small,
where the physical effects have no influence, the blocking ratio is very low. While increasing
the link lengths, the influence of the physical effects increases, the blocking ratio is increasing.
The four metrics were compared from the point of view of blocking ratio due to physical
impairments i.e. grooming and rerouting capabilities were not used at all. Length routing has
the best performance while hop routing has the worst. Between these two are the Q-based
routings. Of course it is possible to find a metric which is the function of O, f(Q), that gives

better results than the length based metric, however this is not the scope of the thesis.

Returning to Figure 3-6 the blocking ratio subsidence between the four metrics is due to
the constraints on the physical effects. In the aspect of physical effects the best metric is the
length followed by the 1/Q% and the 1/Q while the worst is the hop metric. From the point of
view of RWA the order of these four metrics is reverse. Taking into account both the physical

effects and the RWA problem, as it was done, will lead to this behavior.

The other interesting property is that while increasing the scale of the network the blocking
ratio can decrease. This is due to the fact that increasing the lengths of the network increases
the influence of the physical effects. The effect of this influence is that we have to do more
O/E/O regenerations. If there are more points where the signal goes to the electrical layer, and
we are capable to groom in these nodes, the network will be more optimally used. This can

lead to decreased blocking ratio.
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In Figure 3-8 the blocking ratio dependency, on the scale of the network is plotted for the
four routing scenarios, using the length routing metric. The characteristics of the curves were
the same for each metric. As it was expected, there is a huge difference in the blocking ratio
when the grooming capability is switched on or off in this specific network scenario. The
other interesting property is that in case when the grooming is switched off and the physical
impairments constraints are taken into consideration while increasing the scale of the network
the blocking ratio is increasing. This is because increasing the lengths of the network the
physical effects become dominating so we have to do more often O/E/O regeneration which
increases the overall load of the network. In case when the nodes are capable to groom this
trend of blocking growth cannot be observed. As it was mentioned before, see Figure 3-6, the

blocking ratio is even decreasing while increasing the scale of the network.
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3.1.4.2 O/E/O constrained grooming in IA-RWA

In this section based on previous result the performance of optical networks are
investigating for different demand and node parameters. As the first step I have defined three

parameters to investigate.

The first one is the scale of the network. As it was shown before this parameter has high
influence onto the signal quality, i.e., the blocking ratio due to physical effects. In the

following simulations to get comparable results a scale between 25% to 65% was used.

The other important parameter is the average bandwidth of the demands. This parameter
has high influence onto the grooming capability of the network. Each link contains 16
wavelengths. An average network load of 60% was considered. Assuming that every
wavelength operates at 10 Gbit/s, I generated 3 traffic samples, a 10 Mbit/s, a 1 Gbit/s, and a 5
Gbit/s as mean value for the bandwidth of the demands. These three values represent very low
bandwidth request, an average bandwidth request, and a very high bandwidth request for the
demands. Each traffic sample contains around 200000 demands. For comparison reasons, to
fulfill the 60% network load, for the three different traffic samples the holding time was

changed.

The last important parameter was the number of optical-electronic-optical (O/E/O)
converters in the switch. It was assumed that all the nodes in the network are OXCs. The
schematic of it was already presented in Figure 2-4. This node may handle 4 wavelengths and
N ports. The “ADD” and “DROP” boxes represent connections from and to the electronic
layer, respectively; the device may drop k lightpaths to and add k lightpaths from the
electronic layer on each wavelength. During the tuning simulations it has been observed, that
the number of built in O/E/O converters has to be between 20 and 80. 80 equals to the
logically infinite value, which means every call can be lead to the electronic layer at any node
of the network. This is defined by the highest degree of the nodes in the given network,
multiplied by the number of wavelengths. In the simulation five steps were chosen: 20, 24, 28,
36...80. It was noted that from 36 till 80 there is no significant change in the results. This
parameter besides the grooming capability of the nodes has another very important meaning.
Since the cost of an optical node is highly influenced by the number of O/E/O converters, thus

this parameter also represents the cost of the network.

Having the computational capacity of the nowadays PCs, and the simulation space, marked
by the three orthogonal parameters: bandwidth, converter number and expansion; results in
162 different cases, it was decided to obtain access to an available supercomputer. Assuming

that a simulation takes from 1 day up to 3 days, it would take almost a year to run all of them
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on an average computer. Fortunately the National Information Infrastructure Development
Institute of Hungary provides computation time for scientific research and educational
purposes. The network consist of two SunFire 15000 HPCs, each of these has 72 processors
and 164GB system memory which takes the load, and a SunFire 480R with 4 processors and
8GB memory which works as a user terminal. All the following results were obtained from

this environment.

