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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES
Optoelectronics Research Centre

Doctor of Philosophy

APPLICATIONS OF PARAMETRIC PROCESSES IN ADVANCED OPTICAL
COMMUNICATION NETWORKS

by Víctor J. F. Rancaño

Fibre optic parametric amplifiers have been an important area of research during the
last twenty years. However, several technological implications hinder their deployment
in commercial communication systems.

The work reported in this thesis has studied these implications both theoretically and
experimentally with the aim of understanding the limitations of parametric processes
and demonstrating practical subsystems for use in modern communication networks.

The theoretical part of the project has analysed the various types of noise that are present
in parametric amplifiers as well as their effects, both when an amplifier is considered
on its own or as a part of a repeated transmission line. This task has been carried
out on the basis of the statistical characterisation of the noise generated by parametric
processes, providing an accurate description of the bit error rate induced by these
nonlinear processes on modulated signals.

The experimental part of this work presents the demonstration of two wavelength con-
version schemes showing their feasibility for turn-key operation. The respective designs
address wavelength division multiplexing (WDM) and spatial division multiplexing
(SDM) settings. The performance of these devices is demonstrated through field trials in
point-to-point systems, optical switched networks and future SDM networks.

The demonstration of wavelength conversion in SDM networks was based on the
multi-element fibre (MEF) technology. The features of this technology as an alternative
implementation of SDM were experimentally demonstrated in transmission experiments.
In addition, a critical comparison of the pros and cons of the actual implementations of
SDM is provided.
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A man is as big as what he hopes and thinks
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1
Introduction

The most important lesson of history, it has been said, is that nobody learns history’s
lessons

Aldous Huxley

During last twenty years, the field of optical communications has lived under the sword
of Damocles of an unseen ghost that, so far, has been reluctant to appear: the capacity
crunch. This is an abstract concept that defines the hypothetical turning point in the ever
decreasing cost of communications that would lead to a hampering in the development
of the related technologies of information. Ironically, the rush to beat this unseen ghost
led to the actual crash that this field suffered in the turn of the century: the burst of the
dot-com bubble [15].

Since the mid eighties this perfect storm has threatened to outbreak several times, dying
down every time through either the development or the enhancement of optical or
electronic technologies, which allowed an increase in the existing capacities of optical
transmission systems. Thus, capacity shortages seem to be a chronic disease of commu-
nication systems, making the analysis of its time evolution of interest in order to propose
definitive solutions to this recurring problem whilst avoiding the consequences that the
field of communication systems experienced during the last crash. These solutions are
better understood in the light of the historical evolution of optical communications.

Evolution of Optical Communication Networks

Communications has been a field very prone to hype and exaggerated expectations even
before the era of the optical fibre. Examples of this were the bubbles and overestimation
in sales expectations of cable modems that took place in the 1960s [16] and of hybrid
fibre-coax solutions in the early 1990s [17]. In both cases, a large traffic growth during
several years led to overexpectations first and to large financial losses subsequently.

During the 1980s the first generation of commercial digital optical communication sys-
tems were deployed, the plesiochronous digital hierarchy (PDH) [18], providing digital

1
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single-carrier modulation formats at speeds of Mbit/s. But it was at the beginning of
the 1990s when the boom started. During this decade, the Erbium doped fibre amplifier
(EDFA) started to be deployed in commercial systems and the second generation of
optical communications systems was developed: the synchronous digital hierarchy
(SDH) [19], providing single carrier digital communication systems synchronised by
atomic clocks, increasing the achievable bit rates to 2.5 Gbit/s.

In 1993 one of the most important events for optical communications happened in the
field of computer science: Mosaic [15], the first graphical browser was released. The
internet became popular outside the scientific circles. This was not the only event that
led to the spectacular growth of the internet during 1995 and 1996 (≈ 900% annual
growth), but it was one of the most important. Since then, the traffic of communication
systems has been dominated by data communications. It was in those days when the
term capacity crunch was definitively bound to communications and the myth was
spread across different sectors [20].

This overwhelming growth during these very years spawned the overestimation that
the size of the internet doubled each four months [15]. This chimera, together with that
of the pantagruelian voracity of bandwidth from users, resulted in the fast development
of a third generation of optical systems: the wavelength division multiplexing(WDM)
[21]. This generation was the first to provide multi-carrier transmission. The rush of
those days to overcome the upcoming capacity crunch pushed a developed such that
the 8 channels of 2.5 Gbit/s supported in 1995 to be expanded to 160 channels of 10
Gbit/s by 2000.

However, the astronomical growth rates observed during 1995 and 1996 decreased to a
still appreciable level of 100% a year. The result of this mismatch between the achieved
capacity and the actual traffic demands was the main reason of the burst of the dot-com
bubble [15]. In fact, data show that 2001 was a watershed in the annual growth rate,
which has been decreasing ever since (see Fig. 1.1); not even killer applications, such as
video on demand (either free or subscription based), social networks or the emergence
of powerful mobile devices like smartphones being capable of revitalizing it.

Since 2000 the main approach followed to achieve an increase in the capacity of optical
communication systems has involved the adoption of higher order modulation formats
with an increased spectral efficiency, chiefly by mimicking the evolution of wireless
systems. The increase in the density of modulation formats and the spectrum allocation
along with the use of techniques of coherent detection led to the development of the po-
larisation multiplexed coherent receiver in 2006 [22], and its subsequent standardisation
by the Optical Internetworking Forum (OIF) [23, 24] as well as the standardisation of
the flexible optical grid [25]. These developments sky-rocketed the interest in electronic
processing of optical signals for transmission and nonlinear compensation, to the current
level of development in which 16 quadrature amplitude modulation (QAM) and higher
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Figure 1.1: Global annual growth rate of IP traffic, from Ref. [28]

order modulation formats are considered with the aim of transmitting superchannels of
terabits per second.

This shift from the optical to electronic processing has not come for free, since the power
consumption of the digital signal processing (DSP) at gigabit per second rates is very
demanding and escalates with the clock frequency. Therefore the application of wireless
techniques is very challenging at optical bit rates. A side effect of this high power
consumption of DSP has been the decrease in the ratio of power consumed by EDFAs
compared to that of transponders in long haul communication systems from ≈ 25% for
an 80-wavelength system of 10 Gbit/s in 2000 to ≈ 3% for 80-wavelength systems of 100
Gbit/s in 2012 [26].

Since 2000 one of the most popular creeds regarding the traffic growth has been the
so-called Moore’s law of optical communications [27], by which, Internet traffic annually
grows in the range of 70-150%. Although data show that this law has not been in
force since 2005 (see Fig. 1.1 for actual trends), its echoes still reverberate nowadays
as happened between 1997 and 2000 with the myth of the Internet doubling each four
months. Data from different sources [28–32] agree that the growth rate of Internet is
decreasing each year, the current annual growth rate being in the region of ≈ 30%.
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Effects of Traffic Growth in Telecommunication Markets

One of the platitudes very common is that users of communication networks are so
bandwidth-greedy that the traffic demand grows pari passu with capacity growth, even
though the demonstrated capacities are not really implementable in commercial systems.
In this sense, a common misconception assume that the capacity achieved by hero exper-
iments [33] is immediately filled with user traffic. The reality is that telecommunication
markets behave like any other market, in the sense that once an increasing ratio of the
population has gained access to communication networks for longer and longer periods
of time everyday, the growth rate of this market decreases.

Even though the growth rates are decreasing each year, the increase in the total volume
of the data traffic is significant and must be dealt with. As was already mentioned, the
approach adopted in optical communications to overcome this growth has been the
adoption of technological advances.

Technology advances provide the required cost reduction for communication companies
to increase their revenues. However, the distinctive tight competition of this market
enforces a price reduction that limits the maximum profit. In this situation, Internet
service providers (ISPs) are in the middle of a hobbesian trap in which they must
offer increasing capacity services at decreasing prices to retain their subscribers, which
seriously diminishes the economic benefits achieved by technology advances. Such
is the irony of this business, the only one that refuses to increase the price offered to
customers for an increasingly scarcer resource: the bandwidth.

Time

 

 

Data

Revenue

Figure 1.2: Data-revenue gap. The dilemma that threatens the economics of
communication networks
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So far, the only viable exit to this trap has been the adoption of the technological
developments made in the field of communication systems. Since ISPs are not in favour
of a price increase to their subscribers (which would expel them from the market), new
solutions to this dilemma are needed in order to improve the long-term cost efficiency
of the future communication systems.

However, in the last years this cost reduction is becoming more and more difficult as the
airwave spectrum saturates and the capacity limits of optical fibres and of silica-based
electronic circuits are in sight. These difficulties have generated the so-called data-revenue
gap that expresses the divergence between the exponential-like growth of data offered to
customers and the only logarithmic-like growth of revenue obtained from that traffic
(see Fig. 1.2). In this quandary, the perfect storm alarm was triggered again.

Trends in Optical Communications

Since the last warning of capacity crunch was spoken [34], several approaches have
been proposed to overcome it. These are chiefly revamped ideas adapted to the current
state of development of the optical communications. Currently, the two most impor-
tant approaches are: (1) the bandwidth expansion provided by the use of Thulium,
Praseodymium, Bismuth and Ytterbium doped fibres [35] and (2) the use of multi-core
[36], few mode [37] and multi-element fibres [38].

The main line of research has been dominated by spatial division multiplexing (SDM)
and aims at reducing the costs and power consumption of components deployed in
parallel in different WDM systems. In this way, a SDM transponder, a SDM amplifier or
a SDM fibre would provide the same functionality as N parallel WDM ones but require
lower cost and/or power consumption [39]. Therefore, this approach does not offer
an increase in the effective capacity of current systems but an improvement in their
economics.

An effective implementation of SDM would entail great benefits but, up to now, the
main target of this line of research has been the merging of the cheapest and least power
consuming elements of WDM systems: fibres and optical amplifiers. The evolution of
the existing fibres and amplifiers into their SDM counterparts can provide cost saving by
optimising their manufacturing process and by allowing an economy of components (ie.
using a single pump diode for all the amplifiers) but their impact must be considered by
analysing the communication systems as a whole. From this point of view, the saving
coming from the integration of fibres and amplifiers is quite meagre.

The average unit cost of a 100 Gbit/s transponder is, at least, one order of magnitude
higher than that of an amplifier. Taking into account that in a fully-loaded 2000 km
point-to-point link the number of amplifiers is about 25 (one each 80 km) and the number
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of transponders is 80, it can be estimated that the cost of the amplifiers sums up to ∼3%
of the total cost of the hardware. In addition, as was already mentioned, the power
saving coming from these approaches can be at most a 3% per merged WDM system.
Therefore the advantages of SDM are quite limited in optical communication systems,
as conceived nowadays. The imminent implementation of flexigrid networks, with a
denser packaging of signals, will further reduce the number of EDFAs compared to that
of transponders in a optical system (EDFA-to-transponder ratio), decreasing even more
these savings. The potential benefits of SDM based on fibre and EDFA integration in
optical switched and short reach communication networks are even more limited, since
these types of networks exhibit a smaller ratio of EDFA-to-transponder, which can make
SDM not economically viable in these environments.

In this context, and in order to enhance the cost efficiency of SDM solutions, an increased
EDFA-to-transponder ratio is necessary. This ratio can be improved in two main ways: a)
increasing the reach of optical systems without increasing the complexity (and therefore
the cost) of the transponders and b) replacing electrical regenerators/transponders at
intermediate locations required for the optimisation of the optical spectrum. The former
approach mainly applies to point-to-point networks whereas the latter one applies to
optical switched networks.

Both approaches can be implemented by using all-optical signal processing techniques,
that have the potential to compensate and regenerate optical signals without increasing
the complexity of the transponders, and all-optical wavelength conversion techniques,
that provide functionality for the resolution of contention problems in optical switched
networks.

In both cases the result is the increase in the significance of the optical part of com-
munication systems that can process several channels simultaneously, independently
of modulation formats and bit rates. The increasing difficulty in the development of
optical systems is calling for a comeback to the exploitation of an essential feature that
the mimicking of wireless environment cannot exploit: optical fibres can be engineered
whereas the airwave medium is “as is”. The exploitation of this feature, heavily relying
on an optical approach, can highly improve the effectiveness of SDM approaches.

Scope of this Work

In light of the current state of optical communication systems, an emphasis on their
optical part is required to compensate for the growing imbalance between the relative
importance of the electrical versus the optical parts of these networks. One of the
methods that can be used for this compensation is the application of optical parametric
amplification to substitute electrical with optical processing of signals.
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All-optical signal processing offers the potential of implementing functionalities such
as wavelength conversion [1], nonlinearity compensation [40] and optical regeneration
[41]. Nevertheless, the core part of the work related to optical parametric amplification
has been performed in laboratory experiments.

In this context, the objective of this thesis is the development, characterisation and field
demonstration of all-optical signal processing devices capable of performing in real
communication systems. The aim of this work is the demonstration of the required
degree of reliability to replace electrical devices with optical ones performing similar
tasks.

The work contained in this thesis comprises three contributions. The main contribution
presented in this work consists of the development of an all-optical multichannel-
modulation- and bit rate-independent polarisation insensitive wavelength converter
and the demonstration of the feasibility of its operation in real systems under different
network topologies. However, the implementation of nonlinear devices of this type
requires background work to characterise the effects induced by them on amplified
signals. This work is the second main contribution of this thesis and allows a better
understanding of the cumulative effects induced by these types of nonlinear devices
working together with the optical components currently present in communication
systems.

The last chief contribution presented is the feasibility of implementation of these kind of
devices in future SDM networks and the demonstration of the potential benefits that
can be obtained from them and this is experimentally demonstrated on several network
topologies.

The structure of the rest of the thesis is as follows: Chapter 2 presents the required
theoretical basis of nonlinear optics, paying special attention to parametric amplification
implemented in optical fibres. The noise features of this process are analysed in Chapter
3, where a comparison with the noise features of erbium doped fibre amplifiers and
Raman amplifiers is presented.

Chapters 4 and 5 develop a comprehensive theory characterizing the degradation
induced by parametric amplifiers on modulated signals and experimentally verifying
its validity. On this basis more complex accomplishments can be developed in the
future. The work presented in these chapters is planned to be published in upcoming
publications.

Chapter 6 discusses the development of two novel all-optical wavelength converter
(AOWC) schemes based on parametric processes, and the experiments performed on it
back-to-back. The work collected in this chapter has already been published in Refs. [1,
2, 7].
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Chapter 7 presents the viability a candidate to SDM that addresses most of the issues
that previous SDM approaches suffer from and the possible benefits of its use. The work
collected in this chapter has already been published in Refs. [3–6].

Finally, Chapter 8 shows the performance of the previously presented AOWC schemes in
point-to-point, switched and SDM optical communication systems. The work collected
in this chapter has already been published in Refs. [9, 13, 14].



2
Nonlinear Optics

It requires wisdom to understand wisdom: music is nothing if the audience is deaf
Walter Lippmann

Unlike linear communication channels, where the information capacity can be increased
indefinitely by increasing the power of the transmitted signal according to the Shannon
theorem C = W · log2 (1 + SNR) [42], optical fibres are nonlinear communication
channels. Nonlinearity prevents from increasing the amount of information transmitted
through them to arbitrarily high values [43]. The constrains that fibre nonlinearity
imposes on modulated signals are tightly bounded to the physical properties of nonlinear
media. Therefore, if the aim is to maximize the transmission capacity of optical fibres,
an understanding of these nonlinear phenomena is required. This chapter provides an
outline of the nonlinear effects that distort modulated signals during their propagation
along optical fibres. These effects can degrade the quality of the signal or, under certain
conditions, improve it. A more detailed description of the physical effects of interest in
this work will be provided in Chapter 3.

A dielectric medium, such as the optical fibre, is generally nonconducting and nonmag-
netic and the electrons are regarded as being tightly bound to the nucleii. For such media
the interaction between light and matter can be regarded as a dielectric subjected to an
electric field. The applied field polarises the molecules in the medium, displacing them
from their equilibrium positions and inducing a dipole moment. The bulk polarisation
P resulting from this dipole moment induces a reduction in the electric field inside the
material by a factor of 1 + ε [44], where ε is the dielectric constant of the medium. This
bulk polarisation can be expressed as:

P̄ = χ(1) · Ē (2.1)

where the proportionality constant, called susceptibility, is related to the dielectric
constant by the expression:

9
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ε = 1 + χ(1) (2.2)

The dielectric constant ε is a complex magnitude whose real and imaginary parts re-
spectively account for the absorption and refraction induced by the medium. These
properties are also represented by the refractive index n2

0 = ε.

Similarly, the response to magnetic fields can be characterised by the magnetic perme-
ability µ. However, at optical frequencies, the value of this magnitude in most of the
materials is very close to one and its influence can be neglected. Silica optical fibres,
being nonmagnetic materials, also exhibit this behaviour.

Thus, the absorption and refraction induced in a linear medium by an external electric
field are aligned with the direction of polarisation of the incident wave and are inde-
pendent of its power. However, when a medium is subjected to an intense electric field,
such as that due to a laser pulse, the polarisation response is not adequately described
by the previous equations. Assuming that the polarisation of the medium is still weak
compared to the binding forces between the electrons and nucleii, the polarisation can
be expressed as a power series of the applied electric field [45]

P̄ = χ(1) · Ēi + χ(2) : ĒiĒj + χ(3)...ĒiĒjĒk (2.3)

where the operations labelled as : and
... represent the third-rank and fourth-rank

tensorial products respectively. This type of product accounts not only for optical
properties derived from the lattice geometry of the medium (represented by χ2 and χ3),
but also for the interactions between the possible polarisations and/or frequencies of
the waves taking part in the nonlinear interaction (represented by Ēx where x = i, j, k).
Therefore, nonlinear interactions can induce coupling effects between different waves
and polarisations.

This formalism leads to the corresponding definitions for the nonlinear dielectric con-
stant, the nonlinear susceptibilities and the nonlinear refractive index [46, 47]

ε = 1 + χ(1) +
1

2
χ(2)|E|+ 3

4
χ(3)|E|2

n = n0 + n1|E|+ n2|E|2
(2.4)

where n1 = Re
{
χ(2)

}
and n2 = 3/8n0Re

{
χ(3)

}
. These relations show that an applied

external field modifies the optical properties of the material and that, for the case of a
nonlinear medium characterized by χ3, this modification is intensity dependent.
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However, the changes induced by the external field on the material affect at the same
time the field itself. Thus, the propagation characteristics of light need to be described
to fully understand the interaction of light with the medium. The transformation that
optical signals undergo during their propagation along a medium is fully described by
Maxwell’s equations. Following from these equations, the propagation of light in an
insulating and nonmagnetic medium can be described by [48]

∇×∇× Ē = − 1

c2

∂2Ē

∂t2
− µ0

∂2P̄

∂t2
(2.5)

The presence of time derivatives on the right hand side of this equation requires to take
into account the nature of the particles involved in the interaction. This is represented
by time-dependent susceptibilities, thus the polarisation turns out to be the convolution
between the susceptibilities and the corresponding electric fields. Most of linear and
nonlinear interactions between light and matter are carried through by electrons or
nucleii [49]. On one hand, electronic interactions are very fast, their lifetime being in the
order of few femtoseconds, and their interactions can be considered as instantaneous. In
this sense, if only electronic interactions are considered, the susceptibilities are assumed
as Dirac delta functions in time and the convolution reduces to a product. On the other
hand, interactions involving nucleii (such as Raman scattering [50]) are much slower
than electronic ones, their lifetime being in the order of hundreds of femtoseconds. This
feature does not allow such interactions to be treated as Dirac delta functions and more
cumbersome analysis is required. In this work, only electronic interactions are assumed,
considering all the optical nonlinearities as Dirac delta functions.

Not all nonlinear media exhibit the same type of nonlinearity. The microscopic symmetry
of the molecules and their arrangement of the lattice play an important role in the
macroscopic properties exhibited by materials [51]. Regarding the microscopic symmetry
of the materials, crystals can be classified in two main categories: centrosymmetric and
noncentrosymmetric. In general, noncentrosymmetric materials only exhibit second
order nonlinear optical response (n1 6= 0) whereas centrosymmetric materials only
exhibit third order nonlinear optical response (n2 6= 0). Since silica optical fibres are
centrosymmetric systems, henceforth the discussion will be centered about third order
nonlinearities.

2.1 Waveguide propagation

Equation (2.5) provides a general formalism for the third order nonlinear effects in
media. However, the complexity of this equation restricts the number of situations in
which it can be exactly solved. One of these cases is the propagation of Gaussian beams
through a bulk material [52].
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Nevertheless the inherent divergence of these beams prevents from its use in long
distance systems. For these applications, where light needs to be confined so that the
attainable power at the end of the system is maximised, waveguides were developed.
An optical waveguide is a dielectric structure that confines and transmits energy at
optical wavelengths [53].

Conversely to the case of uniform bulk materials, the cross-section of the waveguide
is engineered to provide confinement and low-loss transmission. This feature imposes
an additional complexity to equation (2.5) and as a result analytical solutions can only
be obtained for a small set of waveguide geometries. In this work, only cylindrical
geometries are discussed, since we are concerned with optical fibres only.

Applying equation (2.5) for the case of a cylindrical geometry, the equation that rules
light propagation in an optical fibre is obtained:

∂2

∂ρ2
Ē +

1

ρ

∂

∂ρ
Ē +

1

ρ2

∂2

∂φ2
Ē +

∂2

∂z2
Ē + n2k2

oĒ = 0 (2.6)

where ρ, φ and z are the cylindrical coordinates, n is the refractive index and k0 is the
wavenumber.

At any frequency ω, optical fibres can support a finite number of guided modes whose
spatial distributions E (r, ω) are solutions of the wave equation (2.6) [48]. In addition,
any optical fibre can support a continuum of unguided radiation modes.

The solutions of the guided modes are ruled by an eigenvalue equation that sets the
value of the propagation constant for each mode [54]. These solutions are usually
expressed by βmn, where both m and n take integer values. The corresponding modal
field is well defined by the pair mn leading to four different types of modes: TM0n,
TE0n, HEmn and EHmn. TM modes are solutions characterised by a null longitudinal
magnetic field, whereas TE modes are characterised by a null longitudinal electric field.
On their part, EH and HE are hybrid modes with longitudinal electric and magnetic
fields.

The number of modes supported by a given fibre at a given wavelength depends on
its design parameters, namely the core radius and the core-cladding refractive index
difference. These parameters determine the cut-off frequency of each mode, below
which the mode does not propagate. A single-mode fibre only supports the mode with
the lowest cut-off frequency, the mode HE11, also called the fundamental mode.