Experiment 1 - Block rate diagram Experiment 2 - Block rate diagram
Block rate Block rate
0.246 0.222 \
0.211 0.194
0.175 0.166
0.140 0.139
0.105 0.111
0.070 - 0.083
0.035 - 0055
20 3 og &
24>
Port number Port number
Expansion Expansion
Figure 3-9: Blocking ratio in experiment 1 Figure 3-10: Blocking ratio in experiment 2

Experiment 3 - Elock rate diagram
Block rate

//"\ 0304
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0.274 0.25¢
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0.183 0144
0.760

Expansion

Figure 3-11 Blocking ratio in experiment 3

Figure 3-9 - Figure 3-11 show the blocking ratio of the simulations. The figures show the
expected tendencies. If the length of the links increases, the blocking grows, because the
physical effects will not allow connections. If only a few converters are used, the blocking
grows, because the network nodes cannot perform enough wavelength conversions, and traffic
groomings to allow the new calls enter into the network. The results for the experiment 1
(Figure 3-24) were obtained when the average bandwidth of the demands was 10 Mbit/s,
experiment 2 (Figure 3-25) when 1 Gbit/s and experiment 3 (Figure 3-26) when 5Gbit/s. A
very important conclusion can be made regarding the required O/E/O regenerations based on
the blocking ratio. As it is to be seen based on the tolerable blocking ratio of the network it is

possible to determine the number of O/E/O regenerators in the node.



CHAPTER 3. PHYSICAL IMPAIRMENTS BASED ROUTING 64

To investigate the cross-layer influence of the optical and electronic layers the concept of

optical and electronic hops was introduced.

—. Client

@ @ Q:[) applications

Electronic
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Optical amplifiers

Figure 3-12: Optical and electronic hops in a two layer network scenario

For the better understanding the meaning of optical and electronic hops, let us take an
example. Figure 3-12 illustrates the scenario where client 4 communicates with client C
(green line) and client B with client C. The A-to-C path contains two electronic hops, because
the signal reaches the electronic layer at OXC3. The number of optical hops equals three for
A-to-C because it traverses through OXC2, although it leaves it unchanged. The optical
amplifiers do not count into these values. The B-to-C path contains one optical and one
electronic hop, following the previous logic. If the total bandwidth of both connections is not
greater than the capacity of one lambda channel, then they can use the same lightpath between

OXC3 and OXCH4.

Exoeriment 1 - Average of optical hops Experiment 2 - Average of optical hops
Hops/Demand Hops/iDemand
3.663 ﬁ{“ 3632
3.630 i 3.598
3.565
S8 J e I 3532
" N 3.4
Expansion - Expansion
Figure 3-13: Average optical hops in Figure 3-14: Average optical hops in

experiment 1 experiment 2
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Experiment 3 - Average of aptical hops
Hops/Demand

T 045

Expansion
Figure 3-15: Average optical hops in experiment 3

The average optical hops show the optical layer performance. The higher is this number the
longer all-optical connections are established. In all three experiment cases, while increasing
the number of regenerators the more O/E/O regenerations can be done, which leads to a
decreasing tendency in the number of optical hops. It also has to be mentioned that all the
results are affected by the blocking ratio, since the longest is a connection the more likely is it
blocked. In case of optical and electrical hops only the established connections are counted.
This is the reason why an average hop number decrement can be seen at long expansion and

low port numbers.

Experimenl 1 - Average of eleclronic hops Experiment 2 - Average of electronic hops
Hop/Demand Hop/Demand
1592 2329
1.563 2.238
1.675 1.543 2260 2.148
1.650 1519 2178 2.057
1.626 1.595 2087 1.966
1.602 1.570 1.9¢6 1.875
1,553 122 1815 1.694
1,529 1774
FARERRN Zu
Port number Port number
Expansion Expansion
Figure 3-16: Average electronic hops in Figure 3-17: Average electronic hops in

experiment 1 experiment 2
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Figure 3-18: Average electronic hops in experiment 3

The number of average electrical hops determines the influence of electrical layer. It has to

be mentioned that several reasons can be, to convert the signal in electrical layer:

e signal regeneration, due to physical impairments the signal quality is not adequate

e wavelength conversion, due to wavelength continuity constraint in one link the
lightpath wavelength has been already used

e traffic grooming, the bandwidth of a lightpath is usually higher than the bandwidth

of the demands, thus several demands can be groomed together

In Figure 3-16 - Figure 3-18 the average electronic hops are plotted. The results show that
while increasing the length of the links the physical effects will have increasingly more
influence, thus O/E/O regeneration has to be done more often. Also it has to be mentioned that
as in case of optical hops the blocking ratio here also effects the results the same way as it was

presented before.

3.1.5 Conclusion

In Claim 2.1 a novel method for IA-RWA is presented. According to the authors
knowledge this is the first routing algorithm published which has the following features:

e handles multilayer networks, i.e. can take into account the electric layer
performances such as grooming or wavelength conversion
e the model of the optical layer calculates the ASE, XT, PMD and also the fiber

nonlinearities as presented in Claim 1.1

Based on the proposed routing model several results were obtained, as presented, regarding

the design and operability of optical networks.
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3.2 Claim 2.2: Adaptive configuration method

"l have proposed an adaptive configuration method, where the signal powers are tuned
based on OSNR requirements in metro WDM networks. I have shown that it gives in every

case the same or better configurability than the traditional methods."

In claim 2.2 T propose a novel network configuration method where the control plane has
influence on the signal powers of the channels. The basic idea is to tune the signal power of
each channel separately, according to the OSNR requirements at the receiver side. I also
present, that the nowadays used metro WDM optical networks support such things and the

proposed idea can be implemented in routing schemes.

3.2.1 Introduction

The WDM networks have successfully solved the capacity issues, but the continuously
changing traffic still causes serious problem for the operators. Emerging demands often
cannot be satisfied without modifying the network design, which is quite costly and difficult,
so operators try to avoid this situation whenever possible. There is a strong need for a system
that can deliver the same capacity as WDM, with the design and provisioning flexibility of
SONET/SDH. The solution must ensure flexibility for dynamically changing future demands.

The reconfigurable optical network offers the possibility to increase or change services
between sites with no advanced engineering or planning, and without disrupting existing
services. In the past, reconfigurable optical networking technology was too expensive or
delicate to be widely deployed. With recently matured silicon-based integrated planar
lightwave circuit components, reconfigurable optical add/drop multiplexers (ROADMs) are
now being installed by many operators. The technology called ROADM represents a real
breakthrough for WDM networks by providing the flexibility and functionality required in
present complex networking environments. Older, or fixed, OADMs cannot configure
capacity at a node without manual reconfiguration and typically support reconfiguration of
only a limited number of wavelengths. In contrast, ROADMs allow service providers to
reconfigure add and drop capacity at a node remotely, reducing operating expenses by

eliminating the time and complexity involved in manual reconfiguration.

ROADM by itself is not enough. Increased data management capabilities on individual
wavelengths are also needed to exploit the benefits of ROADM in metro and backbone WDM
networks. For instance, ROADM rings are very sensitive to topology changes and need strict

monitoring and control of wavelength power to keep the system in balance. The real
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innovation lies in the system engineering related to the ROADM function, addressing per-
wavelength power measurement and management, and per-wavelength fault isolation. Almost
every optical system vendor has commercial ROADM with wavelength monitoring functions

(see e.g. [78]-[81]).

The next step towards a fully reconfigurable WDM optical network is the deployment of
tunable small form-factor pluggable (SFP) interfaces, where the wavelength allocation is
modified according to the network changes. The tunable dispersion compensation elements
mean another innovation. Nowadays these are ready-made products and can be purchased
[82],[83]. The evolution of optical networks seems to tend towards a fully reconfigurable
network where the control and the management plane (CP and MP) have new functions, such
as determining the signal quality, tuning the wavelength frequency, setting dispersion
compensation units, and — by using variable optical attenuators — setting the channel powers.

Of course traditional functions (such as routing) remain the main function of the CP and MP.

In this section I propose a new configuration method where the control plane handles the
routing and the signal power allocation jointly. The method was presented in [84], and [85].
The basic idea is to tune the channel powers to fulfill the demands of the IA-RWA, i.e., to
fulfill the OSNR requirements. Let as assume a very simple scenario, Figure 3-19. In this case
we have two wavelengths A; and A, In Case “A” due to physical constraints node 4 can only
reach node C in all-optical way. If there is a demand between node 4-D this can only be
established with signal regeneration either in node B or in node C. In Case “B” it is possible to
increase the signal power of 4, to fulfill the OSNR request at node D. In this way it is possible

to established an all-optical connection between nodes 4-D.

A 3 B C D
1
Case A - () ( ):::::::::::O
A ll B C D

Figure 3-19 The difference of OSNR based routing and traditional routing schemes

3.2.2 Physical feasibility

Currently the power of certain channels within a fiber is set to equal levels. This is one of
the remaining practices of point-to-point optical networks. Naturally using this kind of

channel power allocation is a technical simplification. The other reason for using the same
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channel powers is the nonlinear effects, which in this case have the smallest impact on the
signal quality, see section 2.1.2.3. The idea is to use different channel powers according to the
length of the path of the connection request to fulfill the optical signal to noise ratio (OSNR)
to achieve bit-error free detection. E.g. for a long distance connection we can increase the
signal power of the dedicated wavelength, while for a short distance connection lower

wavelength power is satisfactory.

Partly the same idea has been already implemented in the Alcatel-Lucent product [89]. The
difference between the proposed scheme and the product of Alcatel-Lucent is that in [89] just
the minimal signal power for point-to-point links is set up, and the routing and signal power is
not jointly optimize. The similarity is that both deal with different channel powers in optical

fibers.

In the following sections from 3.2.2.1-3.2.2.3 the feasibility of such configuration scheme

is investigated. Each section is dedicated to the main components of an optical network.

3.2.2.1 Feasibility of different channel powers in the same optical fiber

The linear effects occurring in optical fibers such as insertion loss or dispersion do not
depend on the signal power however, since the nonlinear effects highly depend on the used
dispersion mapping the dispersion has to be considered as a bottleneck of the proposed
scheme. In case of metro WDM networks where due to short distances dispersion mapping is
not used the method can be implemented. In case of long haul networks, where well balanced

power budget and accurate dispersion maps are used, the proposed method cannot be used.