A standard single-mode fibre is not truly single mode because it supports two degenerate
modes that are polarised in two orthogonal directions. In theory both modes do not
couple but in real fibres small departures from cylindrical symmetry result in the
coupling of the two polarisation states by breaking the mode degeneracy.
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2.2 Nonlinear optics in optical fibres

The generic result of (2.6) can be applied to the special case in which an applied electric
field with a slowly varying envelope propagates through a silica standard single-mode
optical, yielding the nonlinear Schrödinger equation (NLSE) which rules the behaviour
of a single-polarisation signal with a slowly varying envelope [48]

∂A

∂z
+
iβ2

2

∂2

∂2t
A+

α

2
A = iγ

(
|A|2A

)
(2.7)

where β2 represents the dispersion of the waveguide, α the attenuation coefficient and
γ the nonlinear coefficient that relates to nonlinear refractive index as γ = ωn2/cAeff .
Since the nonlinear coefficient of the fibre is related to the nonlinear refractive index, the
effects induced on the propagating electric field are also intensity dependent.

The right hand side of eq. (2.7) shows that as the power of the applied electric field
increases, a phase shift proportional to the power of the wave is induced. This distortion,
induced by the signal on itself is known as self phase modulation (SPM) and induces a
signal distortion in the information carried that prevents from the increase of the amount
of information carried by the fibre by arbitrarily increasing the signal power.

The second term on the left hand side of equation (2.8) represents the dispersive effects
induced during propagation. Dispersion is related to the dependence of the refractive
index on the frequency. It is a linear effect that causes a different propagation speed for
each frequency component of the propagating signals and also distorts the information
carried through the fibre. The frequency dependence of the group velocity gives rise to
a group velocity dispersion (GVD) that broadens the pulses of modulated signals. Since
the signal power is not changed because of dispersion, the peak power of the signal
decreases as the signal propagates through the fibre, reducing the effect of nonlinearities
on the signals.

Equation (2.7) models the propagation of a single wave propagating through an optical
fibre. However, in multichannel operation, the nonlinear polarisation can induce the
interaction between different waves giving rise to additional nonlinear effects. As
was already mentioned, nonlinear polarisations induce the simultaneous interaction of
several electric fields (see eq. (2.3)) without any a priori restriction in their frequency,
polarisation or wavenumber. In this sense, the very values of the susceptibility tensor
set the nature and importance of the nonlinear interactions for each particular crystal.

These additional nonlinear effects cannot be addressed with the equation (2.7) and needs
to be extended in order to model multichannel propagation [48]. For the particular
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case of optical fibres, that are amorphous isotropic materials, the propagation of two-
polarised optical signals takes the form of the so-called Manakov system of equations
[55, 56]

∂

∂z

(
Axi
Ayi

)
+
iβ2

2

∂2

∂2t

(
Axi
Ayi

)
= i

γSPM
∣∣∣∣∣ AxiAyi

∣∣∣∣∣
2

+ γXPM

∣∣∣∣∣ AxjAyj
∣∣∣∣∣
2
( Axi

Ayi

)
(2.8)

where the superscripts refer to the polarisation of the wave and the subscripts represent
wave indices. The values of the nonlinear matrices γSPM and γXPM depend on the
relative alignment of the polarisation of the signals and the birefringence and dispersion
characteristics of the fibre [57]. The large variety of types of existing optical fibres [58]
prevent from obtaining a well defined value for nonlinear coefficients in all the possible
cases.

The values of the effective nonlinear coefficients have been calculated for several cases.
In particular, the nonlinear interaction in fibres with high or constant birefringence, that
maintain the polarisation of the signals relatively constant, leading to a more efficient

nonlinear interaction, result in γSPM =

(
γ0 γ0/3

γ0/3 γ0

)
and γXPM =

(
2γ0 γ0/3

γ0/3 2γ0

)
where γ0 is the nonlinear coefficient of the single wave NLSE. On the contrary, the
nonlinear interaction in fibres with low or random birefringence, that produce an

averaging of the nonlinear interaction, result in γSPM = γXPM =

(
8/9γ0 8/9γ0

8/9γ0 8/9γ0

)
[56,

57]. Furthermore, the dispersion induces a different propagation speed for each of the
signal transmitted within the fibre. This feature results in an additional averaging of the
nonlinear interactions induced between different waves in the presence of dispersion
[59].

Not only do nonlinear effects cause interactions between existing waves but they can
also generate new frequencies from the original ones. In general, third order nonlinear
effects can induce third harmonic generation (THG) [45] and four-wave mixing (FWM)
[48, 56] interactions. In this work, only FWM will be discussed.

2.3 Four-Wave Mixing

Four-wave mixing is a nonlinear process by which three waves of similar or different fre-
quencies generate a fourth one, while energy and momentum is conserved. Accounting
for this effect entails an extension of the previous Manakov equation with an additional
term, leading to a system of coupled equations [56]
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∂
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)∗
(2.9)

where l,m, n, o are the indices of the four waves involved in the nonlinear interaction.
The last term on the right hand side of equation (2.9) represents the additional contri-
bution coming from FWM. The summation comprises all the frequency components
generated by the waves m,n, o at the frequency of the wave l. As before, γFWM de-
pends on the relative alignment of the polarisation of the signals m,n, o and on the
birefringence and dispersion characteristics of the fibre.

γFWM , usually called the efficiency of the FWM interaction, is defined as γFWM =

2γ0 exp (−i∆kz) · f1234, where f1234 is the overlap integral and ∆k the phase matching [45,
48]. Phase matching describes the relative phase difference between the waves involved
in a nonlinear interaction and is one of most important factors that define the very value
of γFWM . A constant or quasi-constant phase relation between the waves yields the
most efficient energy transfer between them, thereby increasing the efficiency of the
FWM. In the most general case, phase matching is defined as [48]

∆k = km + kn − kl − ko = (nmωm + nnωn − nlωl − noωo) /c (2.10)

Figure 2.1: Possible non-degenerate nonlinear interactions in a orthogonally-
aligned dual-pump FWM process. PC: Phase Conjugation. UC: Up-Conversion.
DC: Down-Conversion
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where ki represents the propagation constant of each wave. In fibre optic parametric
amplifiers (FOPAs), phase matching heavily depends on the dispersive features of the
optical fibre, making the use of dispersion-tailored fibres necessary in order to achieve
high FWM efficiencies.

The arbitrary labelling of the wave m,n, o implies that the wave indices can be swapped.
Restricting to the non-degenerate case, the different frequencies generated by the per-
mutations of the three waves m,n, o FWM are three and, therefore, a full model must
include a six wave model [56]. The possible non-degenerate nonlinear interaction be-
tween the input signal and the pump waves are shown in Fig. 2.1. The idlers labelled as
up-converted (UC) and down-converted (DC) are identical copies of the input signal
whereas the idler labelled as phase conjugated (PC) undergoes an inversion of the imag-
inary part of the electric field. However, the value of the phase matching shown in eq.
(2.10) differs for each idler, commonly leading to an optimisation of the phase matching
for only one of them, reducing the complex six wave model to a four-wave one.

One of the potential benefits of FWM applied to optical communication systems is the
possibility of implementing amplifiers based on it. In this sense, if two of the four
photons of the nonlinear interaction come from continuous wave (CW) signals, then
the generated signal will be either a copy or a conjugated copy of the original one. This
situation leads to a simplification in the coupled equations (2.9). Then, for the case of
phase conjugation (see Fig. 2.1) and single polarised waves, a simplified model for the
wave interaction is obtained [56]
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(2.11)

where As, Ai represent the slowly varying envelopes of the signal and idler respectively
and Ap1, Ap2 represent the amplitudes of the pump waves. These equations assume
that the slowly varying envelope of both waves propagates at the same speed. If the
frequency spacing between the waves is very large, this assumption cannot be done
and an additional term must me included to account for the walk-off effect that this
difference in speed induces.

The third equation represents the nonlinear phase matching, where P0 is the power of each
pump wave and γ the nonlinear coefficient of the fibre. This modification is required to
account for the phase shift induced by self-phase modulation on the CW pumps during
the propagation along the fibre. This phase shift modifies the phase of the pump waves
and therefore impacts on the efficiency of the FWM process.
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More complete analyses of FWM processes including the case of dual-polarised waves
have already been published [60, 61]. These studies show that the flexibility in the
wavelength and polarisation allocation of equation (2.9) makes the implementation of
functionalities not achievable through linear optics possible. The two most important
applications in optical communications of FWM are the implementation of wavelength
converters (WCs) and of phase sensitive amplifiers (PSAs).

WCs are devices that provide a shifting of the carrier frequency of the signal while the
information (carried by the slowly varying envelope) remains unchanged. In fibres,
these devices can be implemented by single- or dual-pump FWM processes in highly
nonlinear fibres (HNLFs). One of the main differences between the two implementations
is the polarisation sensitivity that single-pump WC exhibits. As follows from eq. (2.9),
FWM is a polarisation sensitive nonlinear process. In this sense, only the component
of the signal parallel to the polarisation of the pump waves is amplified, leading to a
uneven performance in the case of single-pump WCs. In order to avoid this undesirable
effect, it is necessary to provide a mechanism for the simultaneous amplification of both
components. This is only achievable in dual-pump schemes [62, 63]. Implementations
of polarisation-insensitive fibre-based all-optical wavelength converters will be dealt
with in depth in Chapter 6.

As has been shown, fibre-based FWM offer the possibility of implementing phase insen-
sitive amplification (PIA), an example of which is the wavelength conversion. However,
FWM can also provide phase sensitivite amplification (PSA), in which a coherent inter-
ference between a signal and its phase conjugate can give rise to noise squeezing on
one of the quadrature amplitudes of the signal at the expense of amplification on the

Figure 2.2: Wavelength allocation of phase sensitive amplification schemes
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other [64, 65]. Unlike PIAs, where all the phases were amplified equal, PSA requires
well-defined relations between the phases of the interacting waves. The experimentally
demonstrated nonlinear interactions that can generate phase sensitive amplification in
fibres are shown in Fig. 2.2 [66, 67].

By considering the pump waves as CW signals perfectly phase matched and co-polarised
with the signal, the equation system (2.11) can be reduced to [68]

[
A1,out

A∗2,out

]
=

[
cosh (γPLeff ) i sinh (γPLeff )

−i sinh (γPLeff ) cosh (γPLeff )

] [
A1,in

A∗2,in

]
(2.12)

where γ is the nonlinear coefficient of the fibre, P is the pump power and Leff =

(1− exp (−αL))/α is the effective length of the fibre. By solving this system, and assuming
that the power of signal and idler waves is identical, then the following expression for
the signal gain is obtained

Gs = 1 + 2 sinh2 (γPLeff ) + 2 sinh (γPLeff ) cosh (γPLeff ) sin(θ) (2.13)

The quantity θ is the relative phase among the waves involved in the phase sensitive
process. In general θ = φp1 + φp2 − φ1 − φ2. In case of PIA the value of θ is always zero
because the relation φ2 = φp1 + φp2 − φ1 is enforced by the nonlinear process, resulting
in a cancellation of the last term on the right hand side of the equation (2.13).

However, if the phase φ2 is shifted by a constant value at the input of the optical fibre
with respect to φ1, the term θ does not vanish anymore, leading to an additional gain of
6 dB for the case of θ = π/2. Thus, phase sensitive amplification is heavily dependent
on the relative phase of the waves involved in the nonlinear propagation.

PSAs exhibit features that can be used to implement functionalities not achievable
through standard FWM processes. The additional gain obtained through the phase-
sensitive interaction is exhibited only in one of the quadrature components at the
expense of de-amplifying the other. In this sense, these de-amplification capabilities
have been applied to phase regenerators [41, 69] and ultra low-noise amplification [70]
in communication systems.

2.4 Conclusions

This chapter has described the physical properties of optical fibres with regard to
their optical characteristics, showing that they are an amorphous weakly nonlinear
transmission medium. These features, it has been shown, can be used to implement



2 Nonlinear Optics 19

both phase-insensitive and phase-sensitive amplifiers yielding new functionalities not
attainable through linear processes.

Both PIAs and PSAs take advantage of the nonlinear optical properties of materials to
generate new frequencies, providing wavelength conversion capabilities, or to transform
the statistical features of the noise, providing optical regeneration. Additionally, both
aim at reducing the limitations imposed on the optical communication systems by the
physical nature of the materials employed.

However, an efficient development of these nonlinear devices requires an understanding
of the transformation undergone not only by the signal but also by noise for them to
be effective. The description of the noise transformation induced on a signal during its
propagation along an optical fibre communication system is the subject of the following
chapter.
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Noise in optical communication systems

Know your enemy and know yourself and you can fight thousand battles without
disaster

Sun Tzu

In the previous chapter, the signals have been considered as deterministic, thereby
their value being accurately known at any time and location. However, real signals
unavoidably suffer from random fluctuations and the previously presented theory of
linear and nonlinear optics only applies to the mean values of these fluctuating signals.

Fluctuations arise from spontaneous changes in the state of a system at dynamic equi-
librium with the environment. These fluctuations are characterized by the Stefan-
Boltzmann law and exhibit a dependence with the fourth power of the temperature [71].
The equilibrium point of the system is modified by any interaction between system and
environment. This alteration induces a change in both the dynamic equilibrium of the
system and its fluctuating features.

The fluctuations around the equilibrium point of a system have been statistically charac-
terised in terms of probability density functions and variances using statistical mechanics
[72, 73]. This theory showed that the statistical properties of a material in thermody-
namic equilibrium are dependent on the working point and are modified in the presence
of an energy flux [74, 75]. This is the case of a dielectric medium subjected to an electric
field.

A more specific case of this theory can be applied to linear and dissipative systems. A
system can be defined as dissipative if it absorbs energy while it is exposed to a periodic
perturbation in the time and can be defined as linear if the power dissipation is quadratic
with the amplitude of the perturbation [76, 77]. An optical fibre can be considered as a
linear and dissipative medium if a low intensity electric field propagates through it.

The equilibrium point of linear and dissipative materials is altered by the absorbed
energy. This reversible and temporary alteration modifies the response of the material to
an externally applied field which in turn modifies the effects that the material induces on

21
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the applied field. Under these conditions, the induced deviations from the steady-state
values depend linearly with the value of the external field so that if this vanishes the
deviations decay and vanish as well [72, 73].

The characterization of the response of the material in time leads to the concept of
impulse response. The impulse response is defined as the cross-correlation function
between the fluctuations of the material and those of the external field. In case of linear
systems, it can be calculated deterministically for small fluctuations [78].

In order to characterise the spectral response of the system, the Fourier transform of the
impulse response is usually calculated. This Fourier transform is the linear susceptibility
of the material shown in equation (2.1) [72, 78, 79]. Therefore, the linear susceptibility is
the magnitude that characterises the behaviour of linear systems both in terms of mean
values and fluctuations.

Unlike linear systems, the perturbations induced by nonlinear materials in response
to intense external fields have, to the best of my knowledge, not been characterised
even though the nonlinear susceptibilities have been defined. Nowadays, an analysis of
the nonlinear perturbations can only be performed by the application of perturbation
methods, that provide a linearisation of the nonlinear equations that govern the physical
behaviour [80]. A detailed characterization of these nonlinear perturbations is out of
the scope of this work but a phenomenological insight of the transformations that noise
undergoes during propagation and nonlinear effects is necessary in order to understand
how signals degrade during their transmission along optical communication systems.

The rest of this chapter is devoted to the description of the features of noise generated
by the different noise sources in optical communication systems, the amplifiers, and of
the transformation that this noise endures due to the physical properties of optical fibres
during propagation.

3.1 Amplification

One of the key components of long haul communication systems are the amplifiers.
They compensate for the attenuation that signals unavoidably undergo during their
propagation through optical fibres. However, the additional power that these devices
transfer to the signals comes at the expense of a degradation in the signal quality in the
form of an additional noise.

Physical principles show that an ideal, noise-free amplifier actually violates Heisenberg’s
uncertainty principle [81], thereby any amplification process is noisy. The correlation
features between the noise and the amplified signal depend on the underlying physical
process that generates the former [82]. The most commonly used types of amplifiers
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in optical communication systems generate noise that is not correlated with the signal,
however the noise generated by parametric amplifiers, which rely on fibre nonlinearity
for the amplification process, can be correlated with the amplified signal either in
amplitude or in phase.

In this section, the physical noise sources of the different types of amplifiers available in
optical fibre systems are discussed, paying special attention to the case of parametric
amplifiers, that plays an important role in this work. In particular, the noise features of
Erbium-doped fibre amplifiers (EDFAs), Raman amplifiers and parametric amplifiers
are discussed.

3.1.1 EDFA

EDFAs are the most widely used type of amplifier in optical communication systems.
They can simultaneously provide high gains and low noise figures in a lumped device
comprising an Erbium-doped optical fibre of length ranging 8–12 metres [83].
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Figure 3.1: Energy level transitions of an EDFA

The amplification capabilities of ED-
FAs around the central wavelength of
1550 nm are provided by the radiative
transitions 4f → 4f of the Erbium ions
[84, 85]. Amplification is obtained by
exciting the ions of Erbium to a higher
energy level and inducing a stimu-
lated emission from that level. An
energy level diagram for the case of a
C-band EDFA is shown in Fig. 3.1.

The transition to energy level 4I11/2

from the ground state is normally in-
duced by using a pump wave at 980
nm although pumping at 1480 nm is also possible. From that state the ion decays
non-radiatively to the metastable state 4I13/2, from which it will radiatively decay to the
ground state either spontaneously or through stimulation from a photon with suitable
energy. Stimulated transitions provide the amplification capabilities of the amplifier
while spontaneous transitions are associated with the noise figure of the amplifier. Both
gain and noise figure are related to a ratio that depends on the number of ions at the
ground state N1 and the number of ions at the metastable state N2. This ratio is called
spontaneous emission factor nsp, its definition being [86]

nEDFAsp =
N2

N2 −N1
(3.1)
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Accurate calculations of N1 and N2 are complex because the transition 4I13/2 → 4I15/2

comprises a compound of 56 different sub-transitions, the probabilities of which must
be averaged, leading to the concepts of emission and absorption cross-sections [86].
These cross-sections depend on the host glass, the dopant species and their relative
concentrations. These magnitudes, closely related to the physical properties of the
materials, ultimately define the value of the populations and, in turn, of the spontaneous
emission factor and therefore the performance of the amplifier in terms of gain and noise
figure.

The noise power of the EDFA is determined by its spontaneous emission factor, in such
a manner that the power per-polarisation at the output of the amplifier coming from
amplified spontaneous emission (ASE) is [83, 86]

PEDFAASE = hν · nEDFAsp ·B (G− 1) (3.2)

where h is the Plank’s constant, ν the centre frequency, B the optical bandwidth and G
the gain of the amplifier.

The lifetime of the metastable state is very important in the characterization of the ASE
noise. The lifetime of state 4I13/2 is in the order of milliseconds. This is in contrast to
the pulse width of optical communication signals which is several orders of magnitude
shorter, typically in the range 25–100 ps. Under these conditions, the population of
the metastable state can be considered as constant for the whole pulse duration of the
modulated signals. The averaging of these slow fluctuations of the population leads
to noise which is uncorrelated with the signal. This phase-independent noise, called
additive noise, is mathematically modelled as a zero-mean Gaussian random variable
whose variance is the noise power shown in equation (3.2).

3.1.2 Raman Amplification

The performance of EDFA-amplified optical systems deteriorates when long fibre spans
are used. The lumped nature of the EDFA and the linear dependence of the output
noise with the signal gain, as expressed in equation (3.2), limit the performance that
these amplifiers can offer under such circumstances. The gains required in order to
compensate for the losses of such spans generate a large amount of ASE noise during
the amplification process that drastically constrains the reach of these systems.

It is under those conditions that Raman amplification excels. This type of amplifiers
offers reduced noise figures and broadband amplification in long transmission spans.
The distributed character of Raman amplifiers, providing amplification capabilities
over several kilometres of fibre, prevents from such a large degradation suffered from
lumped amplification processes, but the inherent practical difficulties associated with
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their deployment in commercial networks made their adoption not as popular as that of
EDFAs [50].

Conversely to EDFAs, amplification capabilities in these amplifiers are facilitated by
stimulated Raman scattering (SRS). This nonlinear process turns optical fibres into
broadband amplifiers. In any molecular medium, spontaneous Raman scattering can
transfer a small fraction (typically< 10−6) of power from one optical field to another one
whose frequency is downshifted by an amount determined by the vibrational modes of
the medium. In the case of silica optical fibres, the power transfer is most efficient when
the difference in frequency between the two waves is approximately 13 THz [50].

SRS causes part of the power of an intense pump wave that is transmitted together with
a signal to be transferred to the signal, amplifying it. The pump wave can propagate
either in the same direction as the signal (co-propagating scheme) or in the opposite
direction (counter-propagating scheme).
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Figure 3.2: Energy transitions of a Raman pro-
cess

As in all processes, energy and
momentum conservation conditions
need to be satisfied during the Ra-
man interaction. In fibres, the pres-
ence of optical phonons, the vibra-
tional modes of the material, dur-
ing the nonlinear interaction ensures
phase matching independently of the
dispersion characteristics of the fibre
and the pumping scheme used (co-
or counter-propagating) [87]. This re-
sults in an amplification process very
different from that of the EDFA, the
energy level diagram of which is shown in Fig. 3.2.

As with EDFAs, stimulated emission is the main contribution to the gain of the amplifier,
whereas spontaneous emission adds to the amplified signal and appears as noise because
of the random phases associated with all the spontaneously generated photons. This
allows a characterisation of the noise figure of these amplifiers in terms of a spontaneous
emission factor given by [50]

nRamansp (ν) =
1

1− exp (− hν/kBT)
(3.3)

where kB is the Boltzmann constant and T is the Kelvin temperature. nsp allows the
calculation of the total ASE noise power at the output of the amplifier. Since Raman
amplification is a distributed process, the ASE noise power at the output of a Raman
amplifier of length L takes the form [50]
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PRamanASE = 2hν · nRamansp ·B · gR ·GL
∫ L

0

Pp (z)

G (z)
dz (3.4)

where gR is the Raman gain coefficient, GL is the effective gain accounting for the fibre
length and its loss, that takes the value GL = exp (gRP0Leff − αL), Pp is the pump
power, that takes the value Pp (z) = P0 exp (−αL) in a co-propagating scheme and
Pp (z) = P0 exp (−α (L− z)) in a counter-propagating one, P0 is the transmitted pump
power, α the attenuation coefficient of the fibre and Leff the effective length of the
amplifier.

Therefore, the ASE noise at the ouput depends both on the physical properties of the
optical fibre (represented by gR, α and nsp) and the characteristics of the pump wave.
This is a major difference with EDFAs, where the dependence between the pump power
and the ASE power is of secondary importance.