The other interesting question is about the nonlinear effects, since these effects highly
depend on the used signal powers. In metro WDM networks the signal power of the optical
channels is determined by Cross-Phase (XPM) modulation and Raman scattering and not from
the Brillouin threshold [47]. This means that the total power inserted in fiber has an upper
bound and not the channel powers. In this case it is possible to increase the powers of some
channels up to the Brillouin threshold and at the same time the other channel powers have to
be decreased to fulfill the XPM and Raman scattering constraints. The only question is, how
much signal power difference can be allowed between the maximum and minimum signal

power, which will be referred to as n-factor, Figure 3-20.
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Figure 3-20: The maximum and minimum channel power in a same optical fiber

In Table 3-2 the corresponding channel powers for different n-factor values are shown in
mW and dBm. These values were obtained in a real case study work [85]. As it is to be seen
these values are much lower than the Brilluoin threshold thus the nonlinear behavior of the

optical fiber will not cause problems for such configuration scheme.

-fact ) )
n-factor Brillouin

1 1,2 1,4 1,6 1,8 threshold

Pimax (mW) | 1,25 15| 1,75 2| 225 ~5

Pimax (dBm)| 0,96] 1,76 2,43 3,01 3,52 ~7

Table 3-2: n-factor values in mW and in dBm respectively

3.2.2.2 Feasibility of different channel power considering all-optical nodes

As it was mentioned in section 3.2.1 the demand for reconfigurable all-optical networks
has been triggered the development of several new elements such as ROADM, or tunable
transmitters, etc. These components become readymade products, moreover some of them
have been already deployed. Also due to dynamicity of the optical layer several new functions
have been introduced. In case of point to point optical links, all the channels travelling in one
optical fiber had nearly the same parameters. (Here the wavelength dependency of the

elements is not considered). In case of dynamic optical networks each channel, (each
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wavelength traveling in the same fiber), will have different noise distortion, dispersion and
other degrading effects, since their "history", (their route), is different from each other [90].

To overcome this problem per-wavelength monitoring and equalization techniques have been

introduced.
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Figure 3-21 Cisco 15454 ROADM switching module

Source: http://www.cisco.com/en/US/products/hw/optical/ps2006/products_data_sheet0900aecd803fc52f.htm

In Figure 3-21 the CISCO 15454 ROADM switching module can be seen. This is a
readymade product [78]. As it is to be seen in these switching modules already there are
variable optical attenuators (VOA) for the purpose to equalize the channel power. These
VOAs can be used to tune the signal powers according to the routing schemes presented

before. The only new function is to extend the control or management plane to have influence

onto the VOAs.

As conclusion the presented configuration method can be deployed in networks based on

reconfigurable optical nodes.

3.2.2.3 Feasibility of different channel power considering optical amplifiers

An interesting question is how the Erbium Doped Fiber Amplifiers (EDFAs) react to the
use of different channel power allocations. For this purpose I made simulations using the VPI
TMM/CM Version 7.5 simulation tool [62]. It is assumed a system with 8 channels which are
multiplexed and then amplified using EDFA rate propagation modules. The aim was to
investigate the difference between the uniform and the adaptive channel power allocations.
Following the amplifier an attenuator was placed with attenuation equal to the gain of the
EDFA. The results can be seen in Figure 3-22. On the horizontal axis the number of hops is
plotted, i.e., the number of EDFAs and attenuators connected in a series. On the vertical axis
the “powers of ones” is plotted, where the “power of ones” is the power of the signal level
when transmitting the mark one in case of two level OOK modulation format. The first three

curves represent the adaptive channel power allocation where the “powers of ones” are set to
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0.4 mW, 3.4 mW for channel two, seven and for all the other channels the power is 1.6 mW,
respectively. These values were obtained using adaptive signal power routing presented in
[91]. These values are the maximum, minimum and average channel powers, respectively.
The values for channel two, four and seven were plotted. As it was expected, if the number of
hops increases, after a certain number of inline amplifiers “the power of ones” decreases, i.e.,
the signal quality becomes very poor. The interesting thing is, that if the number of
consecutive amplifiers is lower than this value, “the power of ones” remains nearly the same.

Because of this behavior the EDFA supports adaptive signal allocation.
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Figure 3-22: Signal power dependency from the number of EDFAs in chain

To compare the performance of the two power allocation schemes I made exactly the same
simulations as it was described formerly, but without allowing different channel powers. In
this case for all channels (channel 2, 4 and 7) the “powers of ones” were set to the same value
(1.6 mW). See the last three curves in Figure 3-22. It can be seen that the three curves are very
close to each other. The only difference is due to the wavelength dependency of the EDFA. It
is interesting that the results obtained for adaptive and uniform allocation schemes are nearly
the same. Difference can be seen only for high numbers of hops, where the signal quality is
very poor. These results lead us to the conclusion that the so far deployed EDFAs behave
similarly in case of both uniform and non-uniform channel power allocations in a single

optical fiber.
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3.2.3 Conclusion

In this section a novel configuration scheme was introduced for configuring the optical
network. The method has been patented in [84]. The basic idea of the method is to tune the
signal power according to the OSNR requests of the receiver. It was also presented that the
nowadays used optical networks fully support the proposed method just the management and

control plane has to be extended.
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3.3 Claim 2.3: Heuristic RWA for the adaptive configuration
scheme

"l have proposed a heuristic routing method for the adaptive signal power based
configuration method. The algorithm depending from the input parameters can give back the
globally optimal solution, or the simplest shortest path routing solution, thus makes a trade-

off between scalability and complexity of the method."”