The feature that determined the decorrelation of the ASE noise with respect to the
population fluctuations of the EDFA both in amplitude and phase was the long lifetime
of the metastable state. In contrast, the lifetime of the virtual states of the Raman
interaction is in the order of hundreds of femtoseconds [48], ie. much faster than
the pulse width of the modulated signals. Such lifetimes prevent pump waves from
being considered constant as in the case of EDFAs, their fluctuations being unavoidably
transferred to the amplified signals. This feature entails a transfer of the RIN of the
pump wave to the amplified signal. In a co-propagating dispersionless configuration,
the RIN transfer has been quantified as [88]

RINout = RINin +
〈

(∆G)2
〉

= RINin +RINp ln2 (GA) (3.5)

where GA = gRPpLeff represents the Raman gain and RINin, RINout and RINp repre-
sent the RIN of the signal before and after the Raman and the RIN of the pump wave
respectively. However, in the presence of dispersion or in counter-propagating schemes,
the distributed character of Raman amplification induces a smoothing effect on the RIN
transfer, resulting in a low-pass filtering of the transferred noise [88]

RINout = RINin +
〈

(∆G)2
〉

= RINin +RINp
ln2 (GA)

Leff

αp

1 +
(
f
fc

)2 (3.6)

where αp is the attenuation coefficient of the pump wave and fc is the cut-off frequency
of the noise transfer between pump and signal. The value of this frequency depends on
the configuration, taking the value fc = αp/(2πD∆λ) for the dispersive co-propagating
scheme and fc = αpVg/4π for the counter-propagating scheme; where D is the dispersion
coefficient of the fibre, ∆λ the frequency spacing between waves and Vg the group
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velocity. It is to be noted that the smoothing effect is more important in the counter-
propagating case, being independent of the dispersive characteristics of the fibre.

As a result of this smoothing effect, any fluctuation of the pumps wave have negligible
influence on the noise features of the amplifier. The smoothing causes a decorrelation of
the phase of the generated noise photons with respect to that of the pump waves in such
a manner that the pump fluctuations are incoherently transferred to the signal resulting,
as with EDFAs, in a phase-independent distortion. In this manner, the noise generated
by Raman amplifiers can be modelled as additive noise, the power of which is shown in
equation (3.4).

3.1.3 Parametric Amplification

Although fibre optic parametric amplifiers (FOPAs) have been studied for more than two
decades, no commercial implementation has been developed yet that meets the require-
ments of optical communication systems. Nevertheless, the functionalities that this type
of amplifiers offer make them very interesting devices for future optical communication
networks. For example, Chapters 6 and 8 of this work present implementations of FOPA
prototypes with suitable performance for certain applications in optical communication
systems, showing the potential of FOPA-based implementations in real networks.
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Figure 3.3: Energy transitions of a third-order
parametric process

The amplification capabilities that
FOPAs exhibit are provided by the
third-order nonlinearity of optical fi-
bres that transfer energy from high
power continuous wave (CW) signals
to weaker modulated signals ampli-
fying the latter ones in the process.
The main physical difference between
FOPAs, EDFAs and Raman amplifiers
is that the amplification process of
FOPAs do not involve any phonon
interaction, resulting in more strict re-
quirements for the enforcement of en-
ergy and moment conservation . In this sense, the amplification process is carried out
through virtual levels of energy, as shown in Fig. 3.3, where only photons provide the
amplification capability.

This feature imposes several limitations to FOPAs, since it entails constraints in terms of
phase matching, wave polarisation and wavelength allocation, that are largely responsi-
ble for the distinctive characteristics of this kind of amplifiers in terms of noise.
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Phase matching restrictions make the implementation of FOPAs more challenging than
that of Raman amplifiers by requiring an almost constant phase relation between the
waves involved in the parametric interaction. This feature prevents from counter-propa-
gating schemes and dispersive fibres to be used, severely impacting on the properties
of the amplifier in terms of noise figure. These forbidden smoothing mechanisms, that
allow the decorrelation of pump wave fluctuations with respect to the amplified signals,
together with the very fast (≈ 1fs [89]) nonlinear electronic lifetime of the parametric
interaction result in a coherent transfer of pump wave fluctuations to amplified signals.

Pump wave fluctuations are the main noise source in parametric amplifiers, however
they are not the only one. The quantum limit of parametric amplification is achieved
when no pump fluctuations are present [63], this would correspond to the case of
ASE noise in EDFAs or Raman amplifiers. Under these conditions, only the amplified
quantum noise (AQN) is present at the output of the FOPA. This represents the case of
minimum distortion of the amplified signal, that is usually negligible with respect to the
distortions induced by pump fluctuations.

Thus, accounting for both pump wave fluctuations and AQN, the amplified signal at
the output of the FOPA Aout can be expressed as follows [90, 91]

Aout = eiθnAin ×
√

(G+ ∆G) + nadd (3.7)

where Ain represents the input signal, G the gain, ∆G the gain perturbations induced
by the pump fluctuations, θn the phase perturbations induced by the pump fluctuations
and nadd the additive noise generated during the amplification process. This equation
accounts for both coherent (θn) and non-coherent (∆G and nadd) noise superimposed to
the signal.

However, the relationships between the physical processes that generate these fluctua-
tions and the very fluctuations at the output of the FOPA are highly nonlinear, thereby
not being possible to provide generic analytical equations for them, except for very
specific configurations. Thus, only a qualitative insight about their respective effects on
modulated signals is possible.

In the following sections, the physical processes induced by the pump fluctuations
in fibre optic parametric amplifiers are described. In this sense, and for the sake of
clarity, these processes have been classified according to the type of induced fluctuation:
amplitude and phase fluctuations. Additionally a short subsection referring to AQN
has been included for completeness.



3 Noise in optical communication systems 29

3.1.3.1 Amplitude Noise Sources

The amplitude fluctuations of the waves involved in parametric interactions influence
at the output of a FOPA in three different ways. First, the amplitude fluctuations of the
signal already present at the input of the FOPA are amplified in a similar manner as in
EDFAs and Raman amplifiers. Second, the gain of the FOPA, being heavily dependent
on the pump power, fluctuates proportionally to these fluctuations. And third, the
energy transfer from pump waves to signals already involves the transfer of part of the
ASE noise that has been added to the pump waves prior to the parametric amplification
process. In this manner, pump wave and signal wave fluctuations impact on the noise at
the output of the FOPA in very different ways.

Signal wave fluctuations can be assumed to be chiefly AQN and ASE generated in
previous amplification stages [90, 91]. Thus they are considered to be incoherent with
the signal. They are unavoidably amplified by FOPA gain and can be characterized by a
power spectral density (PSD).

On their part, pump amplitude fluctuations are mainly generated by residual ASE noise
coming from pump wave amplification and by relative intensity noise (RIN) coming
from the laser sources [90, 91]. These fluctuations, being independent on the phase of
the amplified signal, do not induce any additional phase distortion in the amplified
signal. However, they induce gain variations that are correlated with pump wave
fluctuations, resulting in a transfer of the pump fluctuations to the amplified signal
via gain modulation. Their characterization is far more complex than that of signal
waves because they undergo nonlinear transformations. In this work only qualitative
characterisation of these fluctuations is provided.

Amplified Quantum Noise

According to quantum theory, the vacuum is filled with low-energy electromagnetic
waves of random amplitudes and phases, that propagate in all possible directions.
Quantum vacuum is the lowest state of the empty space and its energy is called zero-
point energy. Fluctuations of this energy are described by Heisenberg’s uncertainty
principle and create the so-called quantum noise. The power spectral density of this
noise is flat up to the Planck frequency (νp ∼ 1043 Hz) [92], therefore it can be considered
flat at any frequency as far as communication systems are concerned. Thus, at the input
of the amplifier the PSD of quantum noise can be written as

S =
hν

2
(3.8)



30 3 Noise in optical communication systems

This noise acts as an input signal at any frequency within the bandwidth of the amplifier
and is unavoidably amplified, generating noise with power PFOPAAQN at the output of the
FOPA [90, 91]

PFOPAAQN =
hν

2
(2G− 1)B (3.9)

where h is the Planck constant, ν is the frequency of the signal, G is the gain of the FOPA
and B is the bandwidth of the filter after the amplifier.

ASE Pump Noise

Pump waves used in FOPAs generally require prior amplification. This amplification
increases the amplitude fluctuations of the pump waves in such a manner that the OSNR
of the pump wave is directly related to the OSNR of the amplified signal [93]. Thus the
pump OSNR is an important factor in the computation of the noise figure of FOPAs.

The ASE noise added during pump amplification is [94]

PFOPAASE = hν (GA − 1)nspB (3.10)

where h is the Planck constant, ν is the frequency of the signal, GA is the gain of the
amplifier, nsp is the spontaneous emission factor and B is the bandwidth of the filter
after the amplifier.

Part of this noise power is transferred to the signal via the parametric interaction whereas
the remaining power generates fluctuations in the power of the pump waves that induce
random gain variations. The nonlinear equations that describe these two simultaneous
processes (see eq. (2.11)) can be linearised with respect to the pump fluctuations, leading
to the following gain equation for the case of a FOPA with two identical pump sources
(that can easily be reduced to the case of a single pump FOPA) degraded by ASE noise
and RIN [91]

PFOPAout = 2 {hν (GA − 1)nsp +RIN × P0,av}B
(

∂G

∂P0,av

)2

(3.11)

The sum inside the braces on the right hand side of equation (3.11) represent the para-
metrically transferred noise. The first addend of this sum accounts for the transferred
ASE noise of the pump waves whereas the second addend represents their RIN. Addi-
tionally, the term ∂G

∂P represents the gain variation due to pump power fluctuations. The
exact value of this factor depends on the fibre or the FOPA characteristics. Expressions
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of ∂G
∂P for the case of single-pump FOPAs can be found in Ref. [90] and for the case of

dual-pump FOPAs in Ref. [91].

When signal and pumps travel at the same group velocity, as is the case in a FOPA, they
remain synchronous throughout the whole fibre and no averaging of fluctuations takes
place. On the contrary, when the group velocity mismatch is not negligible, the net gain
at the end of the fibre will correspond to the averaged power of the two pumps. Noise
transfer is considerably reduced under such conditions [59].

Relative Intensity Noise

RIN describes the inherent amplitude fluctuations of any laser source. As was discussed
in the previous section, the effect of these fluctuations in FOPAs is the same as that of
ASE pump noise, the main difference between them being that the fluctuations induced
by this noise source are usually orders of magnitude smaller than those induced by ASE
pump noise [95]. RIN is usually neglected in case of amplified pump waves but should
be considered in the case of unamplified pump waves.

Raman Amplitude Noise

High pump powers can induce stimulated Raman scattering (SRS). In a standard op-
tical fibre, Raman contributions amount for just 18% of the total nonlinear interaction,
whereas nonlinear refraction is responsible for 82% [48].

The Raman gain spectrum in the presence of parametric processes has been studied in
standard single mode fibres (SSMFs) [96–98], resulting in the development of a model
for the Raman-induced noise figure of parametric amplifiers [89]. The Raman noise
spectrum generated by FOPAs shows to be similar to that of classical Raman amplifiers.

However, the Raman gain decreases with phase matching in the presence of parametric
processes [99] and theoretically equals zero in the case of perfect phase matching [100].
This feature makes the Raman amplitude noise of lesser importance in parametric
amplifiers because phase matching is required to build efficient parametric amplifiers.

3.1.3.2 Phase Noise Sources

Apart from amplitude fluctuations, pump waves exhibit phase fluctuations that are
transferred to the amplified signals via the nonlinear interaction or are generated during
their propagation through the fibre via the Kerr effect. These fluctuations distort the
information encoded in phase modulated signals, degrading their quality.
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Parametric interactions, lacking a decorrelation mechanism, transfer phase fluctuations
of the pump(s) to the amplified signal. The transferred phase fluctuations may originate
from pump laser linewidth and/or pump dithering.

In addition, the effects of SPM on noisy signals and XPM originating from co-propagating
modulated signals result in the transformation of amplitude fluctuations to phase fluc-
tuations. The phase noise generated in this manner is called nonlinear phase noise [101]
and degrades the quality of the modulated signals.

Pump Linewidth Transfer

Laser sources are only partially coherent, exhibiting random phase fluctuations that
vary as a one-dimensional random walk [102, 103]. These fluctuations are defined as
θ = ϕ(t+T )−ϕ(t), where ϕ is the instantaneous phase of the laser, and can be uniquely
characterised by their linewidth [104].

The laser linewidth links the spectral width induced by the phase fluctuation with the
variance of the fluctuation itself, leading to the relation [105]

〈
θ2
linew

〉
= π∆νT (3.12)

where ∆ν is the linewidth, T is the sampling period and
〈
θ2
linew

〉
represents the variance

of the phase fluctuation.

As was already mentioned, during a parametric interaction the linewidth of the pumps
is transferred to the amplified signal [106, 107]. However, equation (3.12) shows that the
linewidth is related to the phase variance of the waves. This confers some distinctive
features to the linewidth transfer.

As was mentioned in the previous chapter, phase matching enforces a relation between
the phases (see equation (2.10))

θi = θp1 + θp2 − θs (3.13)

where the subscripts p1, p2, s and i represent the first pump, second pump, signal and
idler respectively . By applying a quadratic relation, such as the one shown in (3.12) to
equation (3.13), a more general relation between the linewidths of the waves involved
in a FWM process is obtained [107]

〈
θ2
i

〉
=
〈
θ2
p1

〉
+
〈
θ2
p2

〉
+
〈
θ2
s

〉
−2 ·Cov (θs, θp1)−2 ·Cov (θs, θp2) + 2 ·Cov (θp1, θp2) (3.14)
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where Cov represents the covariance between the phase noise of the waves. The most
common case assumes uncorrelated signal and pump waves, reducing the previous
equation to

〈
θ2
i

〉
=
〈
θ2
p1

〉
+
〈
θ2
p2

〉
+
〈
θ2
s

〉
+ 2 · Cov (θp1, θp2) (3.15)

The correlation between the different pump waves depends on the very scheme used for
the parametric interaction. In the case of degenerate FWMCov (θp1, θp2) =

〈
θ2
p1

〉
=
〈
θ2
p2

〉
.

However, in the case of non-degenerate FWM, the value of the covariance can be
controlled by using injection locking [108] or pump correlation techniques [107]. In
this work, dual- uncorrelated-pump schemes are assumed leading to Cov (θp1, θp2) = 0.
Thus, the variance of the phase fluctuation of a parametrically amplified signal is then

〈
θ2
single

〉
= π (∆νs + 4∆νp)T〈

θ2
dual

〉
= π (∆νs + ∆νp1 + ∆νp2)T

(3.16)

where ∆νs is the linewidth of the signal, ∆νp1, ∆νp2, ∆νp and are the linewidths of the
pump waves and, as before, T is the sampling period.

〈
θ2
single

〉
and

〈
θ2
dual

〉
respectively

represent the variance of the idler for the case of single- and dual-pump FOPAs. This
relation has been experimentally demonstrated for the case of single-pump FOPAs [109].

Equation (3.16) shows that the linewidth at the output of a degenerate FOPA grows as
four times the linewidth of the pump waves whereas for the case of a non-degenerate
FOPA with uncorrelated pumps, it grows as twice the linewidth of the pump waves.

Pump Dithering Transfer

Pump dithering refers to a low-frequency phase modulation of pump waves. This is a
common technique used to overcome the Brillouin threshold in FOPA by broadening
the spectral line of pump waves which in turn provides an increase in the pump power
inside the fibre. Unlike the linewidth of the source, pump dithering is a deterministic
perturbation whose phase variation between two consecutive times is

∆θdither = θ(t+ T )− θ(t) = 2πfT (3.17)

where f is the dithering frequency and T is the sampling period. As with pump
linewidth transfer (PLT), phase matching requirements are still enforced by the paramet-
ric interaction, which turns the phase matching expression of equation (2.10) into
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∆θi = ∆θp1 + ∆θp2 −∆θs (3.18)

Assuming that the input signal is not dithered, then the dithering of the amplified signal
is

∆θi = ∆θp1 + ∆θp2 = 2π (fp1 + fp2)T (3.19)

In this manner and since the dithering is deterministic, the idler dithering grows as
twice the dithering of the pump waves.

Nonlinear Phase Noise

The Kerr effect transforms amplitude fluctuations into phase fluctuations. This effect
is usually called nonlinear phase noise (NPN) or the Gordon-Mollenauer effect [101,
110–119] after the scientists who first analysed it. NPN describes the phase noise induced
by a propagating signal on itself due to the interaction between the Kerr nonlinearity of
the optical fibre and the ASE noise that degrades the signal. Under these conditions, the
approximate variance of generated phase noise can be expressed as [101]

〈
θ2
NPN

〉 ∼= 2

3

γ2P 2L2

OSNR
(3.20)

In parametric amplifiers, the NPN induced by the pumps on themselves is in turn
transferred to the amplified signals via the nonlinear interaction. Since usually the power
of the pump waves is several orders of magnitude higher than that of the amplified
signals, these perturbations are much more important than the NPN generated by the
amplified signals themselves.

In this manner, the only variable that allows a reduction in the influence of NPN in
a FOPA is the reduction of the fluctuation of the pump waves, and consequently the
increase in their OSNR. The significance of the OSNR of the pumps has been analysed in
several papers [93, 120, 121] from different points of view. These studies show how the
NPN of the pump waves impacts on the phase noise of the amplified signals, leading
to the following approximate expression for the variance of the phase noise induced
on a modulated signal by the pump-transferred NPN after a co-polarised dual-pump
parametric interaction [120]

〈
θ2
NPN−FOPA

〉 ∼= 9
γ2L2P 2

p

OSNRp
(3.21)
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where γ is the nonlinear coefficient of the fibre, L the length of the fibre, Pp is the
pump power (P1 = P2 = Pp) and the OSNRp is the OSNR of the pump wave. As
was mentioned in the previous section, this OSNR mainly depends on the ASE noise
generated during the pump wave amplification and on the RIN characteristics of the
pump laser source.

3.2 Propagation

So far the noise generated during amplification has been discussed. Nevertheless, signal
distortions are also introduced during propagation through the nonlinearity of the fibres.
Wave propagation in optical fibres is a unitary process, ie. it neither generates nor
dissipates energy, but induces a redistribution of the energy of the signals.

In the case of modulated signals, the energy redistribution induces mutual coupling
between the in-phase and quadrature components of the signals. In particular, fibre
dispersion induces a power exchange between the in-phase and the quadrature com-
ponent whereas the Kerr effect induces a single-direction coupling from the in-phase
component to the quadrature one [122].

These coupling effects distort the information encoded in the phase of modulated signals,
thus making the discussion of the influence of fibre dispersion and nonlinearity on noisy
signals interesting.

3.2.1 Effects of Dispersion on Noise

The two main effects of dispersion on modulated signals are pulse spreading and
transformation from phase to amplitude noise. Pulse spreading reduces the peak power
of optical pulses, thereby reducing the impact of fibre nonlinearity in highly dispersed
pulse transmission systems. Since the development of electronic chromatic dispersion
compensation techniques, dispersion unmanaged transmission systems have become
the current de facto standard in optical communication.

On its part, the transformation from phase to amplitude noise, often called self-amplitude
modulation [123] or phase modulation-to-amplitude modulation (PM-to-AM) conver-
sion [118, 119, 124, 125], is generated by the dispersion of the various frequency compo-
nents of a signal degraded by phase noise. These components arrive at the end of the
fibre at slightly different times, causing amplitude modulation of the received signal.
In addition to this effect, the group velocity dispersion (GVD) mixes the in-phase and
quadrature components of the modulated signal. This, in turn, leads to a performance
degradation in transmission systems.
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During its propagation along the fibre, phase-modulated signals undergo a frequency-
dependent phase shifting [116, 117]

∆θI =
β2

2
(2πfm)2 ∆z

∆θQ =− β2

2
(2πfm)2 ∆z

(3.22)

where β2 is the group-velocity dispersion of the fibre and fm is the frequency component
of the signal. Equation (3.22) shows that this phase shift exhibits opposite signs for the
in-phase and the quadrature components [117]. This effect induces a rotation of the
circularly symmetric noise either clockwise or counter-clockwise depending on the sign
of β2 [116].

The effect of this rotation does not induce any measurable degradation on the quality of
signals with circularly symmetric noise. However, combined with the effects of fibre
nonlinearity, it can affect the performance of the signal.

Nevertheless, this penalty can be easily cancelled by means of chromatic dispersion
compensation techniques, that ensure a synchronous reception of all the frequency
components of the signal [126, 127].

3.2.2 Effects of Fibre Nonlinearity on Noise

Signal-Signal Signal-Noise

InterchannelIntrachannel InterchannelIntrachannel

SPM FWMIFWM IXPM XPolM XPM NPN MI XPM-induced NPN

Figure 3.4: Perturbations induced by Kerr effect during propagation. Based on
Ref. [128]

As was mentioned in the previous chapter, fibre nonlinearity can induce several interac-
tions between propagating signals at different frequencies and/or polarisations. In the
case of dispersive fibres, the list of perturbations induced by fibre nonlinearity must be
enlarged because the nonlinear interactions between overlapping pulses at different time
slots also induce signal distortions even after chromatic dispersion compensation has
taken place. These distortions are collectively classified as intra-channel effects and are
of critical importance at high bit-rate systems. In addition, interactions between signal
and noise also degrade the signal quality and can also be classified as intra-channel or
inter-channel perturbations.
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The variety of nonlinear perturbations that signals propagating along an optical fibre
can undergo requires a two-stage classification according to the nature of its interaction
(signal-signal or signal-noise) and the frequency of the interacting signals (intra-channel
or inter-channel). This classification, based on the one presented in Ref. [128], is shown
in Fig. 3.4.

In single-wave systems, fibre nonlinearity generates self-phase modulation (SPM), mod-
ulation instability (MI) [48], nonlinear phase noise (NPN) [101], intra-channel four-wave
mixing (IFWM) and intrachannel cross-phase modulation (IXPM) [129–139]. MI requires
anomalous dispersion to appear and is only important in systems using dispersion com-
pensation fibres, that are currently considered as legacy; therefore this perturbation is not
discussed. The remaining perturbations are usually analysed in an integrated way [129,
130] and are collectively referred to as intra-channel effects. In the case of polarisation-
multiplexed signals, an additional term due to cross-polarisation modulation (XPolM)
[140–142] must be included.

In multi-wave propagation systems fibre nonlinearity generates cross-phase modulation
(XPM) [143–148], four-wave mixing (FWM) [149, 150] and XPM-induced NPN [151–153].
The rest of this section provides a brief explanation of each of these perturbations.

The noise variances induced by these various processes are largely dependent on the
dispersive properties of the optical fibre and on the dispersion compensation mechanism.
An example of this dependency arises in the analysis of the perturbation induced by
FWM and XPM. For the case of dispersion managed systems, theoretical expressions for
the noise variances induced by XPM and FWM have been derived, and show that the
noise power induced by FWM has the characteristics of a zero-mean Gaussian additive
noise, the power of which can be expressed as [154]

PmanagedFWM =
12γ2P 3Leff√
πB ·D ·∆λ

g

(
N,

∆λ

B

)
(3.23)

where g is a correlation function accounting for the possible modulation formats of
the propagating waves the exact definition of which can be found in Ref. [154], P
represents the average signal power, N the number of wavelengths co-propagating with
the original signal, B the bandwidth of the signal, D the chromatic dispersion, ∆λ the
spectral width of the signal and Leff the effective length. The same publication also
presented an expression for the variance of the XPM-induced phase noise, characterised
as a zero-mean Gaussian phase noise

〈
θ2
managed

〉
= 2 · ln (N/2)

(γP )2

B ·D ·∆λ
Leff (3.24)
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where, as before, N represents the number of wavelengths co-propagating with the
original signal, B the bandwidth of the signal, D the chromatic dispersion, ∆λ the
spacing between signals and Leff the effective length.