As presented in section 3.2 the idea behind the adaptive configuration method is to tune the
powers of each channel travelling in the same fiber according to the OSNR request at the
receiver side. Also there are several constraints like the Brilliouin threshold or the other

nonlinearities.

In this section a novel routing algorithm and its advantages are presented. This algorithm is
able the handle the adaptive signal power configuration scheme and is also suitable to

compare the proposed and traditional configuration schemes.

3.3.1 Introduction

In recent years there has been a few publications which apply the same idea of different
channel power allocation. This problem was considered in [86]-[88]. In [86] a general OSNR
network model was developed and the OSNR optimization problem was formulated as a non-
cooperative game between channels. A distributed iterative algorithm was also proposed
which was further improved in [87] and [88]. In these publications the focus is on finding an
equilibrium based on game-theory models to the overall network OSNR. Also as it was
mentioned before the newest Alcatel-Lucent WDM product [92] benefits the from the
advantage of different channel powers. As it is to be seen to use different signal powers within
optical fiber can be done, moreover the authors know error free operation optical networks
where the signal powers differ from each other, although this wasn't done intentionally. In this

specific case the tuning of signal power was not done in ROADM-s.

To the best of the authors knowledge the joint optimization of the routing and the signal
power was presented first by the author in [91] and extended in [85], patented in [84]. All the
previously mentioned methods treat the RWA and the signal power allocation as two

independent problems.

The routing algorithm is an integer linear programming (ILP) based method which gives
the globally optimal solution. Since the problem is an NP-hard problem, the scalability of the

algorithm is very poor, usually for practical size networks the number of wavelengths is
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limited to eight. To improved the scalability a pre-filtering technique has been proposed, to

decrease the number of variables, i.e. to decrease the complexity of ILP.

3.3.2 Graph model

The graph model is slightly similar to the one presented in section 3.1.2. The wavelength
graph (WL graph), which can be regarded as a detailed virtual representation of the network,
is derived from the physical network considering the topology and the switching capabilities
of the devices, nodes. The technique allows arbitrary mesh topologies, different types of
nodes and joint optimization of multiple layers. A simpler version of the model has been first

proposed in [93].

— - — Demand
........ 1st Wavelength
2nd Wavelength |

Electrical layer

Demand k

Optical layer

Figure 3-23: Model of switching device with optical and electronic switching capabilities,

The model of an ROADM switching device assumed in the proposed method is shown in
Figure 3-23. The device can perform optical switching and electrical ending of the demands.
The device illustrated in Figure 3-23 has an input and an output interface with a physical link
(or fiber) connected to each. Each physical interface supports in this specific case two
wavelengths (W=2), marked by blue dashed and red solid lines. The signal powers of the
wavelengths in the right hand side physical link are different — as shown by the small
subfigure. The example also comprises two demands (indicated by dash-dotted line): demand
“k” passes though the switch in the optics, while demand “o” originates in this device in the
electronic layer (s°). A certain length of fiber (lenpuynoqe) is assigned to each internal edge, e.g.,
edge (n, i), which corresponds to the amount of signal distortion that the switching

functionality introduces in the demand path. The edges representing O/E or E/O conversion

are marked by grey color.
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In routing it is assumed that the noise and the signal distortion accumulate along the
lightpath. Actually, re-amplification, re-shaping, and re-timing — which are collectively
known as 3R regeneration — are necessary to overcome these impairments. Although 3R
optical regeneration has been demonstrated in laboratories, only electronic 3R regeneration is

economically viable in current networks.

The constraints of maximum input power in each fiber, and maximum allowed distance as

a function of the input power of the lightpath have to be met.

It is assumed that a whole lightpath is assigned to each demand from source to destination
node. The signal enters into the optical layer at the source node and leaves it at the destination
node. Wavelength conversion, grooming or regeneration is not allowed elsewhere along the

path. This model represents an all-optical network model.

3.3.3 Routing model

As it was mentioned before, the routing method is an ILP based one. This theses does not
include the ILP description of the method published in [91], since this is a part of the

coauthors theses, however for better understanding it is given in chapter 5, appendix.

3.3.3.1 Relation between channel power and maximum allowed distance

Since the ILP, is a linear programming method the main difficulty in the routing algorithm
was to give a linear relationship between the channel power and maximum distance. To
investigate this relationship, let us consider a noise limited system where other physical

effects can be taken into account as power-penalty:
Considering a chain of amplifiers, the OSNR of the end point can be calculated as follows:
[19]:

OSNR ;=58+P, —I'(dB)—NF,; —10-logN-M 3-1

where noise figure (NF) is the same for every amplifier and the span loss (/'(dB)) is the
same for every span. P;, is the input power in dBm, M is the margin for other physical effects,
and N is the number of spans. It is assumed that in every / km there is an inline amplifier. This

means that if the link length is L, N is Int(L/]) where Int means the integer part of the division.