However, these expressions are completely different for the case of dispersion uncom-
pensated systems. In this case the variance of XPM-induced phase noise generated by a
co-propagating single channel results in [155–157]

〈
θ2
unmanaged

〉
=
(〈
|b0|4

〉
− 〈| b0|2〉2

) 16π2c2γ2L

|D∆λ|λ4TS
(3.25)

where TS represents the pulse time, c the speed of light, λ the wavelength of the signal
and b0 are the amplitude coefficients of the modulation formats of the interfering signals.
This expression can be generalized for a N-channel system assuming that the noise
generated by each co-propagating channel is independent from each other [155].

Equations (3.24) and (3.25) show a clear dependence of the noise induced by the nonlin-
ear effects on the dispersion properties of the fibre. SPM, being a self phase-matched
nonlinear effect, could be considered as independent of dispersion but this is not the
case. Conversely to the case of FOPAs, where the dispersion of the fibres is very small
to improve the phase matching, the propagation over standard fibres is dispersive and
affects the features of the amplitude-to-phase noise conversion. Several publications
have analysed the impact of dispersion on the generation of NPN, showing that the
phase noise variance depends on both the sign [114, 122] and the magnitude of the
dispersion parameter [111, 112].

An example of the influence of the dispersion on the generation of NPN induced by
SPM is shown in Fig. 3.5. This figure shows the evolution of the ASE of a 10 dBm signal
for different effective lengths after a single-channel propagation along an standard
optical fibre (γ = 1 (W · km)−1). The initial circular ASE noise turns into a crescent
shaped noise as the signal propagates along the fibre. However, this process varies for
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Figure 3.5: SPM efficiency for nonlinear coefficients depending on the dispersive
properties of the optical fibre: (a) D = −200 ps/nm · km, (b) no dispersion and
(c) D = 200 ps/nm · km
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different values of the chromatic dispersion. NPN is generated more efficiently when
the dispersion is low [112] (see Fig. 3.5b). Otherwise the process is not so efficient and
a smaller amplitude-to-phase noise conversion is induced (see Fig. 3.5a and Fig. 3.5c).
There exist two physical processes that explain this dependence: (1) the decrease in the
peak power induced by the pulse spreading and (2) the different coupling between the
in-phase and quadrature components depending on the sign of the dispersion. The latter
effect induces an enhancement of the ASE noise in one of the quadrature components
with respect to the other.

A theoretical expression for the phase variance induced by NPN in dispersion managed
optical communication systems after F amplification stages was obtained in Ref. [112]
as

〈
θ2
NPN−disp

〉 ∼= 2γ2nASEP0T0

L2
eff

T 2
eff

[
I2 +K2I4 + 2KI3

]
(3.26)

where γ is the nonlinear coefficient of the fibre, P0 the average pulse power, T0 the
pulse width at 1/e, Teff =

√
πT0, Leff the effective length, Ij =

∑F
n=1 n

j
ASE , nASE the

power spectral density of the ASE generated by each amplifier and K a parameter the
expression of which can be found in Ref. [112]. It is to be noted that in the case of no
dispersion, K vanishes and equation (3.26) reduces to (3.20).

Thus, the influence of NPN is deeply intertwined with the dispersive characteristics
of the fibre. This feature, together with its nonlinear dependence, complicates the
characterisation of this perturbation in the most general case. But the principal difficulty
of this derivation is the non-stationary character of the NPN that, being correlated with
the information signal, changes its statistical properties over time [111]. NPN is the only
one of the discussed types of noise that exhibits a non-stationary behaviour, requiring a
different mathematical treatment.

In addition to NPN, and for the case of polarisation multiplexed signals, the randomly
varying birefringence that standard optical fibres exhibit induces an interference between
the two polarisation components of the signals, that has been called cross-polarisation
modulation (XPolM) [140]. This perturbation is highly dependent on the modulation
format and can be successfully suppressed by using polarisation alternating modulation
formats [141] or by means of precoders [142]. The modulation dependence exhibited by
this nonlinear effect prevents from a unique statistical treatment. In this manner, the
XPolM is not considered further in this work.

The last nonlinear propagation-induced perturbation is generated by the sequential
transmission of pulses through an optical fibre, that generates impairments collectively
referred to as intrachannel effects. During their propagation, the pulses are rapidly
dispersed after being launched into the fibre, spreading in time over hundreds or even
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thousands of symbols. Then, with proper dispersion compensation the original signal is
recovered with minor impairments [130, 131].

The importance of these impairments increases with the total number of symbols that
the original pulse has spread into. In this manner, uncompensated transmission links
and high symbol-rate signals are more affected by intrachannel nonlinear effects. In
particular two main perturbations are generated: intrachannel cross-phase modulation
(IXPM), that results in a broadened pulse after the chromatic dispersion compensation
[129, 137, 139], and intrachannel four-wave mixing (IFWM), that generates temporal
side bands or ghost pulses [133, 134].

IXPM has been shown to induce a timing jitter that affects the synchronisation of
communication systems [138] and, as such, it cannot be characterized as noise affecting
the detection of the signal, therefore not being considered in the rest of this work. On its
part, in OOK systems IFWM has been shown to generate ghost pulses that deteriorate
the bit-error rate [134, 135] whereas in phase-modulated signals IFWM induces a non-
Gaussian phase noise (although Gaussian approximations can be obtained)[136]. The
main inconvenience in the statistical analysis of IFWM is the correlation induced by this
nonlinear effect between the phase noise of consecutive symbols [132].

The relative importance of the discussed propagation-induced phase perturbations
(NPN, XPM and IFWM) in dispersive environments has already been analysed [148].
This study has shown that NPN and XPM decrease with dispersion whereas, in fact,
IFWM increases. This feature leads, for the case of standard single mode fibres, to a
situation in which the most important phase noise generated during propagation is the
NPN, followed by IFWM and XPM respectively.

3.3 Photodetection

So far optical signals have been discussed, however they must be eventually converted
into electrical signals by means of photodetectors to recover the information they carry.
Photodetection, being a square-law process, transforms the statistical features of the
optical signal and noise [158]. In addition, photodetection generates electrical noise
sources that degrade the quality of the signal further [94].

The electrical noise sources generated during photodetection are mainly two: thermal
noise and shot noise. Thermal noise arises from the unavoidable vibrations that electrons
undergo during their transmission as electric currents [159]. On its part, shot noise
arises from the quantum nature of the photons that spontaneously fluctuate according
to a Poisson distribution [160]; this fluctuation induces additive noise over time. In the
absence of optical ASE noise, these are the limiting factors that set the performance of
the system. In particular, for the case of an on-off keyed (OOK) signal, the low energy
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Figure 3.6: Optical noise sources in optical communication systems

level is degraded by thermal noise whereas the high energy level is degraded by shot
noise [94].

In the presence of optical ASE, the optical noise is typically the limiting factor in the
system performance, whereas the electrical noise sources are negligible with respect to
the degradation induced by ASE noise [161]. In this case, the nonlinear response of the
photodetection process creates a beating between the signal and the noise component al-
tering the statistical features of the latter, leading to two different beatings: spontaneous-
spontaneous beat noise, that exhibits a central chi-square probability density function
(PDF), and signal-spontaneous beat noise, that exhibits a noncentral chi-square PDF. In
this case the low energy level is degraded by the spontaneous-spontaneous beat noise
whereas the high energy level is degraded by the signal-spontaneous beat noise.

3.4 Discussion

Throughout this chapter, a large number of different perturbations present in optical
communication systems have been discussed. Each type of perturbation is generated
by a different physical process and they mutually interact by modifying their features
and inducing effects on modulated signals. The complexities of these large number of
intertwined physical processes make the analysis of their impact cumbrous.

In the light of this complexity, a simplified model is desirable to provide an abstraction
from the underlying physical processes with the aim of coping with such a variability
of noise sources in an integrated way. The approach explained in this work proposes
achieving such abstraction by paying attention to the statistical features of the different
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noise sources with respect to the correlations exhibited with the amplified signals. In
doing so, three distinct generic noise sources can be identified: amplitude additive noise,
that is uncorrelated from the amplified signals both in phase and amplitude, amplitude
multiplicative noise, that is correlated with the amplified signal in amplitude but not
in phase, and phase noise, that is correlated with the amplified signal in phase but not
in amplitude. Fig. 3.6 shows the classification of the discussed noise sources into this
model. This classification will be used in Chapter 4 to compute the degradation in the
bit error rate induced by each of these generic types of noise.

This classification shows that for the case of current optical communication systems,
where only EDFA and Raman amplifiers are used, amplitude additive noise is the
dominant noise source to be considered in order to characterise the degradation induced
on modulated signals. However, when OPAs are considered as signal amplifiers, all
three noise sources must be included to fully account for all the possible effects.

It is to be noted that among all of the possible noise sources considered in Fig. 3.6, NPN
and intrachannel effects play a special role, because they are the only non-stationary or
time-correlated noise sources, requiring special mathematical treatment. In this manner,
neither NPN nor intrachannel effects are considered in the rest on this work, leaving
this study as a future extension of the analysis presented in the following chapter.



4
Noise Model of Optical Communications

If I can make a mechanical model I can understand it. As long as I cannot make a
mechanical model all the way through, I cannot understand it

Lord Kelvin

The previous chapter dealt with the physical noise sources present in optical communi-
cation systems and highlighted the complexities in the description of the underlying
physical processes that generate the different types of noise. This led to a general classi-
fication of noise sources into three broad categories: additive noise, multiplicative noise
and phase noise.

This simplification allows an analytical treatment of the effects that noise induces on
optical communication systems. Current WDM networks are modelled as systems
degraded solely by the additive noise generated by EDFAs or Raman amplifiers where
phase noise is modelled as an OSNR degradation [162]. This model can be extended by
including the two additional types of noise. The inclusion of multiplicative amplitude
noise makes it possible to calculate more accurately the degradation induced by Raman
amplifiers, whereas the inclusion of phase noise allows for the analytical computation of
the degradation of the BER induced by propagation effects. By considering both types
of noise simultaneously, the degradation induced by OPAs can be accurately computed.

The impact of these two additional types of noise on quadrature-amplitude modulated
(QAM) signals has not been analysed in the literature, thereby this study being of
interest. This chapter is devoted to this task. The analysis presented in the following
pages studies the effects of different types of noise on communication signals modulated
by different modulation formats.

This chapter is structured as follows: section 4.1 presents the assumptions and variables
on which this study is based. This section connects the previous chapter, where the
noise sources were statistically described, to the theory of communication based on
stochastic processes and hypothesis testing. Section 4.2 develops a comprehensive
analytical study of the BER degradation induced by these two unaddressed types of
noise both in isolation and combination, making possible the single-stage modelling of

43
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all the previously considered types of amplifiers under an unified formalism. Section
4.3 studies the accumulation of these types of noise in a chain of amplifiers, proposing
extensions to the Friis equation to account for their distinctive features. Once this study
is presented, a communication channel accounting for these features is proposed. Then,
in Section 4.4 the effects of including these two additional types of noise in the capacity
of such a communication channel are analysed. Subsequently, Section 4.5 studies the
impact of photodetection schemes on the performance of modulated signals, showing
that photodetection degrades the quality of phase modulated signals in the presence of
phase noise. Finally, section 4.6 provides a summary of all the information provided by
this chapter.

4.1 Definitions and Assumptions

The formalism presented in this chapter models the simultaneous impact of three
different noise sources on quadrature-amplitude modulated signals. The first step in
this modelling process is a proper characterisation of these types of noise, their relative
importance and their relations. In this sense, the three types of noise are considered to
be Gaussian white noise, uncorrelated from one another. These assumptions exclude
from this analysis some of the noise sources that fall into the category of phase noise.
More specifically, nonlinear phase noise, cross-polarisation modulation and intrachannel
effects do not meet these statistical requirements and are neglected in this model.

In the standard theory of communication, the impact of additive noise is characterised
by a single magnitude, the optical signal-to-noise ratio (OSNR) 1, that determines how
large the noise power is with respect to the signal power. The approach described
in this chapter proposes the definition of two additional OSNRs, each corresponding
to a different type of noise. These definitions allow the use of the signal power as a
common reference for the comparison of the relative importance of the three types of
noise, making possible the individual characterisation of the phenomena induced by
each type. Furthermore, it will be shown that these definitions allow a natural extension
of the expressions for the computation of the bit error rate (BER) induced by them.

Thus, a proper definition of the new OSNRs is the key to this formalism because it must
suitably describe the distinctive features that multiplicative and phase noise sources
exhibit. In the most general case, in which a signal with power P0 degraded by additive
noise with power N0 is amplified by an amplifier that generates the three types of noise,
the result of the amplification process is

1It is to be noted that since only optical amplifiers are analysed, OSNR and not SNR is considered in this
section. This highlights the fact that no electrical noise sources are considered at this stage. SNR will be
included in Section 4.5 where photodetection is discussed.
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P0 +N0 → G · P0 +G ·N0 +NA + ∆G · P0 +NP (4.1)

where NA accounts for the additive noise power added by the amplifier, G for the gain
of the amplifier, ∆G for the gain fluctuations, NP for the phase noise power and where
the second order noise components have been neglected. This expression shows the
different noise powers generated at the output of this hypothetical amplifier. The first
term on the right hand side of equation (4.1) shows the amplified signal, the common
reference. The second term represents the unavoidable amplification of noise already
present at the input.

The third term represents the power of the generated additive noise, the values of which
for EDFAs and Raman amplifiers are shown in equations (3.2) and (3.4) respectively.
The OSNR bound to the additive noise retains the original definition of the standard
theory of communication. In the following pages, this OSNR is referred to as additive
OSNR (AOSNR) and its definition is

AOSNR =
P0

N0 +NA/G
(4.2)

The fourth term of equation (4.1) represents the multiplicative noise modelled as a gain
fluctuation. For the case of Raman amplifiers, gain fluctuations model the RIN transfer,
as shown in equations (3.5) and (3.6) whereas, for the case of OPAs, they model ASE
pump and RIN transfers. This allows a definition of a multiplicative OSNR (MOSNR)
that accounts for gain fluctuations as

MOSNR =
P0

∆G
G · P0

=
1

∆G/G
(4.3)

where ∆G is the variance of a zero-mean Gaussian white random variable.

The fifth term of equation (4.1) represents the phase noise power generated by this
generic amplifier. The description of phase noise in terms of power, that is the squared
electric field stripped of any phase information, may sound an inconsistency so a small
digression to address this issue is required at this point.

It is well known that the spectrum of a tone with constant frequency and phase is
a Dirac delta. However, if the phase of such a tone is allowed to vary over time,
then its spectrum changes according to the Wiener-Khintchine theorem. This theorem
states that the spectrum of a stationary random process is the Fourier transform of its
autocorrelation [163]. Therefore, the variations of phase over time can be characterised
by an autocorrelation function that, in turn, defines the spectral shape of the signal. The
phase variations of phase-modulated signals are well-defined transitions, conversely
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the phase variations of phase noise are random transitions. In the case of phase noise,
the Wiener-Khintchine theorem relates the variance of the phase noise with the phase
noise power (an example of this is the laser linewidth, as discussed in the previous
chapter, see eq. (3.12)). Both for well-defined and random phase variations the result is
similar: a broadening of the spectrum of the original tone dependent on the rate and
autocorrelation of the phase variations.

In this context, the addition of phase noise to phase modulated signals induces a
perturbation on their well-defined phase variations, modifying their autocorrelations
and, in turn, their spectra. This alteration of the signal spectrum is commonly referred
to as spectral broadening. In the light of this feature, the definition of the optical signal-
to-phase-noise ratio (POSNR in this work) represents the amount of spectral distortion
that a signal underwent during its amplification.

Unfortunately, a general definition of POSNR in terms of spectral distortion is not
practical because, since the autocorrelation of a signal is modulation dependent, the
spectral distortion is modulation dependent as well. To bypass this drawback, the
definition proposed in this work adopts the approach of defining the POSNR in the
phasor domain. As it was mentioned, the Wiener-Khintchine theorem provides a
relationship between spectral densities and phases and, therefore, between powers and
variances of phase fluctuations. In this sense, a phase noise power can be defined in the
phasor domain in terms of the variance of the phase-induced distortion.

Under this approach, the signal power is represented by the absolute square of the phasor
of the symbol and the phase noise power by the variance of the phase perturbation.
Since the phase perturbation is usually defined in terms of an angle, a transformation to
arc length must be performed to obtain the phase noise power, leading to the following
relation

NP =
〈
φ2
〉
P0 (4.4)

where
〈
φ2
〉

represents the variance of the phase noise and P0 the signal power. This
definition of phase noise power leads to the following expression for the POSNR

POSNR =
P0

NP
=

P0

〈φ2〉P0
=

1

〈φ2〉
(4.5)

It is to be noted that this expression is similar to definitions of POSNR already proposed
previously [164] and that this term is not affected by the gain of the amplifier. In this
sense, the previously presented equations (3.16), (3.21), (3.24), (3.25) and (3.26), that
characterize the variance of the phase noise induced by different nonlinear interactions,
can be used for this purpose.
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So far, three OSNRs, bound to three different types of noise, have been defined. It has
been shown that, from the perspective of signal theory, these magnitudes represent
different degradations that a modulated signal can undergo in an optical transmission
system.

In section 4.2.2, the simultaneous degradation of a signal induced by additive and multi-
plicative noise is analysed. In this context, a definition of a combined OSNR (COSNR) is
required in order to provide a fair comparison between the performance exhibited by
signals degraded by a mixture of additive and multiplicative noise. This parameter is
defined as

COSNR =
G · P0

∆G · P0 +N0 ·G+NA
=

MOSNR ·AOSNR
MOSNR+AOSNR

(4.6)

It is to be noted that, under this definition, if AOSNR→∞ (only multiplicative noise
is present), then COSNR→MOSNR and conversely if MOSNR→∞ (only additive
noise is present), then COSNR → AOSNR. It is also important to note that these
definitions of AOSNR, MOSNR and COSNR assume a noise power calculated in a
reference bandwidth corresponding to the bit rate and, therefore, are independent of the
bit-rate of the signals under consideration.

Once the three fundamental OSNRs necessary for this formalism and the auxiliary
definition of the COSNR have been presented,then a procedure for the computation of
the BERs of modulated signals degraded by these three types of noise can be developed.
This is described in the following section.

4.2 Single Stage Amplification

In the last section, three different OSNRs were defined to individually model the degra-
dation induced by the three types of noise considered. This section provides quantitative
expressions for the BER degradation induced by them, showing that, under this formal-
ism, the BER is a function of these previously introduced OSNRs and this function is a
natural extension of the standard theory of communication.

In order to compute the BER induced by these types of noise, the distributions of their
probability density functions (PDFs) in the phasor domain is used [165]. The PDFs set
the distinctive features of the degradation induced by each type of noise on modulated
signals. Examples of these distributions for different constellations degraded by additive,
multiplicative and phase noise are shown in Fig. 4.1.

The most noteworthy feature of these constellations is that the PDF of the multiplicative
amplitude noise shows properties very similar to those of additive noise and, in fact,
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Figure 4.1: Examples of QPSK (top row) and 16-QAM (bottom row) constella-
tions degraded by additive (left column), multiplicative (middle column) and
phase (right column) noise

the two PDFs are identical for the case of M-PSK modulation formats. That is not the
case of phase noise, whose PDF is very different. Despite these differences, the general
procedure for the computation of the BER can still be applied to this PDF providing very
accurate results.

The rest of this section develops a comprehensive analysis of the quantification of the
BER induced by these PDFs. For the sake of clarity, the explanations are divided in two
subsections, firstly dealing with the noise sources in isolation and subsequently dealing
with them in a combined way.

4.2.1 Noise Sources in Isolation

The procedure of quantification of the BER induced by additive noise on modulated
signals is well known [165, 166]. This particular case exhibits a symmetry in the phasor
plane around the origin O and around the centre of the symbol C (see Fig. 4.1a) that
makes the simplification of the problem to a single integration possible. On its part,
the two new types of noise considered do not exhibit both symmetries simultaneously,
thereby all the simplifications performed for the case of additive noise are not possible.
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Multiplicative noise exhibits a symmetry in terms of the PDF of the symbols (around C)
but only partial symmetry in terms of the whole constellation (see Fig. 4.1e), whereas
phase noise does not exhibit symmetry in terms of PDF but only in terms of rotation of
the constellation (around O).

For this reason, this section firstly explains the generic procedure for the calculation of
the BER induced by additive noise, paying special attention to the simplifications that its
symmetry allows for. Subsequently the simplifications that are not allowed for the case
of the other two types of noise due to their symmetry characteristics over the phasorial
plane are analysed.

4.2.1.1 Additive Noise

The discrimination process between noisy samples of symbols aims to minimise the
probability of error during the decision process [165, 166]. This is performed by choosing
appropiate Voronoi regions [167] for each of the symbols of the constellation depending
on their PDFs, so that the location of the samples on the phasor plane determines the
recovered symbol. There exist two main criteria for choosing these regions: Neyman-
Pearson tests, if the probabilities of each symbol are not known a priori, and the maximum
a posteriori (MAP) test if they are. For simplicity, the probabilities of all symbols of the
constellations are assumed to be known and to be similar to each other.

Figure 4.2: Example of decision axes

In the most general case, once the
PDFs of the symbols are known,
their corresponding Voronoi re-
gions can be defined so that the
integration of these PDFs out
of these regions determines the
probability of error of that sym-
bol. This integration is defined
in the complex plane, namely, a
two-dimensional space.

However, the decision problem can be reduced to a one-dimensional problem if a suitable
axis is chosen [166] reducing the two-dimensional integration to a one-dimensional one.
This axis is referred to as decision axis and its use largely simplifies the calculations of the
probabilities of error. This simplification entails the definition of a decision axis for each
pair of symbols so that only the projections of the PDFs of the symbols on these axes
are relevant for the decision process whereas the orthogonal components of noise are
irrelevant. This is called the theorem of irrelevance [166].

A common assumption is to take into account only the effect of the closest symbols for
the calculation the probability of error, neglecting the effect of the rest of the symbols
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[166]. Under all these assumptions, the decision axes used for QPSK and 8-phase shift
keying (PSK) modulation formats are displayed in Fig. 4.2.

This generic procedure can be applied to the case of additive noise. Additive noise
exhibits a circularly Gaussian distribution on the phasor plane [166] (see Fig. 4.1a and
4.1d). Thus its projection is completely independent of the orientation of the decision
axis (see e.g. Fig. 4.2) and always results in a Gaussian distribution. This symmetry
property of the PDF of additive noise, together with the symmetry that constellations
exhibit simplifies the computation of the probability of error.

Thus the problem of the calculation of the probability of error reduces to the one-
dimensional integration of the projected PDFs on the decision axis outside its corre-
sponding Voronoi region, the solution of which results in the well known expressions
for the probability of error of signals degraded by additive noise

PaddBPSK =
1

2
erfc

(√
AOSNR

)
(4.7)

PaddQPSK =
1

2
erfc

(√
AOSNR

2

)
(4.8)

These equations show that for any value of the AOSNR, the probability of error of a
QPSK signal is higher than that of a BPSK one. This is consequence of the smaller
distance between the symbols of a QPSK constellation.

It should be noted that the procedure previously detailed provides the probability of an
errored symbol. However, we are interested in the calculation of the probability of an
errored bit. Therefore, both in this analysis and the simulations presented in this chapter,
Gray coding is assumed, providing similar probabilities of errored symbols and bits.

4.2.1.2 Multiplicative Noise

The case of multiplicative noise resembles that of additive noise. The PDFs of the sym-
bols are still circular Gaussian random variables, therefore their projection is Gaussian
and independent of the decision axes. However, the variance is not constant anymore,
being dependent on the symbol power. Figs. 4.1b and 4.1e respectively show examples
of QPSK and 16-QAM constellations degraded by multiplicative noise.

The most important feature of multiplicative noise is that, for the case of M-PSK mod-
ulation formats, its effects are exactly the same as those of additive noise. Thus the
existence of a single power level in the constellation enforces the same noise variance for
all the symbols of the constellation. In this manner, the well-known expressions for the
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8PSK add
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Figure 4.3: BER comparison between additive noise and multiplicative for the
case of PSK (left) and 16-QAM (right) modulation formats obtained through
Monte-Carlo simulations

calculation of BER of PSK modulation formats in the presence of additive noise are still
valid for multiplicative noise replacing AOSNR for MOSNR. A comparison of the BERs
induced on PSK modulation formats in the presence of additive and multiplicative noise
obtained through Monte-Carlo simulations is displayed on the left of Fig. 4.3, showing
no appreciable difference between both types of noise.

These Monte-Carlo simulations were performed by generating 109 random bits, subse-
quently used to generate symbols of different modulation formats. The symbols were
degraded by different noise powers, demodulated and the bit error rate was obtained
through error counting.

The case of multilevel amplitude modulations is different. Each power level exhibits
a different noise variance (see Fig. 4.1e) and all the simplifications derived from the
symmetry of the constellation cannot be performed. In this sense, the projections of
the PDFs on the decision axes are Gaussian random variables whose variances are
∆G/G · Pk, where Pk represents the power of each symbol.

In this context, the computation of the probability of error cannot be reduced to a single
integration anymore and the contribution of each symbol to the total probability of
error must be weighted. This procedure is illustrated below for the case of the 16-QAM
constellation shown in Fig. 4.1e.

The 16-QAM modulation format comprises three different amplitude levels (labelled
as A, B and C in Fig.4.1e) so that the variance induced by the multiplicative noise is
different for each level. For this modulation format, there are 4 symbols of power A, 8
of power B and 4 more of power C. Assuming that the probability of all the symbols is
equal and that the errors are evenly distributed among them, then the total probability
of error can be calculated as:
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P16−QAM =
4

16
PA +

8

16
PB +

4

16
PC =

1

4
PA +

1

2
PB +

1

4
PC (4.9)

where PA, PB , PC represent the probability of error of a symbol with power A, B and
C respectively. These probabilities would be equal in the case of additive noise but,
due to the different noise variances, this is not the case with multiplicative noise, so
the probability for each symbol must be calculated independently. The probability PA
can be calculated taking into account that a symbol with power level A has four closest
neighbours, two of them with power level A and the other two with power level B
(see Fig. 4.1e). In the same manner, PB and PC can be calculated by noticing that the
symbols with power level B have three neighbours, each of them with different power
levels, and the symbols with power level C have two neighbours with power level B. By
assuming that the errors are only generated by the closest neighbours and that these
errors are evenly distributed among them, then the probability of error can be expressed
mathematically as

PA =
1

2
PAA +

1

2
PAB

PB =
1

3
PAB +

1

3
PBB +

1

3
PBC

PC =PBC

(4.10)

where PXY represents the probability that symbol of power level X is detected as a
symbol of power level Y . Each addend of these equations represents the probability of
error of the symbol with a closest neighbour of a different noise variance. Substituting
(4.10) into (4.9) we obtain:

P16−QAM =
1

8
PAA +

1

6
PBB +

7

24
PAB +

5

12
PBC (4.11)

Each probability PXY can be calculated using the theorem of irrelevance and projecting
the PDF of each symbol on the decision axes. This results in the integration of two
Gaussian random variables with different variances. By representing the distance
between the symbols of the contellation by d, then, PXY can be calculated as

PXY
(
d, σ2

1, σ
2
2

)
=

1

4

[
erfc

(
d

2
√
σ2

1

)
+ erfc

(
d

2
√
σ2

2

)]
(4.12)

where σ2
1 and σ2

2 represent the variances of the multiplicative noise.

In the case of a 16-QAM modulation format with mean power P , the corresponding
variances for symbols with power A, B and C are ∆G/G · P5 , ∆G/G · P and ∆G/G ·
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9·P
5 respectively and the distance between the symbols takes the value d =

√
2·P
5 .

Substituting these values into (4.12) and subsequently into (4.11) we obtain:

PAA =
1

2
erfc

(√
1

2∆G/G

)

PBB =
1

2
erfc

(√
1

10∆G/G

) (4.13)

PAB =
1

4

[
erfc

(√
1

2∆G/G

)
+ erfc

(√
1

10∆G/G

)]

PBC =
1

4

[
erfc

(√
1

10∆G/G

)
+ erfc

(√
1

18∆G/G

)]

whence

P16−QAM =
13

96
erfc

(√
MOSNR

2

)
+

25

96
erfc

(√
MOSNR

10

)
+

10

96
erfc

(√
MOSNR

18

)
(4.14)

where the relation (4.3) has been used. This equation resembles the standard expression
for the probability of error of a 16-QAM degraded only by an additive noise

Padd16−QAM =
1

2
erfc

(√
AOSNR

10

)
(4.15)

but, in this case, there exists one term for each power level of the constellation. A com-
parison between the expressions (4.14) and (4.15) for the calculation of the BER induced
by additive noise with respect to multiplicative noise in 16-QAM signals is shown on
the right of Fig. 4.3. The solid lines in this figure represent the analytical equations
(4.14) and (4.15) whereas the dots represent the result of the Monte-Carlo simulations.
These graphs show a very good agreement between the analytical expressions and
the simulations results, especially in environments with high OSNRs. In low OSNR
scenarios, the assumption of errors distributed only among the closest neighbours is not
valid anymore, leading to a decreased accuracy.
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4.2.1.3 Phase Noise

The case of the phase noise presents more complications in terms of the symmetry of the
PDFs than the case of multiplicative noise. The symmetry characteristics of the crescent-
shaped PDFs (see Figs. 4.1c and 4.1f) induced by the phase noise are very different from
those of circularly symmetric PDFs exhibited by additive and multiplicative noise. Then,
the projection on the decision axis is very different from a Gaussian distribution. In fact,
the projection is dependent on the orientation of the decision axis what induces a BER
degradation that is modulation dependent. This section will show that for the case of
multilevel amplitude modulation formats, even within the same constellation, the effect
induced on each symbol can be different, leading to a weighting of the probability of
error induced by each symbol of the constellation.

Figures 4.1c and 4.1f show that phase noise only affects symbols with the same power
level, thus different power levels can be treated separately. In this way, the analysis of
the effects of phase noise on modulated signals can be simplified by dividing a complex
constellation in a set of disjunct M-PSK modulations and averaging out their probabilities
of error. Thus, the calculation of the probability of error induced by phase noise firstly
entails its calculation for PSK modulation formats and subsequently weighting it for the
case of multilevel amplitude modulation formats.

The first step of this process is the calculation of the projection of the phase noise on
the decision axis. As was previously mentioned, only Gaussian phase noise is to be
analysed; its PDF can be expressed as

px(x) =
1√

2π 〈φ2〉
exp

(
−(φ− φ0)2

2 〈φ2〉

)
where φ = arctan

(
Im {E}
Re {E}

)
(4.16)

where E represents the electric field and x its amplitude. Due to the nonlinearity of
this equation, it is not possible to compute this projection for an arbitrary direction
except when the axis is parallel to the real axis. In this case, this projection reduces to
the calculation of the real part of a complex value.

The symmetry properties of the PSK modulation formats can be used to rotate the
constellation around the origin in order to obtain one of the decision axes parallel to the
real axis and subsequently compute the projection on it. Once this rotation is performed,
this calculation reduces to a projection on the real axis (ie. equivalent to the calculation
of the real part of a complex number). The graphical representation of this procedure is
shown in the top row of Fig. 4.4 for different modulation formats, displaying underneath
the corresponding projected PDFs for different variances of the phase noise.

Mathematically, this procedure comprises the choice of a proper value of the parameter
φ0 of equation (4.16), that represents the required rotation to get a decision axis parallel
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Figure 4.4: Procedure of projection of phase noise onto the real axis (top row)
and their corresponding PDFs for different values of POSNR (bottom row) for
(a) 8-PSK, (b) QPSK and (c) BPSK modulation formats

to the real one. In this manner, a BPSK modulation does not need to be rotated because
the decision axis is already parallel to the real axis (φ0 = 0). That is not the case of
QPSK and 8-PSK modulation formats, for which cases φ0 takes the values π/2 and 3π/8

respectively (see Fig. 4.4 for clarification).

Once the constellation rotation has been performed (that is, a proper value of φ0 has
been chosen), then the projection can be calculated through the standard rules of the
PDFs [168]. In this particular case, the projection reduces to the calculation of the PDF of
a function of a random variable. Standard rules of statistics state that if y = f (x) and
the PDF of x is px(x), then the PDF of y is [168]

py(y) =
∣∣∣df−1(y)

dy

∣∣∣ fx (f−1 (y)
)

(4.17)

In this particular case f (x) = cos (x), which represents the projection of a complex
number on the real axis. Applying this transformation to (4.16) the following PDF is
obtained

py(y,
〈
φ2
〉
, φ0) =

K√
2π 〈φ2〉

exp

(
−(acos (y)− φ0)2

2 〈φ2〉

)
1√∣∣∣1− sgn(y) · y2

∣∣∣ (4.18)

where sgn(y) represents the sign function and K is a normalisation constant. This PDF
is characterized by two parameters:

〈
φ2
〉
, the variance of the Gaussian phase noise (that

is related to the POSNR through equation (4.5)) and the rotation angle φ0. Then, for the



56 4 Noise Model of Optical Communications

Figure 4.5: BER of BPSK, QPSK and 8-PSK (left) and 16-QAM (right) modulation
formats degraded only by phase noise computed using the exact PDF

computation of the BER is necessary to know both the variance of the phase noise and
the modulation format in question.

As with previous cases, once the projected PDFs have been calculated, the computation
of the probability of error for the different modulation formats can be obtained by
integrating the projected PDF shown in equation (4.18) outside the decision region. In
this case this region is the interval [−1, 0), i.e.

Perr(
〈
φ2
〉
, φ0) =

∫ 0

−1
py(y,

〈
φ2
〉
, φ0)dy (4.19)

The results of these integrations for PSK modulation formats are shown in the left of Fig.
4.5. These graphs compare the results of the integration of the PDF2 (solid lines) to those
of a Monte-Carlo simulation (dots) performed assuming a zero-mean Gaussian random
phase perturbation as the only source of noise.

On its part, the calculation of the BER for multilevel amplitude modulation formats
requires an integration for each power level in the constellation. The case of the 16-QAM
modulation format shown in Fig. 4.1f will be used to illustrate this procedure. Treating
phase noise on rings of equal power does not always calculate nearest-neighbour errors,
but simulations of Fig. 4.5 seem to justify this approximation. Based on this approach, a
16-QAM constellation consists of three different power levels that can be represented as
two independent QPSK sub-constellations and one asymmetric 8-PSK sub-constellation.
The cause of the asymmetry of the 8-PSK is the unequal spacing between its symbols
(see Fig. 4.1f for clarification). Therefore, the total probability of error would be an
average between the probabilities of error of eight QPSK symbols and eight asymmetric
8-PSK symbols, resulting in the following expression:

2The code used to generate these results has been included in Appendix A
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P16−QAM
(
σ2
ϕ

)
=

8

16
PQPSK

(
σ2
ϕ

)
+

8

16
P8−PSK∗

(
σ2
ϕ

)
(4.20)

where the notation 8− PSK∗ highlights the asymmetry of the 8-PSK sub-constellation.
The calculation of the probability of error of the 8-PSK sub-constellation can be per-
formed in the previously explained manner using a value ϕ0 = π

2 −atan(1/3). The results
of the complete numerical integrations are displayed in the right of Fig. 4.5, where the
analytical result is compared to Monte-Carlo simulations, showing very good agreement
between the two.

4.2.2 Combined Noise Sources

In the most general case optical communication systems do not generate only one type of
noise. Thus it is necessary to quantify the effect of the three types of noise considered in
combination. This analysis, relying on the procedure described in the previous section, is
presented firstly by taking the noise sources in pairs to latterly analyse the simultaneous
effect of the three noise sources in conjunction.

The problem of combined noise sources can be reduced to that of a signal degraded by a
single noise source provided that an equivalent noise can be calculated. If the different
noise sources are assumed to be uncorrelated, then an equivalent representation can be
obtained. In the presence of several noise sources acting simultaneously, the projection
of the PDFs of each noise source on the decision axis is individually calculated, obtaining
a projected PDF for each of them [169]. The rules of statistics state that the PDF of the
equivalent random variable is the convolution of the projected PDFs [168]. In this
manner a single PDF equivalent to the mixture of the three types of noise is obtained and
the probabilities of error can be calculated in the same way as explained in the previous
section. It is to be noted that an implementation of this procedure has been included in
Appendix A for the case of a mixture of additive and phase noise.

4.2.2.1 Additive + Multiplicative Noise

The case of a signal degraded by both additive and multiplicative noise models the
degradation induced by Raman amplifiers where the two types of noise are simultane-
ously generated. Both types of noise exhibit a white circularly symmetric Gaussian PDF,
only differing in the values of their variances (constant variance in case of additive noise
and power dependent variance in the case of multiplicative noise). The previous section
showed that the projection of circularly symmetric Gaussian noise on the decision axis
always results in a Gaussian distribution. Therefore the PDF of the compound noise is
the outcome of the convolution between two Gaussian PDFs, that is, a Gaussian PDF
the variance of whic is the sum of the two individual variances.
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C

Figure 4.6: Monte-Carlo simulations of BER induced by additive, multiplica-
tive and hybrid noise for M-PSK modulation formats (left) and for 16-QAM
modulation format (right)

The effect of multiplicative noise on M-PSK modulation formats is exactly the same as
that of additive noise. In this manner, the well-known expressions for the calculation
of BER of PSK modulation formats in the presence of additive noise are still valid for a
mixture of additive and multiplicative noise by replacing the OSNR with the combined
OSNR defined in equation (4.6). This behaviour is shown in the left of Fig. 4.6 where the
results of a Monte-Carlo simulation of BPSK, QPSK and 8-PSK signals degraded solely
by additive noise, solely by multiplicative noise and by a mixture of 50% additive and
50% multiplicative noise (labelled as hybrid) are presented.

The BER induced on multilevel amplitude modulation formats by this mixture can
be calculated analytically. In the case of 16-QAM modulation formats, the procedure
explained in equations (4.9)-(4.14) can be extended to account for a Gaussian random
variable whose variance comprising a constant component (additive noise) and a power
dependent component (multiplicative noise). In doing so, the following general expres-
sion for the probability of error of a 16-QAM signal degraded by a mixture of additive
and multiplicative noise can be obtained

P16−QAM =
13

96
erfc

(√
AOSNR ·MOSNR

2 ·AOSNR+ 10 ·MOSNR

)
+

+
25

96
erfc

(√
COSNR

10

)
+

10

96
erfc

(√
AOSNR ·MOSNR

18 ·AOSNR+ 10 ·MOSNR

) (4.21)

where the definitions (4.2), (4.3) and (4.6) accounting for the different OSNRs have
been used. It is to be noted that this expression reduces to (4.15) in the case of only
additive noise (MOSNR → ∞) and to (4.14) in the case of only multiplicative noise
(AOSNR→∞).
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Fig. 4.6 right compares the expressions (4.14), (4.15) and (4.21), that respectively repre-
sent the analytical expressions (lines) for the BER of a 16-QAM signal degraded only
by additive noise, only by multiplicative and by hybrid noise , and their corresponding
Monte-Carlo simulations (dots). This graph shows that the effect of multiplicative noise
on multilevel amplitude modulation formats is a change in the slope of the BER curve
proportional to the ratio between the additive and the multiplicative noise. As with the
multiplicative noise in isolation, the accuracy of the analytical expression is shown to
increase with OSNR.

4.2.2.2 Additive + Phase Noise

The case of a signal simultaneously degraded by additive and phase noise can model
PSK signals amplified by OPAs and/or signals propagating in EDFA-amplified WDM
systems in the presence of XPM and FWM. The same procedure applied to a mixture
of additive and multiplicative noise can be used to compute the effects of degradation
induced by both additive and phase noise. In this case the PDF of the resulting random
variable is obtained as the convolution of a Gaussian PDF and the distribution shown in
equation (4.18). Conversely to the previous case, this convolution does not result in a
Gaussian distribution. An example of the effects of this convolution on a symbol of a
BPSK signal is shown in Fig. 4.7. This picture shows that the effect of phase noise is the
generation of long tails in the PDF of the composite noise that induce an increase in the
probability of error.

Figure 4.7: PDF of a Gaussian amplitude noise de-
graded by phase noise (AOSNR = 20 dB)

As before, this analysis can be
divided for the case of M-PSK
modulation formats and for mul-
tilevel amplitude modulation for-
mats. The procedure is analo-
gous to the previous case but
in this case the calculations for
multilevel constellations are very
intricate. As described in the
previous section, the PDF of the
phase noise can be different for
each amplitude level and, con-
versely to the amplitude noise,
phase noise only affects in the az-
imuthal direction. These features lead to a large number of different cases to account for.
Thus, in this section, and for the sake of clarity, only the analysis of M-PSK modulation
formats will be discussed.
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Figure 4.8: BER of a 16-QAM signal degraded by
a mixture of additive and phase noise

As with the mixture of additive and
multiplicative noise, the probability
of error induced by a mixture of ad-
ditive and phase noise can be com-
puted by integration of the resulting
PDFs. The results of these integra-
tions for BPSK, QPSK and 8-PSK mod-
ulation formats are shown in Fig. 4.9
showing an excellent agreement for
BPSK and QPSK modulation formats
between the theoretical model and
the Monte-Carlo simulations.

The probability of error induced by a
mixture of additive and phase noise
on 16-QAM signals is shown in Fig. 4.8. In this case, only the results of the Monte-Carlo
simulations are displayed.

These graphs show that the main effect that phase noise induces on a signal already
degraded by additive noise is the generation of an error floor, the value of which depends
on the POSNR, that is, on the variance of phase noise. Nevertheless, the error floor
induced is different for each modulation format; high density modulation formats being
more sensitive to phase noise.

A quantitative comparison between the effects of the same amount of phase noise
on different modulation formats can be performed in the light of these results. This
comparison leads to the conclusion that a minimum POSNR, as defined in equation (4.5),
of 20 dB is necessary to avoid measurable degradation of BPSK signals, whereas this
value increases to 25 and 30 dB for QPSK and 8-PSK modulation formats respectively.

(a) (b) (c)

Figure 4.9: BER for BPSK(a), QPSK(b) and 8-PSK(c) modulation formats de-
graded by additive and phase noise obtained from analytical expressions (solid)
and simulation (dotted)
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Figure 4.10: BER of a 16-QAM (left) and 64-QAM (right) signals degraded by a
mixture of additive, multiplicative and phase noise

4.2.2.3 Additive + Multiplicative + Phase Noise

The case of a signal simultaneously degraded by the three types of noise models OPAs
and hybrid EDFA/Raman systems enduring nonlinear effects. An extension of the
previous analyses to account for the three types of noise is straight forward. In this case
the noise model comprises three noise sources and the resulting PDF is the outcome
of the convolution of the three projections of their PDFs, that is, two Gaussian random
variables and the phase projected random variable, the PDF of which is shown in
equation (4.18). The result of these calculations is very similar to that of the case of
additive and phase noise only.

As with the mixture of additive and phase noise, the calculations for multilevel ampli-
tude modulation formats become very complicated due to the large number of distinct
cases to be accounted for. For the case of very high density modulation formats, this
task can be performed more easily by simulation than through analytical modelling. In
this work, only the full model for M-PSK formats is analytically calculated whereas the
case of multilevel modulation formats is simulated.

The effects of the three types of noise on multilevel amplitude modulations induce a
compound effect comprising the degradations induced by each individual type of noise.
In this sense, the presence of multiplicative noise induces a change in the slope of the
BER curve, requiring higher OSNRs in order to achieve the same BER whereas the
presence of phase noise induces an error floor dependent on the POSNR value. These
effects are clearly shown in Fig. 4.10 for the cases of 16-QAM (left) and 64-QAM (right)
modulation formats, where these intertwined effects are presented.
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(a) (b) (c)

Figure 4.11: BER for BPSK(a), QPSK(b) and 8-PSK(c) modulation formats de-
graded by additive and phase noise obtained from a Gaussian approximation
(solid) and simulation (dotted)

4.2.3 Gaussian Approximations

A common approach in communications is to approximate non-Gaussian PDFs that
model the degradation induced by phase noise with Gaussian functions, and subse-
quently quantify this degradation as an OSNR penalty. The graphs on the bottom row
of Fig. 4.4 show that as the density of the M-PSK constellation increases, the PDF of
the projected noise resembles more and more a Gaussian distribution. However, this
approach leads to an underestimation of the BER. The accuracy of these approximations
is shown in Fig. 4.11. Comparing these results with those of Fig. 4.9, it is clear that the
modelling of phase noise as an OSNR degradation only provides an accurate estimation
of the BER for QPSK signals. The reason why the Gaussian approximation is only
accurate for this modulation format is not completely understood but it is supposed to
be related to the symmetry that this case exhibits with respect to both I and Q axes (see
Fig. 4.4b for clarification).

A more detailed explanation about the Gaussian approximation of phase noise and
analytical approximate equations has been included in Appendix B. However, as an
alternative to the use of the Gaussian approximation, a similar approach to the erf
function can be followed.

The calculation of the probability of error according to the standard theory of commu-
nication involves the non-analytical integration of a Gaussian distribution. This led
to the tabulation and definition of the well-known error function. It has been shown
that the extension of this standard model, allowing an accurate model of phase noise,
requires the integration of a new PDF, shown in equation (4.18), that also suffers from
not showing an analytical solution.

Then, by following the same procedure, an accurate computation of the probability of
error induced by such a PDF would require two different tabulations: (1) for the case of
phase noise only and (2) for the case of additive and phase noise.
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For the first case, since the PDF of equation (4.18) depends on two parameters, that
account for the variance of the phase noise and the modulation format, a tentative
definition of a similar function would require one table per modulation format. On
its part, for the second case of additive and phase noise, the PDF resulting from the
convolution of a Gaussian PDF and the PDF shown in equation (4.18) depends on three
parameters, the two previous ones and the AOSNR. This additional parameter increases
the number of required tables of a tentative definition in order to accurately compute the
probability of error. Such tabulations can be obtained from the example code included
in Appendix A.