Having into mind that
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B 3-2
Qi =OSNR ; +10-log B_O

(S

where B is the optical bandwidth and Be is the electronic bandwidth of the receiver.

The logarithmic Q45 and the linear Q have the following relation:
Qs :20'10g(Q) 3-3

Substituting equation 3-2 and 3-3 into 3-1 we obtain the linear relation between the

maximum allowable distance and the signal power.

L=L,-P 3-4

mW

where P, is the input power in mW, L is the maximum allowable distance, and L. is the

linear factor between them.

20-l0gQ-1 O-log(B% }58+rdB +NF+M 3-5
10

L, =1/10

For typical values used in telecommunications the L. is between 500 and 2000 [km/mW].

The effects of an optical node on the signal quality are similar to the impact of an about 90
km long optical fiber, since it has nearly the same attenuation. Using the approximation
mentioned previously in the routing algorithm, when the physical effects are taken into
consideration, we substituted each node with a 90 km optical fiber. Naturally, more accurate
models can be implemented for characterizing the networks, such the one presented in section
2.1.2, but in this case the goal was the RWA method not the detailed modeling of the physical

layer.

Based on previously presented calculation it is possible to make a linear relationship
between the signal power and maximum allowable distance. In the ILP formulation this was

included in constraint 5-17. As it was mentioned before this was one of the main elements of

the ILP, since this constraint makes the relationship between the "power-based" variables (p;),

and "link-based" variables(yj).
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3.3.3.2 Heuristic method for adaptive RWA

The RWA problem described is an NP-hard problem, thus the scalability is very poor. In
case of globally optimal solution the maximum wavelength number was eight, where it was
possible to get results, for COST266 BT network topology [77]. The bottleneck is both the
calculation time and the simulation engine performance. Considering a typical metro WDM
network where the number of wavelengths is between 16-60, it is clear that the only solution
is to use some kind of heuristic method. Here a heuristic method is proposed which takes the
advantage of the complexity of globally optimal solution and also it is able to give results for

higher channel numbers as well.

The idea of the heuristic is to decrease the number of variables. This is done by
preprocessing the variables before solving the ILP method presented in appendix. The

algorithm has the following steps:

e for every demand calculate the shortest path

e determine a previously defined maximum deviation

e calculate for every demand and every edge that if the demand goes through the
edge how much will be the total length of the route

e if the route length is higher than the shortest path plus the maximum deviation then
this variable is excluded from the ILP description, thus decreasing the number of

variables.

The heuristic presented has several advantages. If the maximum deviation is infinite, or
high enough, the heuristic method gives back the globally optimal solution. In the other hand,
if the maximum deviation is zero that we got a shortest path routing for adaptive configuration
method, which scales well with the number of wavelengths. Of course by changing the input
parameter maximum deviation it is possible to make a trade off between the calculation

complexity and the scalability.

Considering the complexity of the problem, both the heuristics and the globally optimal
solutions are NP hard problems. In case of the heuristics due to the pre-filtering technique the
number of variables are decreasing, thus a more simplified ILP problem has to be solved. The
pre-filtering algorithm has a polynomial complexity. Considering the ILP description, Table
3-3 shows an example for different network scenarios. The first row shows the number of
wavelengths the second is the number of demands, the third stands for the method and the last
three rows show the complexity of the problem, the number of rows, columns and nonzero

elements while solving the ILP. The first method is mentioned as “FIX method” here it is not
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allowed to tune the signal powers of the channels. The second method is the adaptive routing
where a globally optimal solution is given for the adaptive routing scheme. The third one is
the heuristic. Here the results are given for the case where the maximum deviation is zero i.e.
shortest path routing is done. Obviously if the maximum deviation parameter is infinite we get

the same complexity as in case of adaptive routing.

Wavelength | Demands | Method |Row Columns | Nonzero
Fix 83605 [82992  [343096

8 15" | Adaptive |83605 [83007 |343141
Heuristic | 5413 4143 16973

Fix 300821 305656 | 1257909

8 40| Adaptive |300821 |305711 |1257909
Heuristic | 23446 | 18768 | 78440

Fix 41881 |41496 | 171548

4 I35 | Adaptive |41881 [41511  [171593
Heuristic | 2769 2079 8509

Table 3-3: Complexity of different methods.

3.3.4 Results

It is a very hard task to illustrate the efficiency of the algorithm since it gives obviously
better results than the traditional RWA algorithms. This is due to the additional degree of
freedom namely, the tune ability of the signal power. In this section some of the benefits of
the algorithm are illustrated having in mind that for different input parameters the results

would be slightly different.