However, even though a tabulation of these hypothetical functions is the most accurate
method for the computation of the BER, this task is out of the scope of this work.

4.3 Noise Accumulation and Propagation Effects

The previous section has analysed the effects induced by a single amplification stage
that generates a mixture of additive, multiplicative and phase noise. However, one
of the most important aspects of optical communications is the characterization of
the accumulation of noise in a chain of optical amplifiers. This analysis allows the
identification of key elements of the system, the enhancement of which maximizes
the quality of the signal at the output of an optical fibre link. The aim of this study is
to achieve the longest attainable reach without electrical regeneration, providing cost
effective solutions for the implementation of optical communication systems.

Noise accumulation in chains of EDFA [94, 170, 171], Raman [50, 87, 88] and parametric
amplifiers [172] has already been characterized extensively. However, these studies
have only considered the accumulation of additive noise, neglecting both multiplicative
and phase noise. This section analyses the accumulation of the three types of noise
considered providing an understanding of how these types of noise accumulate relative
to each other. This allows the characterisation of an optical link based on two parameters:
the combined OSNR, as defined in equation (4.6), and the POSNR, as defined in equation
(4.5).

Additionally, since phase noise not only degrades the BER of amplified signals but also
distorts their spectrum, the combined effects of spectral broadening and fibre dispersion
after a chain of amplification stages gives rise to some limiting perturbations that are
necessary to model.
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4.3.1 Additive Noise

The study of the accumulation of noise in a chain of amplifiers characterises the degra-
dation that the OSNR suffers after each amplification stage. The mathematical mea-
surement of this degradation yielded the concept of noise figure (NF), that accounts for
the ratio between OSNR at the output and at the input of the amplifier [173]. Then, by
knowing the AOSNR of a modulated signal at the input of an amplifier and its NF, the
OSNR of the signal at the output, and therefore its BER, can be calculated.

This analysis was extended to obtain a NF equivalent to chain of amplifiers, leading
to the well-known Friis formula [173], that characterizes the accumulation of electrical
noise. With the advent of optical amplifiers this theory was adapted to the accumulation
of noise in chains of EDFAs and Raman amplifiers [94, 170, 171].

This section is based on the concept of noise figure, that allows the mathematical
calculation of the OSNR at the output of an optical communication systems. The system
model assumed in the studies of EDFA and Raman amplifiers is shown in Fig. 4.12. In
this model, a chain of N identical amplifiers and fibre spans is studied, assuming that
the gain of the amplifiers exactly matches the losses of the fibres and that each amplifier
in the chain generates an additive noise characterized by a noise figure.

G L G L G L GGain

NF NF1 NF2 NF3 NF4

Figure 4.12: System model for a chain of EDFAs

For the specific case of a chain of EDFAs, the noise powers generated by all of the
amplifiers are accumulated at the output of the chain, resulting in the following OSNR
after N stages of amplification [170]:

AOSNR =
P0 ·G

N × PEDFAASE

(4.22)

where P0 represents the average signal power at the input of the first amplifier and
PEDFAASE represents the ASE noise power generated by each EDFA (see equation (3.2)).
Therefore, the noise power increases linearly with the number of stages of amplification.

Even though NF is a concept applicable only to lumped amplifiers and Raman amplifi-
cation is a distributed nonlinear process that takes place along the propagation of the
signals in the transmission fibre, it has also been modelled using an effective NF that
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accounts for the added noise in a lumped element model (similar to an EDFA) leading
to the following expression for for the AOSNR [88]

AOSNR =
P0 ·G

N × PRamanASE

(4.23)

where in this case PRamanASE represents the ASE noise power generated by each Raman
amplifier (see equation (3.4)).

Once the AOSNR at the output of a chain of optical amplifiers has been obtained, then
the degradation imposed by each one within a chain is characterized by the noise figure
of each amplifier. This characterisation can be performed either in terms of SNRs, that
take the electrical noise into account [94], or in terms of OSNRs [171], that only account
for the optical noise sources. Since the target of this section is the characterization of the
optical effects only, the last approach is adopted, leading to the following definition of
NF

NFopt =
OSNRinput
OSNRoutput

(4.24)

Under this definition, and considering a quantum noise with power hνB over a band-
width of 1 Hz as the only noise source at the input, equations (3.2) and (3.4) can be used
to yield the following noise figures for EDFA and Raman amplifiers

NFEDFA = 1 + nEDFAsp

(
1− 1

G

)
≈ 1 + nsp (4.25)

NFEDFA = 1 + nRsp · gR
∫ L

0

Pp (z)

G (z)
dz (4.26)

where nsp represents the spontaneous emission factor of the amplifiers, gR the Raman
coefficient of the fibre and Pp the Raman pump power.

These noise figures are signal independent, which is the main feature of the NF of a
linear amplifier [174]. Once the NF has been defined, an equivalent noise figure can be
calculated for a chain of these amplifiers using the Friis formula:

NFsys = 1 +

N∑
i=1

NFi − 1∏i−1
j=1Gj

(4.27)

In this manner, the computation of the AOSNR at the output of a chain of amplifiers can
be obtained from the equivalent NF of the whole system of amplifiers.
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Gain NF

EDFA G 1 + nsp (1− 1/G)

Raman G 1 + nRsp · gR
∫ L

0
Pp(z)
G(z) dz

Fibre (αL)−1 1

Table 4.1: NFs and gains for a chain of EDFA
and Raman amplifiers

When it comes to applying this formal-
ism to the system shown in Fig. 4.12, it is
important to define the noise figure of the
optical fibre in a consistent manner. In this
sense, if SNRs are used, the NF of the fibre
must be NFfibre = L, where L represents
the attenuation of the fibre. This is due to
the fact that in this case the shot noise is
accounted for, which is equivalent to setting a photodetector at the output of each fibre
span. This effect is clearly explained in [88]. On the other hand, if OSNRs are used, the
NF of the fibre must be NF = 1 because photons belonging both to signal and noise are
attenuated ex aequo, this leaving the OSNR unchanged after a propagation.

By applying the values shown in Table 4.1 into equation (4.27) the following expressions
for the system noise figure are obtained

NFsys = 1 +
N∑
i=1

(
NF iEDFA − 1

)
= 1 +N · nsp

(
1− 1

G

)
(4.28)

NFsys = 1 +

N∑
i=1

(
NF iRaman − 1

)
= 1 +N · nRsp · gR

∫ L

0

Pp (z)

G (z)
dz (4.29)

These equations show that the effect of EDFA and Raman amplifiers in a chain of optical
amplifiers is independent of their position within it.

4.3.2 Additive + Multiplicative Noise

An extension of the previous model accounting for multiplicative noise can be proposed
that allows for a more accurate characterisation of Raman amplified systems. Such an
extension makes it possible to account for the accumulation of the RIN noise generated
by Raman amplifiers, and is therefore of interest.

At the output of an amplifier that generates a mixture of additive and multiplicative
noise the power of the noise sources can be expressed as

Nout = N0 ·G+ P0 ·∆G+NA (4.30)

where N0 represents the input noise, P0 the average signal power at the input, NA the
additive amplitude noise and ∆G the multiplicative noise generated by the Raman
amplifier (see equations (3.5) and (3.6)) and where high order noise components have
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been neglected. Thus, an extended noise figure (ENF) can be obtained from equation
(4.24)

ENF =
P0

N0

(
P0

N0 ·G+ P0 ·∆G+NA

)−1

= 1 +
NA

N0G
+

∆G

G
×OSNRin (4.31)

This expression has two factors, a signal independent one that represents the linear part
[174] and a signal dependent one that represents the nonlinear contribution. In this work,
the accumulation of these factors is modelled independently and they are respectively
referred to as linear term(LT) and nonlinear term(NLT). The definition adopted for both
terms is shown in the following equations

LT =
NA

N0 ·G
NLT =

∆G

G
(4.32)

Under these definitions, the linear term takes the value LT = NF − 1, where NF is the
noise figure of a single amplifier. Then an EDFA is characterised by a LT = NF − 1 =

nsp (1− 1/G) and aNLT = 0 whereas a Raman amplifier is characterised as an amplifier
with LT = NF − 1 = N · nRsp · gR

∫ L
0

Pp(z)
G(z) dz and NLT = ∆G/G. The exact value of ∆G

can be obtained from equations (3.5) and (3.6). Therefore, this formalism can model a
system like the one shown in Fig. 4.13

G G G GGain

LT LT1 LT2 LT3 LT4

L L L

NLT NLT1 NLT2 NLT3 NLT4

Figure 4.13: System model for a multiplicative chain of EDFA/Raman amplifiers

The presence of the NLT prevents from using the Friis formula for the calculation of the
accumulation of noise in such a chain. The derivation of an extension of the Friis formula
that accounts for the effect of the nonlinear term can be performed by induction based
on equation (4.30). An example of the coefficients for the first stages of amplification are
shown in following table

i N0 P0 NA

0 1 0 0
1 G1 ∆G1 NA1

2 G1G2 G2∆G1 +G1∆G2 NA2 +G2NA1

3 G1G2G3 G2G3∆G1 +G1G3∆G2 +G1G2∆G3 NA3 +G3NA2 +G1G2NA1
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Proceeding recursively in this manner, the total noise power at the output a chain of
nonlinear elements results in

NN = N0

N−1∏
i=1

Gi + P0

N∑
i=1

∆Gi
∏
j 6=i

Gj +
N∑
i=1

NAi

N−1∏
j=1

Gj (4.33)

These terms can be easily paired with those of equations (4.30) and (4.32), resulting in
the following expression for the ENF of the whole chain

ENF = 1 +
P0

N0

N∑
i=1

NLTi +
N∑
i=1

LTi∏i−1
j=1Gj

(4.34)

This equation shows that, in the most general case, the accumulation of additive ampli-
tude noise is different than that of multiplicative noise. The importance of the additive
noise in a chain of nonlinear elements decreases with the distance from the start of the
chain, whereas the importance of the multiplicative noise is constant and independent
of the position of the element within the chain.

Gain LT NLT

EDFA G nsp (1− 1/G) 0

Raman G nRsp · gR
∫ L

0
Pp(z)
G(z) dz ∆G/G

Fibre (αL)−1 0 0

Table 4.2: NFs and gains for a multiplicative
chain of EDFA and Raman amplifiers

This extension of the Friis formula al-
lows for a characterization similar to
that of linear amplifiers. By assum-
ing a optical fibre whose noise figure
is shown in Table 4.2, equation 4.34
leads to the extended noise figure that
can be applied to hybrid optical fi-
bre systems amplified using EDFAs
and/or Raman amplifiers

ENFsys = 1 +
P0

N0

N∑
i=1

NLTi +
N∑
i=1

LTi (4.35)

This equation shows that, in optical fibre links, the accumulation of multiplicative noise
is similar to that of additive noise, showing to be independent of the position within the
chain of amplifiers.

Thus, the ENF allows for the computation of the COSNR at the output of a chain of
EDFA/Raman amplifiers. The definition of the system ENF of the whole chain of
amplifiers defined in equation (4.35) makes this characterisation possible and serves as
a basis for a comparison between the performance of different optical systems.
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4.3.3 Phase Noise

The accumulation of phase noise is mainly present in multi-span optical fibre system
an/or systems with several parametric amplifiers. The accumulation of phase noise
has been studied in the context of accumulation of nonlinear phase noise, XPM and
intrachannel effects on optical communication systems [112, 154]. However, to the best
of my knowledge, no model has been proposed to analyse it from system point of view.

As was mentioned before, phase noise models a different physical perturbation than
amplitude noise. In this sense the accumulation of spectral distortion is considered not
to be related to the accumulation of ASE noise. Thus, the model proposed in this work
assumes a complete independence between both phenomena and no interaction between
phase-related and amplitude-related perturbations is considered. In this manner, NPN
and intrachannel and dispersion-induced effects are not accounted for.

Under these assumptions, a phase noise figure (PNF) can be defined to characterize the
degradation in the POSNR induced by a communication system as

PNFopt =
POSNRin
POSNRout

(4.36)

where POSNRin represents the POSNR at the input of the system and POSNRout

represents the POSNR at the output. This model assumes that phase noise, being
independent of the signal power, is neither amplified not attenuated. This assumption
leads to a system PNF like

PNFsys = 1 +
N∑
i=1

(PNFi − 1) (4.37)

This generic definition can be applied, amongst others, to characterise the effects of the
accumulation of pump linewidth transfer (PLT) and cross-phase modulation (XPM).

As was described earlier chapter, the POSNR induced at output of an OPA by PLT
is , POSNR = 1/

〈
φ2
〉

= 1/2kπ∆νT , where ∆ν represents the linewidth and T the
sampling period of the modulated signal; k = 2 for a single-pump OPA and k = 1 for a
dual-pump OPA. In this sense, after a parametric interaction equation 4.36 becomes

PNFopt =
POSNRinput
POSNRoutput

=
1

π∆ν0T
1

π(∆ν0+2k∆νp)T

= 1 +
2k∆νp
∆ν0

(4.38)

where ∆ν0 represents the linewidth of the signal at the input of the amplifier and ∆νp

represents the linewidth of pump lasers used during the parametric interaction.
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By normalizing the input linewidth to 1 Hz (in the same manner as the NF of an EDFA
is normalized to the same bandwidth [174]), a PNF for linewidth transfer can be defined
as

PNFlinewidth = 1 + 2k∆νp (4.39)

This model can also be used to compute the phase noise accumulation induced by XPM
effects after a propagation through a fibre. Equation 3.24 shows a generic expression
for the variance of phase noise generated by XPM in a dispersion managed link. By
applying it to the definition and normalising to a 1 Hz bandwidth, the PNF for a passive
fibre undergoing XPM is

PNFXPM = 1 + 2 · ln (N/2)
(γP )2 Leff
D ·∆λ

(4.40)

where N represents the number of wavelengths co-propagating with the original signal,
γ the nonlinear coefficient of the fibre, P the average signal power, D the chromatic
dispersion of the fibre, ∆λ the spectral width of the modulated signal and Leff the
effective length of the span of fibre.

4.3.4 Additive + Multiplicative + Phase Noise

Once the accumulation of multiplicative and phase noise has been modelled in isolation,
a complete characterisation that combines all different types can be proposed. The most
general case is shown in Fig. 4.14 and models the accumulation of the three noise sources
generated by EDFA, Raman, OPAs and the fibre nonlinearity.

G G G GGain

LT LT1 LT2 LT3 LT4

L L L

NLT NLT1 NLT2 NLT3 NLT4

PNF PNF1 PNF2 PNF3 PNF4PNFNL PNFNL PNFNL

LTFWM LTFWM LTFWM

Figure 4.14: System model for a hybrid chain of EDFA, Raman and OPA with
nonlinear effects

A system model that accounts for all these degradations require the calculation of both
COSNR and POSNR at the output of the chain for a proper assessment of the BER. Based
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Gain LT NLT PNF
OPA G LTOPA NLTOPA 1 + 2k∆ν

EDFA G nsp (1− 1/G) 0 1
Raman G nRsp · gR

∫ L
0

Pp(z)
G(z) dz ∆G/G 1

Fibre (αL)−1 LTFWM 0 1 +Nϕ
XPM

Table 4.3: NFs and gains for a chain of EDFA, Raman and OPA with fibre
nonlinearities

on the previous definition of the noise accumulation and applying the values of Table
4.3, in the most general cases, the system ENF and PNF result in

ENFsys = 1 +OSNRin

(∑
NLTOPAi +

∑ ∆Gi
G

)
+

+
∑

LTOPAi +G
∑

LTFWM
i +

∑
nsp (1− 1/G) +

∑
nRsp · gR

∫ L

0

Pp (z)

G (z)
dz

(4.41)

PNFsys = 1 +
∑

2k∆νi +
∑

Nϕ
XPM (4.42)

These equations show that, in an optical fibre link, both additive and multiplicative
noise accumulate similarly and their effects are independent of the position that the
amplifiers occupy within the chain. The same applies to the phase noise generated by
PLT and XPM in the case of dispersion managed links, where the accumulation of phase
noise is shown to be linear and independent of the position of the noise source within
the chain.

4.3.5 Interactions between Phase Noise and Dispersion

As was shown previously, the accumulation of phase noise can be modelled by means
of a phase noise figure. However, the accumulation of phase noise is not the only effect
related to the spectral perturbation that signals undergo during their propagation along
an optical fibre link. The dispersion of the fibre affects the performance of the signals
and its impact is directly related to their spectral width.

This consideration is particularly relevant in OPA-based systems, where the spectrum
of the amplified signal is broadened relative to the input. This broadening is given by
the convolution between the input signal spectrum and that of the pump wave(s). If
the pump wave(s) of an OPA are such that their spectrum is very narrow with respect
to that of the signal, then the effects of spectral broadening will be small after a single
parametric interaction. However, it is a common practice in fibre-based OPAs to dither
the pump wave(s) to overcome the Brillouin threshold, thus broadening the spectrum
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of the pump waves considerably. Several experiments have been performed using
dithering with pump frequencies that are comparable to that of the signal [175, 176],
thus severely distorting its spectrum after amplification.

In addition, several configurations of parametric interactions can be used to generate a
conjugated version of the input signals. These are spectrally inverted and broadened
copies of the input signals and can be used eg. for chromatic dispersion compensation.
However, the effect induced by chromatic dispersion on a modulated signal after prop-
agation depends on the spectral width of the signal itself. Since the conjugated signal
obtained after the parametric interaction is spectrally broader than the input, chromatic
dispersion affects it more. Several studies have been performed on the optimum placing
of ideal optical phase conjugators to optimise the performance of optical communica-
tion systems[177, 178] but, to the best of my knowledge, the influence of the spectral
broadening has not been considered yet in any of them. In this section an analysis of
these effects is presented.

The widely adopted trend that has been followed since the development of polarization
division multiplexing is the avoidance of optical chromatic dispersion compensation
due to the undesired effects that dispersion compensating fibres induce on them [179,
180]. In this context, the chromatic dispersion is electrically compensated after the signal
detection. Nowadays this technique of compensation can compensate distances in the
order of ∼ 10000 km. This is the scenario considered to model the effects of spectral
broadening on modulated signals after the inclusion of OPAs.

This scenario consists of a set of identical amplifiers periodically spaced by a distance L
along an uncompensated link with chromatic dispersion D. The spectral width of the
signal at the input of the transmission system is noted as ∆λ0 and its value corresponds
to a bandwidth of ∼ 1/T for NRZ signals and ∼ 1/2T for RZ signals. After each
parametric interaction the spectrum of the signal is broadened by a fixed amount r ·∆λ0,
where r represents the broadening factor.

For EDFA and Raman amplifiers r takes a null value whereas for parametric interactions
this value varies. Without any pump dithering, r takes the value r = 2k · ∆λp/∆λ0

where ∆λp represents the pump linewidth and k = 2 for a single-pump OPA and k = 1

for a dual pump OPA (see equation (3.16)), whereas for parametric interactions with
pump dithering r takes the value r = 2 ·∆λD/∆λ0 where ∆λD represents the bandwidth
of the dithering wave and and ∆λD � ∆λp is assumed. Under this formalism, the
spectral width of the signal after N parametric interactions is ∆λ0 (1 +N · r). Therefore,
for example, a value of r = 2 would represent a single-pump OPA in which the spectral
width of the pump wave is half of that of the input signal, and a value r = 1 would
represent a single-pump OPA in which the spectral width of the pump wave is a quarter
of that of the input signal.
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Three cases are considered for this scenario: (a) EDFA amplification which is used as a
benchmark for the comparison, (b) non-phase-conjugated OPA and (c) phase-conjugated
OPA. For each case the pulse spread and the dispersion maps at the output of the link
are calculated.

For the case of EDFA (as well as Raman amplification), the chromatic dispersion accu-
mulates linearly, leading to the following pulse spread after the propagation [181]

∆tout =
N∑
i=1

DL∆λ = DL∆λ0N (4.43)

and the transmission length for a given pulse spread ∆Tmax can be expressed as

LEDFA = L×N =
∆Tmax
D∆λ0

(4.44)

For the case of a non-phase-conjugated OPA, D remains constant but ∆λ increases
after each interaction leading to an accumulation of chromatic dispersion that can be
described as an arithmetical series, the ratio of which is the broadening factor

∆tout =
N∑
i=1

DL∆λi =
N∑
i=1

DL∆λ0 (1 + r (i− 1)) = DL∆λ0N

(
1 + r

N − 1

2

)
(4.45)

This is a quadratic equation that should be solved to obtain the dependence of the
distance with the number of OPAs. However, if the aim is the comparison with the
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Figure 4.15: Comparison of dispersion maps induced by uncompensated 2000
km optical EDFA-based and single-pump OPA-based systems using equally-
spaced by 90 km amplification along the link for non-phase-conjugated systems
(left) and phase-conjugated systems(right). Dashed green line represents the
limit in chromatic dispersion compensation provided by current coherent re-
ceivers
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EDFA-based case, the transmission length attainable for a given pulse spread can be
expressed as

LOPA =
∆Tmax

D∆λ0

(
1 + rN−1

2

) =
LEDFA(

1 + rN−1
2

) (4.46)

As the broadening factor increases, the spectral width of the signal grows faster after
each interaction thus inducing an increasing spread rate after each span. This behaviour
leads to a growth of the pulse spread as an arithmetic progression with the distance that
can limit the performance of the system even if the OSNR at the receiver is within the
working limits. The dispersion maps for different values of the broadening factor are
shown on the left of Fig 4.15. The dotted line of this picture represents the approximate
working limit of the electronic chromatic dispersion compensation (∼ 10000 km).

For the case of a phase-conjugated OPA, and in the ideal case where no spectral broad-
ening is taking place, pulse spreads and compressions alternate in consecutive spans
leading to perfect chromatic dispersion compensation at the end of an even number of
spans (this behaviour is shown in the red line on the right of Fig. 4.15). However, in
the presence of spectral broadening each pulse expansion/compression is performed
at a faster rate than in the previous span, achieving perfect compensation at a position
before the end of the even-numbered spans is reached and inducing an overcompensa-
tion (compare the zero-cross points in the same picture for different values of r, each
zero-cross represents a perfect compensation). The overcompensation value increases
after each parametric interaction. Mathematically, this can be expressed as a chromatic
dispersion coefficient D that exhibits an alternating sign and an increasing ∆λ, leading
to the expression

∆tout =

N∑
i=1

(−1)i−1DL∆λ0 (1 + r (i− 1)) =

{
DL∆λ0

(
1 + rN−1

2

)
N odd

| −DL∆λ0r
N
2 | N even

(4.47)

where the absolute of the negative value shows that chromatic dispersion is overcom-
pensated at the end of even-numbered spans due to the increased compression rate
induced by the spectral broadening. Under these conditions, the transmission length
attainable is limited by the value exhibited at the end of odd-numbered spans. This
value is

LOPA∗ =
N ·∆Tmax

D∆λ0

(
1 + rN−1

2

) =
N(

1 + rN−1
2

)LEDFA (4.48)

Fig. 4.15 shows that for very small values of the broadening factor the chromatic
dispersion is completely compensated at the end of the even-numbered spans but, as the
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broadening factor increases, the overcompensation grows leading, in the extreme case of
r = 2, to the same spreads at the output of the span as in the EDFA case. An interesting
case is that of r = 1, in which the overcompensation leads to a effective decrease in the
pulse spread with respect to the EDFA case at the output of all spans.

The analysis in this section shows that the use of non-conjugated OPA in communication
systems can compromise the performance if dithered waves are used as the pump waves.
In order to recover the initial performance, a more powerful digital signal processing
(DSP) should be employed, leading to more power hungry and expensive solutions.
On the other hand, the use of phase-conjugated OPAs has the potential to decrease
the complexity of such a DSP by decreasing the amount of computation required for
chromatic dispersion compensation.

4.4 Effects on Channel Capacity

So far, the accumulation of three different types of noise has been analysed, showing
that an accurate characterisation of the BER of phase modulated signals requires two
magnitudes: COSNR and POSNR. Such a system exhibits features different from those
of a chain of EDFAs because the additional types of noise degrade the performance of
the system in different ways, thereby reducing the capacity of the transmission channel
defined by it. This section presents this degradation in channel capacity.

The lower bound of the capacity of an optical fibre, defined as the minimum capacity
achievable in the presence of noise or nonlinear effects, was theoretically modelled by
Mitra and Stark [43, 154]. This model assumes that an input signal with power P is
transmitted along a channel, yielding a signal degraded by additive noise power 〈n∗n〉
and phase noise with variance

〈
φ2
〉
.

According to this model, in the most general case, the lower bound of the capacity CLB
of such a channel can be expressed as [154]

CLB = W log2

(
1 +

Pe−〈φ2〉

〈n∗n〉+ P
(
1− e−〈φ2〉

)) (4.49)

where W represents the bandwidth of the signal.

This generic model accounts for additive and phase noise and can be extended to
include multiplicative noise. As was explained in section 4.2.2, multiplicative noise can
be considered as additive noise with a power dependent variance, therefore it can be
included within the term 〈n∗n〉. The variance of the phase noise on the other hand, is
directly related to the POSNR through equation (4.5). In this way the generic capacity
shown in equation (4.49) can be rewritten as
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Figure 4.16: Degradation of channel capacity as multiplicative amplitude noise
increases (left) and phase noise increases (right)

CLB = W log2

(
1 + COSNR

1 + COSNR (1− P · exp (1/POSNR))

)
(4.50)

where the equations (4.5) and (4.6) have been used. If several uncorrelated phase noise
sources are considered, then this expression can be expressed as

CLB = W log2

(
1 + COSNR

1 + COSNR (1− P · exp (
∑

1/POSNRi))

)
(4.51)

This general expression can be applied to the case of a system that generates phase noise
via XPM and OPA interactions. The variance of the phase noise induced by XPM is
shown in equation (3.24), although it is also expressed as (P0/P )2 where P0 is called the
nonlinear threshold of XPM [43]. On its part the variance of the phase noise generated
by an OPA is shown in equation (3.16). In this manner an extended model of lower
bound of the capacity can be obtained, leading to

CLB = W log2

 1 + AOSNR·MOSNR
AOSNR+MOSNR

1 + AOSNR·MOSNR
AOSNR+MOSNR

(
1− P · exp

(
− (P/P0)2 − 1/POSNROPA

))


(4.52)

The effects of these two additional types of noise on channel capacity are shown in
Fig. 4.16. The graph on the left shows the decrease in channel capacity as the MOSNR
decreases while AOSNR and phase noise remain unchanged. The graph on the right
shows the corresponding results for a decrease in POSNR induced by an OPA while
AOSNR and MOSNR remain unchanged. The trends are similar in the two graphs,
but not identical, due to the linear dependence of their noise variances with the signal
power.
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The expressions obtained in this section show that the decrease in channel capacity
induced by multiplicative and phase noise is directly comparable to each other if the
definitions of MOSNR and POSNR are used. In addition, these expressions show that,
in the presence of OPAs, the limiting factor in the capacity of optical fibres is still the
fibre nonlinearity (represented in this case by curve labelled as Nonlinear limit in Fig.
4.16).

4.5 Analysis of Photodetection

The formalism described up to this point allows for a characterisation of optical signals
degraded by additive, multiplicative and phase noise. It has been shown that this
degradation can be uniquely described by three quantities: the AOSNR, the MOSNR
and the POSNR. This section analyses the degradation that these magnitudes undergo
during the photodetection process. The aim of this section is to compare the impact of
different detection schemes on a modulated signal. The analysis is restricted to BPSK
signals, as they are the basis of the photodetection schemes of higher-order modulation
formats. Electrical noise sources are assumed to be negligible with respect to beat noise.
This limited scope in the study of photodetection prevents from modelling the impact
of multiplicative noise during photodetection. Then, in this section only additive and
phase noise are considered. Extensions including multilevel modulation formats and
multiplicative noise are left as future extensions.

4.5.1 Effects of Phase Noise on Photodetection

Photodiodes detect the intensity rather than the amplitude of an optical field. Therefore
differential and coherent detection techniques have been developed to use with phase
encoded signals.

Differential detection techniques employ the phase difference between consecutive
symbols to detect their value [182]. This detection scheme transforms phase transitions
into intensity ones that are directly detectable by the photodiodes. In this context, if a
phase-modulated signal is corrupted by phase noise, the quality of the phase-to-intensity
transformation deteriorates and so does the performance after photodetection.

Coherent detection, on the other hand, uses an external narrow linewidth laser source
to set a phase reference [183]. The inherent phase fluctuation that this laser exhibits is
estimated by means of algorithms that perform carrier frequency and phase recovery.
However, the performance of these algorithms is degraded in the presence of signal
phase noise [184].
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Figure 4.17: Comparison between the degradation in BER induced by each
detection scheme with respect to BER of the signal before the photodetection
(labelled as optical) for additive noise (left) and phase noise (right)

The effects of residual chromatic dispersion on both differential and coherent detection
schemes need to be considered before any comparison between the two schemes can
be made. As was already mentioned in Section 3.2.1, chromatic dispersion induces
a phase-to-amplitude noise conversion that prevents from an accurate modelling of
the degradation induced solely by phase noise to be devised. In the same manner,
the linewidth of the local oscillator of a coherent receiver together with electronic
chromatic dispersion compensation has been shown to lead to increased phase noise
[126, 127, 185]. In order to avert this undesirable effects, the analysis presented in this
section makes the following assumptions: (1) signals are fully compensated in terms of
chromatic dispersion just before the photodetector,(2) the coherent receiver includes no
electronic chromatic dispersion compensation and (3) the linewidth of its local oscillator
is negligible.

4.5.2 Efficiency of Phase Noise Detection

The effects of additive and phase noise on optical signals were described in Section
4.2.2. In this section, the effect of photodetection on the noise performance of an
optical signal is analysed. This task presents two main problems: first, the calculation
of the BERs based on the integration of the PDFs of the signals after photodetection
is not accurate enough to provide reliable results3, and second, the difficulty in the
modelling of the performance of intradyne coherent receivers prevents from an accurate
analytical treatment of these receivers. In sight of these circumstances, the analysis of
the photodetection efficiency is performed by simulations rather than analytically.

3This analysis has been included in Appendix C
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Monte-Carlo simulations of rectangular pulse shaped BPSK signals with no filtering
(either optical or electric) were performed assuming ideal noiseless photodiodes in
the presence of additive noise. The variance of noise was modified and the BER was
computed for each of the detection schemes considered. The results of these simulations
are shown on the left of Fig. 4.17, where the difference in the OSNR degradation induced
by the two detection schemes are shown to be under 1 dB. These results match the
theoretical predictions previously published [94, 161] and show that an ideal coherent
receiver can photodetect BPSK optical signals without any additional penalty.

However, the results obtained from the same set of simulations when the signal is solely
degraded by a zero-mean Gaussian white phase noise are very different. Differential
schemes are far more sensitive to phase noise because they use the phase information
coming from the (corrupted) signal used as the phase reference. This behaviour is
shown on the right of Fig. 4.17 where the performance of the detection schemes is
displayed as a function of the POSNR. The trend of the BER curves is very similar to
that of the optical noise (black line) but each photodetection scheme exhibits a different
degradation generated during the detection process. Balanced differential detection
is more resilient to phase perturbation than unbalanced one because of the increased
distance between symbols in the constellation after photodetection (see appendix C for
clarification). On the other hand, ideal coherent detection, using a perfect estimation of
the carrier phase, is shown to provide no additional degradation.

Fig. 4.17 right clearly shows that the photodetection of signals degraded by phase noise
induces a degradation of the POSNR that is dependent on the detection scheme. In
the following, this degradation is referred to as phase detection penalty (PDP). Unlike
the ideal case, where ideal coherent receivers exhibit a negligible PDP, in reality the
performance of a practical system is expected to perform in the range between an ideal
coherent receiver and a balanced differential one. The main reason for this is that the
necessary carrier phase estimations are based on past noisy samples; then a perfect
phase estimation would represent the best case (the ideal coherent receiver) whereas
the use of only one sample to estimate the phase would represent the worst case (the
balanced differential receiver). The implementation of these algorithms is one of the most
important factors in the determination of the final system performance. A comparison
of the efficiency of these algorithms is out of the scope of these work, therefore only
an analysis for the most common carrier phase recovery algorithm of BPSK signals is
presented in this section [183].

This algorithm uses the phase of N previous symbols, stripped of the phase modulation,
to estimate the phase of the carrier [183]. The erasure of the phase modulation is
performed by elevating it to the M power, where M is the number of symbols of the
constellation (M = 2 in the case of BPSK). This algorithm is sensitive to the phase
noise and its performance depends on the number of symbols employed during the
estimation. Several studies have been performed relating the number of symbols used
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during estimation and the BER degradation [127, 184] but, to the best of my knowledge,
none of them have accounted for the BER degradation of optical signals simultaneously
degraded by additive and phase noise.

The OSNR and POSNR induced by coherent receivers was simulated for two different
cases: (1) a zero-mean Gaussian white phase noise that represents the phase noise
generated by XPM and (2) a one-dimensional random phase walk that represents the
phase noise induced by the laser linewidth. Fig 4.18 shows the OSNR and the POSNR
penalty induced by the estimation of the carrier phase depending for these two phase
perturbations based on the number of symbols used for the estimation.

The graphs in the left column of Fig. 4.18 show the results for a XPM-type phase noise.
This type of perturbation is shown not to induce any PDP if the number of symbols
used for the estimation of the phase of the carrier is greater than 10. On the other hand,
the graphs in the right column of Fig. 4.18 show the results for a linewidth-type phase
perturbation. This perturbation is shown to induce a PDP if an excessive number of
symbols (more than 100) is used for the carrier phase estimation. This PDP degrades the
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Figure 4.18: BER induced by coherent detection compared to the BER of the
signal before photodetection (labelled as optical) in a signal degraded by ASE
and XPM (left column) and ASE and laser linewidth (right column) for different
number of symbols used for carrier phase recovery (N_r)
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POSNR of the optical signal inducing an error floor on the BER of signals only degraded
by additive noise (as was already shown in Ref. [184]). On the contrary, if the signal is
only degraded by phase noise, the PDP increases with the number of symbols used.

It is to be noted that coherent receivers may use several additional signal recovery
algorithms. eg. for carrier frequency recovery, PMD compensation and polarisation
tracking [186]. A large variety of carrier frequency recovery algorithms have already
been developed [187, 188], inducing different BER degradations in the presence of phase
noise. Thus, the performance of coherent receivers is determined by the combined
effects of these algorithms. A detailed analysis would entail a comparison between all
the possible combinations of these types of algorithms, which is out of the scope of this
work. In this way, this analysis is considered only as a future extension of the discussion
contained in this section.

4.6 Discussion and Conclusions

Throughout this chapter an extension of the standard noise model of optical communica-
tions has been presented. This extended model theoretically addresses several physical
phenomena exhibited in optical communication systems not analytically accounted for,
making the estimation of their impact possible. However, the long length of this chapter
calls for a summary of the results.

The first part of this chapter proposed a single-stage model for the most general amplifier
currently available. The analysis of such an amplifier showed that the usual approach of
computing multiplicative and phase noise as additional OSNR penalties is not accurate.
In particular, multiplicative noise can only be modelled as an OSNR penalty for the case
of PSK modulation formats. Applying this approach to high order modulation formats
leads to an underestimation of the BER. On its part, phase noise requires the use of a
different PDF to account for its impact and its modelling as an OSNR penalty also leads
to an underestimation of the BER.

This analysis also showed that the main effect of phase noise in the presence of additive
noise is the generation of an error floor, the extent of which is modulation dependent.
Conversely, the main effect of multiplicative noise is the increase of the required COSNR
in order to achieve the same level of BER as in the case of additive noise alone.

The next part of the chapter dealt with the accumulation of these types of noise in a
chain of amplifiers. The analysis showed that, conversely to what could be expected,
the accumulation of multiplicative and additive noise follows similar trends and is
independent of the position of the amplifiers within the chain. This is due to the
characteristic of optical fibres that attenuates both signal and ASE noise simultaneously.
In addition, a model that accounts for the accumulation of XPM and PLT has been
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proposed, showing that the impact of these noise sources is also independent of the
position in the chain of amplifiers. The mathematical framework developed during this
analysis allows for a description of a whole optical system using only two magnitudes,
the COSNR, that accounts for the additive and multiplicative noise in conjunction, and
the POSNR that accounts for the phase noise.

The analysis of the accumulation of phase noise in a dispersive environment addressed
a limitation in systems where a chain of non-phase-conjugated OPAs is used within
an optical system. In this case, the spectral broadening experienced by the signals due
to optical parametric interactions together with the chromatic dispersion of the fibre
induce an spreading in the pulse pulse that can require an increased complexity oto be
built in coherent receivers in ordre to compensate for it.

Once the accumulation of noise was modelled, the channel capacity of a channel de-
graded by these three types of noise analysed. It was shown that this capacity decreased
due to the two new additional types of noise, but they do not impose tight bounds as in
the case of the capacity limitations induced by XPM.

The last part of this chapter proposed an approximate model to account for the degra-
dation induced by photodetection schemes. This analysis showed that photodetection
does not induce a significant degradation in the AOSNR of BPSK signals but induces a
degradation of the POSNR dependent on the modulation scheme. It was also shown
that the PDP induced by coherent receivers heavily depends on the implementation of
the algorithms of phase recovery.

In summary, this chapter has theoretically proposed a framework that models the
phenomena susceptible to be present in optical communication systems. However, these
conclusions must be experimentally confirmed. The corroboration of some of these
conclusions is the subject of the following chapter.



5
Verification of Phase Noise Model

The strongest argument proves nothing so long as the conclusions are not verified by
experience

Roger Bacon

The previous chapter developed a comprehensible extension to the noise model currently
in use for the characterisation of optical communication systems. This model showed
that the current approach of assuming phase noise as an OSNR penalty [162, 189] is
not accurate and a novel model for phase noise was proposed. In this chapter, an
experimental verification of the degradation induced by phase noise that this model
addresses is presented, showing a good agreement with the theory presented previously.

One of the most important conclusions drawn from the previous chapter is the prediction
of a degradation of the phase-encoded information, the very value of which is dependent
on the detection scheme. This effect, referred to as phase detection penalty (PDP), is
experimentally confirmed by comparing the BER obtained with unbalanced differential
detection and coherent detection schemes under similar degradations of the optical
signal.

Finally, this chapter presents the characterisation of a source of phase noise not mod-
elled yet in optical systems: the pump dithering transfer (PDT). This noise source was
mentioned in Chapter 3 but, due to its non-Gaussian character, it was excluded from
the modelling performed in Chapter 4. The effects that this noise source induces on a
modulated signal are shown to be comparable to that of pump linewidth transfer (PLT)
if a proper definition of the POSNR induced by PDT is used.

5.1 Experimental Setup

The characterization of the effect of phase noise in parametric amplifiers was performed
using the experimental setup shown in Fig. 5.1. This setup implements a single-pump
FOPA based on four-wave mixing (FWM) in a highly nonlinear fibre (HNLF). The setup

83
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Figure 5.1: Experimental setup comprising erbium doped fibre amplifiers
(EDFA), a highly nonlinear fibre (HNLF) and an arrayed waveguide grating
(AWG)

comprises two lasers of 25 kHz linewidth, two EDFAs, an arrayed waveguide grating
(AWG) used for multiplexing and ASE noise removal, a HNLF, a bandpass filter and an
optical receiver. The signal laser was modulated with either a BPSK or a QPSK format at
different repetition rates and amplified to obtain a power level of 6 dBm at the input of
the HNLF. On its part, the pump laser was modulated using a phase modulator with
Vπ = 5.5V , which was driven by electrical signals generated using an arbitrary function
generator (AFG). The pump was then amplified to obtain 21.5 dBm at the input of the
HNLF. The HNLF was a 302m-long germanium-silicate strained dispersion-shifted fibre
with a nonlinear coefficient of 11.6 (W·km)−1, an averaged zero dispersion wavelength
after straining of 1555 nm and a dispersion slope of 0.018 ps/(nm2·km), providing a
stimulated Brillouin scattering (SBS) threshold of 27 dBm.

The polarisation of the signal was adjusted using a polarisation controller (PC) to
maximize the nonlinear interaction and the generated idler was filtered by a flat top
filter and demodulated using different demodulators. The characterization of the phase
noise during parametric interaction was performed by adding a phase distortion to the
pump wave using waveforms generated by the AFG. The phase distortions that these
waveforms induced in the pump wave were transferred to the amplified signals via
the nonlinear interaction degrading their quality. In this chapter, two different phase
perturbations are considered: PLT and PDT.

The implementation of the PLT was performed by implementing a laser linewidth
emulation similar to the one described in Ref [190]. This emulation is implemented by a
phase distortion in the form of a one dimensional random walk the variance of which
between two consecutive samples is related to the linewidth ∆ν of the emulated laser
as in equation (3.12). After the parametric interaction, this distortion is transferred to
the amplified signal, leading to an increased linewidth the value of which is shown in
equation (3.16).

In Ref. [190] the implementation of the linewidth emulation was performed based on a I-
Q modulator to avoid the chirp induced if the maximum displacement exceeds 2π. In this
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experiment, the algorithm was slightly modified to avoid a maximum phase excursion
larger than 2π and a phase modulator was used. The code of this implementation is
included in Appendix A. Based on this modified algorithm, several random sequences
were generated, emulating different linewidths up to a value of 87 MHz, the maximum
that could be implemented with the model of AFG used.

Once the linewidth of the pump wave was chosen, the value of the POSNR after the
parametric interaction could be obtained according to the following expression

POSNRlinew =
1

〈∆θ2〉
=

1

π (4∆νp)T
(5.1)

where ∆νp represents the linewidth of the pump wave, T the symbol time. The linewidth
of the input signal has been neglected. In this manner, by selecting random sequences
with different emulated linewidth as the drive signal of the phase modulator, different
POSNRs could be induced on the amplified signal.

Unlike PLT, PDT can be implemented in a simpler way. Since PDT is a deterministic
perturbation, the generation of sequences emulating random walks is not required in
this case, and the use of sine functions with different carrier frequencies suffices to
obtain the desired set of POSNRs. A peak-to-peak amplitude similar to the Vπ value
of the phase modulator was configured and the value of the frequency f was selected
to induce phase perturbations of different POSNR. Using this configuration, a phase
change of π in a time of 1/2f was ensured, providing a constant phase drift between
consecutive symbols of ∆θ = 2πfT , where T represents the symbol time. After the
parametric interaction, this phase drift is transferred to the amplified signal according to
equation (3.19).

In this case the relation between the dithering frequency and the POSNR is not so
straightforward as with PLT and requires an additional explanation. PDT is a determin-
istic perturbation, the main effect of which on the constellation of amplified signals is
not an increase in the variance of the phase noise of each symbol, as in the case of PLT,
but the introduction of a phase offset ∆θ between consecutive symbols. This distortion
is shown in Fig. 5.2, where the inset at the top represents the constellation without pump
dithering and the inset at the bottom represents the distorted constellation. This figure
shows that even though PDT is a deterministic perturbation, the degradation induced
on the probability of error is still stochastic due to the PDF of the additive noise.

This type of perturbation was already approximated by Gordon and Mollenauer for the
case of NPN in Ref. [101]. This publication provides an approximate expression for the
variance of a phase noise equivalent to the considered distortion. By repeating the same
procedure for this particular situation, the following approximate expression for the
POSNR induced by a dithering with frequency f is obtained
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POSNRdither ≈ 1

3

AOSNR

∆θ
=

1
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2πfT
(5.2)
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Figure 5.2: Constellation distortion induced
by pump dithering

where f represents the dithering fre-
quency and T the symbol time. This ex-
pression clearly shows that the impact of
pump dithering is related to the value of
the AOSNR of the signal. In this sense,
the dithering distorts the constellation but
the probability of error is ultimately deter-
mined by the AOSNR of the signal.

After a parametric interaction, the dither-
ing of the amplified signal increases ac-
cording to equation (3.19), this effect leads
to the following expression for the POSNR
for a two-pump FOPA,

POSNRditherOPA ≈
1

3

AOSNR

2π (fp1 + fp2)T
(5.3)

where fp1 and fp2 represent the dithering
frequency of each pump wave. This can be easily reduced to the case of a single-pump
FOPA by assuming fp1 = fp2.

Thus, both the increase in the linewidth or dithering of parametrically amplified signals
is bound to a decrease in their POSNR that, in turn, degrades their BER. In the following
sections this degradation is experimentally characterised.

5.2 Preliminary Characterisations

So far, the POSNR induced by two phase noise sources after a parametric interaction
has been proposed. The BER induced by PLT was already modelled in the previous
chapter, however the BER induced by PDT is determined by the AOSNR and has not
been modelled yet either theoretically or by simulation. In order to provide a basis for
comparison between the degradation induced by each of these noise sources, Monte-
Carlo simulations were performed assuming unbalanced and balanced differential
detection schemes. Fig. 5.3 shows a comparison of the BER degradation induced by
XPM, PDT and PLT with respect to the BER of the optical signal before the detection.
In these simulations XPM was modelled as a zero-mean Gaussian phase noise, PLT as
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Figure 5.3: Comparison of the impact of XPM, PLT and PDT using unbalanced
differential detection (left) and balanced differential detection (right)

a one-dimensional random walk and PDT as a deterministic phase perturbation of a
signal with 25 dB of AOSNR. The theoretical model developed in the previous chapter
accounts for a phase perturbation like that of XPM. PLT is shown to induce a similar
perturbation although in environments of low POSNR the performance differs. On its
part, PDT, due to its non-Gaussian nature, exhibits a higher slope than the two previous
ones.