In the simulations the well-known Cost 266 reference network [77] is used. Since this
network is a long haul network I have decreased the lengths of the links by 25% to get a metro
size optical network. The nodes are fully optical nodes and the signal cannot be 3R
regenerated or converted into the electronics once it is in the optical layer. To demonstrate the
advantage of the proposed method I have introduced the concept of “maximum routed
demands”. This means that I have randomly generated a certain number of demands, a traffic
matrix. If these demands could be routed, I increased the number of demands, e.g. the size of
the traffic matrix, and route it again. This process continues until it is not possible to route
more demands anymore. This way it is possible to find the maximum number of demands
which can be routed. The bandwidths of the demands were equal with the capacity of one

channel. The source and destination pairs were chosen randomly.
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The absence of solution can have two reasons: the RWA does not succeed, or the distance
between the source and destination node is too long, i.e. the signal quality will be inadequate.

The bandwidths of the demands were equal to the capacity of one channel.

I have compared the proposed algorithm with the traditional RWA algorithm (Figure 3-24-
Figure 3-25). Here in this case the maximum deviation parameter was infinite, i.e. the ILP is
solved which gives the globally optimal solution. On the y-axis the maximum number of
routed demands is depicted, while on the x-axis the used routing schemes. RWA means that
the traditional routing scheme is used where each channel has the same signal power. It has to
be mentioned that the n-factor parameter gives the maximum possible deviation between the
channel powers, see equation 5-7 in chapter 5, appendix. The n = I routing scheme is similar
to the RWA routing scheme. The only difference is that in case of » = I the channel powers
can be lower than the average of the powers. In RWA case this variation is not allowed. In n >
1 cases I used the proposed routing algorithm with n equal to the depicted numbers. The result
marked as “MAX” is the number of maximum routed demands in case when physical effects
are neglected. The scale parameters mean that I changed the lengths of the used network link
by multiplying the original lengths with the scale parameter. In Figure 3-24 the scale is 1, i.e.,
the original link lengths are used. In Figure 3-25 the scale parameter is 1.25. (The

geographical distances are decreased to 25%)

In Figure 3-24 and Figure 3-25 it can be seen that the traditional RWA algorithm can route
19 and 1 demands, respectively. While by increasing the n-factor more and more demands can
be routed until we reach a limit, where the RWA problem is infeasible in itself (without
considering physical effects). These results show that using the proposed RWA scheme it is
possible to reach the same number of routed demands as in case of neglecting the physical

impairments.
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Figure 3-24: Maximum number of routed demands versus n-factor parameter in case of COST 266
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Figure 3-25: Maximum number of routed demands versus n-factor parameter in case of COST 266
topology, scale 1.25
The results lead to a conclusion that just a small amount of n-factor increase, highly

increases the number of maximally routed demands.

To investigate the dependency of the proposed method on the number of wavelengths I
made simulations using the COST266 network topology and different wavelength numbers
(see Figure 3-26). Here also the maximum deviation parameter was infinite. The figure shows
that while increasing the number of channels the maximum number of routed demands is
increasing. This behavior is what it is expected when solving the RWA problem. The
interesting property is that, if we double the number of wavelengths and the n-factor is high
enough, the maximum number of routed demands is more than double in each case. This

behavior is due to the way how the proposed algorithm works. If we have more wavelengths,
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there are more possible variations how the signal power can be allocated. Consequently, if the

number of wavelengths is increased, the performance of the proposed algorithm will improve.
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Figure 3-26: Maximum number of routed demands versus n-factor parameter in case of COST 266
topology, for different wavelength numbers

In the previous figures the performance of the algorithm was presented in case of globally
optimal solution. As it was mentioned the proposed scheme is able to scale while changing the
maximum allowable distance. In Figure 3-27 the performance of the method is presented in
case of eight wavelength network. Two extreme cases are compared when the maximum
allowable distance is zero, i.e. all demands are routed in shortest path, and when the maximum
allowable distance is infinite, i.e. the globally optimal solution. As it is to be seen in case of
low n-factor values the two methods give the same result but while increasing the tune-ability
of the signal powers, as it was expected, the globally optimal solution performs better than the
shortest path routing. The emphasis is on, that even for the simplest shortest path routing, if it
is allowed to tune the signal power much more demands can be routed in all-optical domain
than in case when this is not allowed. In Figure 3-28 the results for sixteen wavelength
network topology is shown in case of shortest path routing. As it is to be seen the number of

routed demands is highly increasing while increasing the n-factor.
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Figure 3-27: The performance of heuristic method in case of globally optimal solution and shortest
path routing
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Figure 3-28: Shortest path results in case of 16 wavelengths

3.3.5 Conclusion

In this section a new RWA algorithm is presented where the power of WDM channels can
be adjusted. The proposed algorithms perform joint optimization of routing (RWA) and
determining the signal powers of WDM channels. The proposed methods can be used in

existing WDM optical networks where the nodes support signal power tuning. A heuristic
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method is given which, by using a scale parameter, can make a tradeoff between the complex

global optimal solution and the simplest shortest path routing.
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Chapter 4

Conclusion:

The need to explore and identify more suitable M&C methods to incorporate in wavelength
division multiplexing (WDM) networks in general can be solved by taking into account the
impact of physical impairments in the network performance, ranging from physical to
management layer issues. The dissertation came to the conclusion that without taking the
physical impairments into account optimum network performance would be difficult to

achieve.

The aim of the dissertation was to present novel and efficient method for configuring the
optical networks. Not only algorithms but well adopted models are presented for
re/optimizing it. The obtained results have shown that both modeling and algorithmic

approaches contains novelties and their development has potentials.

The dissertation at first investigates the modeling issues of different physical impairments.
It presents an advanced analytical model which is suitable for characterizing the performance
of nowadays used WDM networks. This is done by calculating the optimal signal power for
different network scenarios. Also due to its structure, and fast computation time, the presented
model is suitable for implementing in impairment aware routing and wavelength assignment

algorithms (IA-RWA).

In the second part of the dissertation novel IA-RWA algorithms and methods are presented.
In the first part a dynamic RWA method is shown, which is able to interoperate between the
optical and electrical layer, besides taking the benefits of the highly complex and accurate
physical impairments modeling method. Afterward a novel configuration method is presented
where the control and management plane has influence onto the WDM channel powers. Also
to overcome the scalability problems a heuristic algorithm is presented for adaptive

configuration method.
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Appendix:

In the section the ILP formulation of dynamic network configuration is given.

Electronic layer

&

s

(o}

Figure 5-1: End-to-end lightpaths are assigned to each demand. In this example there are two demands

(A-E and B-D). Two lightpaths (A-E, B-D) are allocated, no O/E/O is allowed on link C-D.

5.1 Constants

The WL graph contains nodes () and edges (4). Edge (i, j) represents one edge in the WL
graph. Voiand V™ represent incoming and outgoing edges of node i, respectively. Symbol
A™ denotes the set of edges in the WL graph representing switching function inside a physical
device; other edges represent wavelengths of a physical link (4”). The set of demands in the

network is denoted by O.

P 1" =4-20 dBm typically 10dBm 5-1

Constant P means the upper limit of total power in physical link p/ in dBm. P™ the

same in mW.

len.. 5-2

ij
Constant /en;; is the length of the physical link which the wavelength belongs to.

len, voqe = 90 km typically 5-3

Constant /enpy,noqe corresponds to the length of the fiber a switching device induces to the

path of the demand.
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L = 1200 5-4

Constant L. is the factor of the linear relation between the input power of a demand (in mW)

and the maximum distance the signal is allowed to reach.
a 5-5

Constant a expresses tradeoff between optimization objectives: minimal routing cost or

minimal power.
s, t° 5-6
Symbols s” and ¢’ represent source and target of demand o.

n max 5-7
B= W : [';1 lin

Constant f is the maximum allowed signal power for one channel in mW. Where 7 is a real

number between 1 and W, and W is the number of wavelengths in a fiber.

5.2 Variables

B 5-8
p’e 0..PmaX , VoeO

Variable p” denotes the input power of demand o divided by P

p;e{o.. p }, V(i,j)e A, YVoeO

Variable pj; means the power of demand o on edge (7, j) divided by constant P .

Vi E{O, 1}, V(i,))eA, YoeO 5-10
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Variable y; tells whether demand o uses edge (i, j) or not. (E.g., variabley; =0 in Figure

3-23 since demand o does not pass through edge (m, n), which represents the first wavelength.

On the other hand, variable y;; =1, because demand o does use edge (i, j).)

5.3 Objective function

Minimize:
«F T (o) Xy 11
VoeO V(i, j)eA/ Ay, VoeO

The objective function expresses that the sum of the used edges should be minimized
together with the sum of input powers of demands. If we want to minimize the total cost of

the routing, constant cost factors should be assigned to each edge.

Constant o decides whether optimization emphasis is on minimal routing cost (« is close to

1) or on minimal input power (a is close to zero).

5.4 Constraints

Z Z p; <1, Vpl € PhyLinks 5-12

VoeO V(i,j)"

p; <v;, V(i) €A, VoeO 5-13
—p° ifi=s° 5-14

0 0 if i s,

Z Pji — z Py =y 0 ) { }

Viev™ VkeVi™ VieV,o0eO0
+p° ifi=t°
-1 ifi=s° 5-15

>y ¥ w0 TR

Vjev VkeVi~ VieV,o0eO0
+1 ifi=t°

>y <L VG, jeA 5-16

YoeO
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(s} 0 -
Z Yii 'lenphyNode + Z Yii 'lenij < S-17
V(i,j)eA®™ V(i,j)eA?
0 o max
<L(p°)=L,-p°-Py™,, VoeO

5.5 Explanation

Constraint 5-12 expresses that the sum power of demands traversing a physical link (fiber)
cannot exceed the maximum allowed power of that link. Constraint 5-13 tells that if the power
of demand o in edge (i,j) is larger than zero, than edge (i,j) is used by demand o. Constraints
5-14 and 5-15 express the flow-conservation constraint of the power and of the y decision
variables, respectively, for every demand. Constraint 5-16 guarantees that a given edge can be
used by only one demand. Constraint 5-17 ensures that the total length of demand o should be

less than the distance allowed by the input power of demand o.