However, a comparison in terms of frequencies is more natural and direct. If similar
values of POSNR are compared, then the resiliency of the signals to PDT and PLT can be
easily estimated. Equations (5.1) and (5.3) can be used for this purpose. This procedure
yields the following approximate relation

∆ν ≡ 3f

AOSNR
(5.4)

where ∆ν represents the linewidth of the PLT and f represents the pump dithering. This
expression shows that in an environment with high AOSNR, the value of the dithering
frequency required to induce a degradation similar to that of PLT is several orders of
magnitude higher than the pump linewidth. Thus, signals are more resilient to PDT
than to PLT.

The experimental measurements designed to confirm the findings of these simulations
need to be carefully considered to avoid an interference coming from spurious or un-
desired effects. High speed optical receivers are complex devices comprising several
subsystems, the performance of which can be degraded in the presence of phase noise,
thus leading to distortions in the measurements. In particular, several designs of clock
recovery units have been shown to be sensitive to phase noise [191, 192]. The mea-
surements taken with and without a clock recovery unit showed that, for the case of
differential detection, a negligible difference in performance was obtained.
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A characterisation in similar terms of coherent receivers was not possible. Practical im-
plementations of coherent receivers use several algorithms for polarization tracking[193,
194], carrier frequency recovery[187, 188], clock recovery[191, 192] and carrier phase
recovery[183], that prevent from a characterisation of the clock recovery unit in isolation.
Furthermore, an analytical treatment of the cross-effects of all these algorithms is not
possible, thereby restricting the analysis of the results to a mere computation of the PDP
induced by this type of receivers.

As a consequence of the sensitivity to phase noise that the mentioned algorithms exhibit,
the measurements will show that the performance of coherent receivers is far from the
negligible PDP that is predicted for an ideal coherent receivers.

5.3 Phase Noise in Differential Detection Schemes

The measurements of the dependence of the BER on the frequency of the pump dithering
were performed using the experimental setup shown in Fig. 5.1. A modulated signal
was launched into the HNLF and wavelength converted using a phase-distorted pump
wave. Then, the performance of the generated idler was assessed while its OSNR was
kept at a constant level of 25 dB. The pump wave was modulated with sine functions
of different frequencies to reduce the POSNR of the generated idler and measure the
degraded BER that was induced.

These measurements are displayed in Fig. 5.4 left and clearly show the increase of the
BER with the frequency of the pump dithering. If these measurements are displayed in
function of the POSNR (using equation 5.3), as Fig. 5.4 right shows, then the slope of the
measurements accurately follows the trend predicted by the simulations although an
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Figure 5.4: Characterization of BER vs.frequency generated by pump dithering
transfer (PDT) in BPSK signals detected by an unbalanced differential receiver
(left). Same results and comparison with simulation if equation 5.2 is used to
compute the POSNR(right)
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offset of 3 dB is exhibited. The cause of this difference requires further analysis and has
not been addressed yet at the time of writing this document.

After the characterisation of the performance of the differential receiver in the presence
of phase noise only was performed, a characterisation in environments where signals
are simultaneously degraded by PDT and ASE noise was performed.
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Figure 5.5: BER curves for different values of
pump dithering for unbalanced differential de-
tection for a 40 Gbps BPSK signal (right).

The effect of phase noise together
with ASE noise after unbalanced dif-
ferential detection was measured by
allowing a variation of the AOSNR at
the input of the differential receiver.
In this case, several BER curves were
taken for different dithering frequen-
cies and received powers. The results
of these measurements are shown in
Fig 5.5. These measurements show no
measurable error floor in the absence
of pump dithering and an error floor
that grows with the frequency of the
pump dithering. The legend provides
the dithering frequencies, configured
at the AFG, necessary to induce the
corresponding error floors in a NRZ 40 Gbps BPSK signal. This behaviour was already
predicted theoretically in section 4.2.2 (see Fig. 4.9).

5.4 Phase Noise in Coherent Detection Schemes

Once the characterization of the differential receiver was performed, similar measure-
ments were taken using a coherent receiver. The exact details of the algorithms that
the commercial receiver internally implements were unknown, thereby the coherent
receiver was considered as a black box. Unlike the differential receiver, a comparison
between the effects of PLT with respect to PDT could be performed now.

As before, the sensitivity in the presence of phase noise only was measured whilst the
OSNR was kept constant and either the frequency of the dithering or the emulated
linewidth was changed. As it has already been mentioned, both frequencies are not
directly comparable, as Fig. 5.6 left clearly shows. In this manner, the only fair com-
parison between the impact of the two types of perturbation on modulated signals is
achieved in terms of their POSNR. This comparison is shown in Fig. 5.6 right, where
the results of a NRZ 40 Gbps BPSK signal degraded by PLT and PDT and detected
by a coherent receiver are presented. A comparison between Fig. 5.6 left and Fig. 5.4
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left clearly indicate that coherent receivers are affected more severely from phase noise
than differential receivers. The exact value depends on the particular algorithms that
the coherent receiver internally implements, therefore each particular combination of
algorithms must be characterised to obtain the phase detection penalty bound to it.

The flexibility in the reconfiguration of the commercial coherent receivers allowed for
a characterisation of different bit rates and modulation formats. Equations 5.1 and 5.2
show that the symbol rate of the signal (represented in these expressions as 1/T ) is an
important parameter in the assessment of the impact of phase noise. Thus, the BER
depends not only on the frequency of the phase distortion but also on the symbol rate of
the modulated signal. This dependence entails that a signal with a higher repetition rate
would require a higher dithering or linewidth frequency to induce the same degradation
as a lower repetition rate signal would. However, the performance in terms of POSNR
remains unchanged with respect to the repetition rate, thereby inducing similar BERs.

A comparison of the BER induced on BPSK signals at different repetition rates in terms
of the POSNR was studied. BER curves of 10 and 20 Gbps BPSK signals distorted by
PLT and PDT were taken and the comparison of the performance in terms of the POSNR
of the signals was assessed. This comparison is shown in Fig. 5.7 left, verifying that the
performance in terms of POSNR is only dependent on the products ∆ν · T and ∆f · T .
This allows to use the POSNR to estimate de BER of the signals independently of their
bit rates.

Finally, a comparison between the influence of phase noise in BPSK and QPSK signals
was performed using PDT as the noise source. The results of this comparison are
displayed in Fig. 5.7 right, showing similar trends but an additional penalty of 3 dB with
respect to the POSNR for the case of the higher density constellation. This result matches
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Figure 5.6: Characterization of BER vs.frequency generated by PDT and PLT in
BPSK signals detected by a coherent receiver (left). Same results if equations 5.3
and 5.1 are used to compute the POSNR(right). Solid lines represent the BER of
the signal after differential detection, showing the larger degradation induced
by the coherent receiver
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transfer (PDT) and pump linewidth transfer (PLT) in BPSK signals at different
repetition rates (left). Comparison of BER vs. POSNR generated by PDT in
BPSK and QPSK signals at different repetition rates (right)

the predictions of the theoretical model and of the simulations of a higher sensitivity to
phase noise of high order constellation densities shown in Section 4.2.1.3 (see Fig. 4.5).

5.5 Conclusions

This chapter has presented an experimental verification of the effects that PLT and PDT
induce on phase modulated signals. This verification has confirmed that a representation
of the BER in terms of POSNR provides a framework for a proper comparison of the
influence of different phase noise sources under the theoretical formalism presented in
Chapter 4.

In addition, this chapter has presented a procedure for the characterisation of the PDP
induced during photodetection, showing that even though coherent receivers have the
potential to recover optical signals without any POSNR degradation, the use of phase
and frequency recovery algorithms as well as polarisation tracking, PMD and chromatic
compensation algorithms prevents from such a performance to be obtained and results
in a larger POSNR degradation than that of differential receivers.

Finally, this chapter has shown that the previously presented formalism for the character-
isation of phase noise is independent of both the symbol rate and the modulation format,
showing the suitability of this approach in the modelling of optical communication
systems.





6
Wavelength Conversion Experiments

To attain complete truth is not given to mortals, but to advance towards it by successive
steps is not impossible

Bertrand Russel

The last two chapters have been devoted to a theoretical analysis of the impact of
parametric processes on communication systems. This analysis has shown that, in
addition to the ASE noise generated during parametric amplification, phase noise
must be taken into account. The noise model presented in Chapter 4 describes the
requirements that the components of OPAs must meet for a successful operation in real
communication systems in terms of noise.

The present chapter explains how these requirements can be implemented and demon-
strates the feasibility of operation of OPAs in optical communication networks with the
required levels of reliability. This task is performed by implementing one of the most
useful subsystem devices in optical communication systems: an all-optical wavelength
converter (AOWC) [7].

The importance of the implementation of AOWCs lies in the avoidance of optical-
to-electronic-to-optical conversion in reconfigurable optical add-drop multiplexers
(ROADMs) and in the need to ensure a more efficient use of the spectrum in fibre
networks [195, 196]. However, despite its importance, most work reported in the litera-
ture to date has focused on optimizing certain features of WCs [197–201] at the expense
of others, rather than taking a holistic approach and ensuring that all features required
of a practical network device are considered and incorporated.

During the last few years several optical fibre wavelength conversion schemes have
been proposed based on a variety of physical processes. Some of these schemes achieve
large conversion gains based on single-pump FOPA [198, 199] at the expense of narrow
bandwidths of operation and polarisation sensitivity. Such implementations are quite
simple and are based on the availability of low dispersion highly nonlinear fibres
(HNLFs). However, this approach requires the use of a polarisation tracker and therefore
is restricted to single channel wavelength conversion.

93
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A different approach proposed the use of a dual-pump FOPA to achieve polarisation
insensitivity by means of orthogonally-polarised pump waves. This technique can
be implemented either with a polarisation diversity configuration, in which two sin-
gle pump interactions in orthogonal polarisations are performed simultaneously, or
with a configuration in which both pumps (also orthogonally polarised) interact and
provide polarisation insensitive wavelength conversion. The implementation of the
former technique in optical fibres requires polarisation maintaining fibres that induce
undesirable differential group delay (DGD) of the converted signals between the two
modes propagating in orthogonal polarisations, therefore it will not be considered in
the rest of this work.

Orthogonally-polarised dual-pump FOPA in low-birefringence fibres, where the pump
waves are placed at very close wavelengths have already been demonstrated for the im-
plementation of polarisation insensitive AOWC [200, 201]. This approach still provides
a high conversion gain and low BER degradation although the wavelength allocation
of the converted signals does not allow compatibility with the standard ITU grid and
makes the filtering of the pump waves difficult.

An alternative approach opted for a dual-pump FOPA with pump waves which were
widely spaced in wavelength [197]. This setup provided a broad operational band-
width, free of high-order mixing components at the expense of low gains. The low
conversion gain exhibited by this scheme requires pump powers typically above the
Brillouin threshold of the nonlinear fibre used, and therefore necessitates techniques to
be employed to overcome this.

Thus, the development of an AOWC capable of operation in real systems requires
to consider more aspects than the mere degradation induced by it. Developing a
scheme capable of black-box operation in a real communication network involves
establishing a trade-off between all the aforementioned features: broad bandwidth, high
gain, insensitivity to both polarization and modulation format and ease of filtering. For a
WC to be deployed in real systems, it is important that it satisfies all these requirements
simultaneously. Furthermore, all-optical wavelength conversion schemes should be able
to support multichannel operation in order to be economically viable and to improve
their practicality.

In this chapter, two AOWC schemes based on four-wave mixing (FWM) in a highly
nonlinear fibre (HNLF), pumped by two orthogonally polarized, widely frequency-
spaced beams are presented. A basic AOWC implementing a one-direction WC is firstly
presented and subsequently its extension implementing a two-direction WC is described
and demonstrated. In addition, the long term stability of the WC, the major impairment
for their implementation in real networks, is achieved through the development of a
feedback system, which corrected for slow drifts of the relative states of polarization of
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the two pumps and ensured that they remained orthogonally polarized over extended
(effectively unlimited) periods of time.

The rest of this chapter is devoted to the back-to-back characterisation of the two schemes
proposed, whereas the performance test of these WCs working in the most important
types of optical transmission networks (point-to-point, switched and spatial division
multiplexed) is presented in Chapter 8.

6.1 Basic Wavelength Converter Scheme

The task of developing a conversion scheme that meets all the requirements mentioned
whilst being compatible with standard ITU frequency grids rules out some of the
previously mentioned schemes. In this manner, single-pump FOPAs were discarded
due to their polarisation sensitivity. Among the dual-pump FOPAs, the approach
based on closely frequency-spaced pump waves was also discarded due to problems
of compatibility with the standard frequency grid. In this manner, the scheme with the
potential to meet all the requirements simultaneously is the one based on a dual-pump
FOPA with widely-space pump waves. However, in order to achieve a good performance
and exhibit all the aforementioned features simultaneously, several modifications were
performed.

Figure 6.1: Wavelength converter set-up

Fig. 6.1 shows the schematic of
the WC. It incorporates two arrayed
waveguide gratings (AWGs) to com-
bine the incoming data signals to be
converted with two orthogonally po-
larized pump beams (with linewidths
of about 100 kHz each) at the input of
the HNLF, and an output filter to al-
low simultaneous re-transmission of
only the generated idlers. The scheme
presents the following key character-
istics:

• polarization- insensitive operation with respect to the input signals, ensured by
the two orthogonally aligned pumps.

• easy filtering of the converted signals, allowed by the wavelength allocation of the
two pumps, which ensures that any polarization-sensitive mixing components are
separated with high extinction from the polarization-insensitive idlers.
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• high and flat conversion gain across the whole conversion band, guaranteed by
the use of a dual-pump FWM process in conjunction with a state-of-the-art HNLF.

• grid-aligned, black-box operation, allowed by the combination of an erbium-doped
fibre amplifier (EDFA) at the WC input, followed by an AWG.

• multi-channel operation as the system is resilient to high-order (HO) mixing
components.

Furthermore, the undesired HO mixing components that are not at the converted signal
wavelengths can be easily filtered out at the output of the system, so that new signals
can be added within the WC output bandwidth (at different wavelengths as compared
to the converted ones) without extra penalty. Indeed, the WC output can be fed to
a wavelength-selective switch (WSS) for filtering and combined with other channels,
as will be described in the following sections and in chapter 8, which is the standard
procedure used in ROADM architectures.

Figure 6.2: An example of a multi-channel non-
linear interaction, as observed at the output of
the HNLF

At the WC input, the various sig-
nals were amplified up to a total
power of 12 dBm and filtered by the
AWGs in order to remove amplified
spontaneous emission (ASE). The ini-
tial removal of ASE within the band-
width of the converted signals is criti-
cal, since without this the conversion
power penalty is increased by 5-6 dB.
The channelized filtering characteris-
tics of the AWG allow a single ampli-
fier to be used even for operation with
multiple channels. The second AWG
also facilitates filtering of the ASE of
the pumps, which were amplified so
that the power of each of them was 21.5 dBm at the HNLF input. It is to be noted
that while the use of the first AWG is not needed for single channel operation, it is
essential for multi-channel operation. Therefore, it has been included in the various
measurements presented in this chapter, to emphasize the flexibility of the scheme.

The 302m-long HNLF used was a germanium-silicate dispersion- shifted strained fibre
with a nonlinear coefficient of 11.6 (W·km)−1, a dispersion slope of 0.018 ps/(nm2·km)
and an average zero-dispersion wavelength (after straining) of 1555 nm. The strain gra-
dient was applied along the HNLF to broaden the Brillouin gain bandwidth and reduce
its peak gain, thereby increasing its stimulated Brillouin scattering (SBS) threshold to
27 dBm [202]. Finally, the (flat-top) coarse output filter was tuned to cover the entire
output bandwidth.
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Figure 6.3: Characterization of the conversion
efficiencies at the output of the HNLF for the
three different types of idlers as a function of the
wavelength of the signals

Significant performance degradation
due to FWM-induced pump deple-
tion in the HNLF was avoided by
keeping the EDFA used for the am-
plification of the input signals in auto-
matic power control (APC) mode. In
this mode, the overall output power
of the EDFA remained constant, so
that a pump-to-signal(s) ratio of at
least 15 dB was maintained at the in-
put of the HNLF.

An example of a typical nonlinear in-
teraction for a mixed signal scenario
(one OOK, one BPSK and one QPSK
signal) is shown in Fig. 6.2, where
the optical spectrum at the output
of the HNLF is plotted. Due to the
equal spacing between the input sig-
nals some of the higher order (HO) mixing components were generated at the same
frequencies as the output signals. Nevertheless, if all the input channels have similar
input powers, the level of cross-talk from these components can be kept below 20 dB,
causing negligible signal degradation in multi-channel operation.
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Figure 6.4: Wavelength converted signal output
power as a function of the signal input power at
the EDFA input for various input signal wave-
lengths. Only one signal is considered at a time

The bandwidth of the WC was ulti-
mately determined by the bandwidth
of the AWGs. This band of wave-
lengths where the converted signals
could be allocated, was about half the
spacing between the two pumps and
could easily be tuned by reconfigur-
ing the connections of the AWG in-
put ports for the pump beams. For
this characterization, the two pumps
were set at 1562.23 nm (191.90 THz)
and 1550.12 nm (193.30 THz), and the
input channels were tuned between
1559.79 nm (192.2 THz) and 1556.55
nm (192.60 THz). A 1-nm guard band
was used around the pump wave-
lengths to facilitate filtering of the idlers.



98 6 Wavelength Conversion Experiments

In general, a dual-pump parametric interaction can generate three distinct first-order
FWM processes referred to as: phase conjugation (PC), Up-Conversion (UC) and Down-
Conversion (DC) [62]. Figure 6.3 reports the characterization of these FWM interactions
in the HNLF in terms of relative power of the wavelength converted signals as a function
of the signal wavelength. The normalized signal power at the input of the HNLF is also
shown for completeness. The figure shows a flat conversion gain (1 dB gain fluctuation)
for the PC process. In contrast, the gain of the UC and DC processes depend strongly on
the signal wavelength and exhibit a variation of more than 6 dB within the conversion
band studied, due to the fact that phase matching plays a critical role in these interactions.
On the other hand, the frequencies of the PC idlers are complex conjugated with respect
to the input, whereas the UC and DC processes do not conjugate the input. Phase
conjugation of the idlers does not constrain reception of any single-channel modulation
format, although it does prevent transparent wavelength conversion of multicarrier
modulation formats (since the subcarrier allocation is inverted during the parametric
interaction), being chosen as output signals due to their constant conversion gain across
the signal bandwidth rendering them suitable for multi-channel operation.

Figure 6.5: BER curves and constellation dia-
grams for the original (full circles) and wave-
length converted (empty circles) 10 Gbd 16-
QAM signal

The wavelength converted output
power of the whole black-box WC
system (which includes the EDFA,
two AWGs, the HNLF and the out-
put filter) was subsequently charac-
terised for the PC idlers as a func-
tion of the input signal power. This
measurement was repeated for sev-
eral input signal wavelengths (Fig.
6.4, note that for this experiment the
wavelength allocation differed from
Fig. 6.3). Since the EDFA operated
in APC mode and as long as the op-
eration was performed in the small
signal regime, the signal power at the
input of the HNLF changed in step
with the power at the input of the WC
system. Then two different regimes
could be identified in the operation of the WC, which in turn were mainly dependent
on the EDFA operation: (i) a linear output power regime (constant gain regime), corre-
sponding to input signal powers for which the EDFA operated in a linear fashion and
(ii) a constant output power regime, corresponding to input signal powers for which
the EDFA operated in gain saturation. In the first operating regime, the power of the
wavelength converted signals varied as a function of the input signal wavelength by
2 dB, mainly due to the non-uniform gain of the EDFA across these wavelengths. The
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small power variations (less than 0.5 dB) observed in the second operating regime, were
due to non-uniformities in the insertion loss of the various ports of the AWGs, which
were later shown to have a negligible effect on the system performance. It is worth
emphasizing again that the pump-to-signal ratio was at least 15dB for all the various
input signal powers, so that significant performance degradation due to FWM-induced
pump depletion in the HNLF was avoided. In all the subsequent experiments the input
power of the various signals was configured so that the WC operated in the constant
output power regime and yielded a conversion gain of +1 dB.

As shown in Fig. 6.1, the polarisation alignment of the two pump waves was performed
manually by adjusting their corresponding polarisation controllers (PCs), monitoring
and minimising their mutual nonlinear interaction using an optical spectrum analyser.
The polarization sensitivity achieved by this method was characterized with a slowly
varying polarization scrambler (polarization modulation frequency of about 1kHz)
connected at the input of the WC and the response to a continuous wave (CW) signal
was monitored on a digital scope. Measurements were carried out over hundreds of
seconds and showed a peak-to-peak PDL of 0.64 dB.

Finally, the conversion penalty of the WC for different signal modulation formats (OOK,
BPSK, QPSK and 16-QAM), repetition rates (10 to 40 Gbd), polarisation multiplexing
schemes and various wavelengths was measured. The WC showed similar performance
in the cases of OOK, BPSK and QPSK with a power penalty at the receiver below 2.0
dB (at a bit error ratio (BER) of 10−5) and a power penalty of 2.5 dB for the case of
16-QAM modulation formats. An example of the BER curves as a function of the optical
signal-to-noise-ratio (OSNR) obtained for the original (back-to-back) and wavelength
converted 10 Gbd 16-QAM signal at 1557.36 nm is displayed in Fig. 6.5, together with
the corresponding constellation diagrams.

6.1.1 Performance Limiting Factors

Once the initial scheme proved to meet all the aforementioned requirements simul-
taneously and showed potential for practical applications, an analysis of the sources
of degradation induced by the WC was performed with the aim of finding the best
operating point possible. The WC was used in network experiments (Chapter 8) and this
task was performed to understand how an optimised performance could be achieved.
This analysis was based on the minimisation of the BER degradation while keeping the
rest of the features of the WC (polarisation sensitivity, conversion gain, etc) as close to
the original performance as possible.

As was mentioned in Chapter 3, the most important source of amplitude noise in OPAs
is the ASE pump noise generated during the amplification of the pump wave(s) and
the main sources of phase noise after a parametric interaction are mainly four: pump
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linewidth transfer (PLT), pump dithering transfer (PDT), cross-phase modulation (XPM)
and nonlinear phase noise (NPN). In this particular case, the use of any pump dithering
technique was avoided through the use of an HNLF with a high SBS threshold.

In this manner, the most straightforward performance benefit could originate from a
replacement of the 100 GHz AWG for a 50 GHz one, provided that the attenuation of the
two AWGs is similar. This replacement would allow the transfer of a smaller amount
of out-of-band noise by reducing the total ASE noise of the pumps at the input of the
HNLF. This modification would reduce the OSNR penalty induced by additive noise
but not by phase noise.

The effects of phase noise are manifested by the additional BER degradation induced
during the conversion of the 16-QAM signals. This additional penalty is modulation-
dependent, and is not present in either BPSK or QPSK signal. Chapters 4 and 5 showed
that the type of noise that induces this degradation is phase noise. Thus an analysis of
the phase noise generated by this wavelength conversion scheme could allow an insight
on possible routes for the optimisation of the system.

Regarding the PLT, after the dual-pump parametric interaction, the linewidth of the
amplified signal at the output increases by a value of about 200 kHz (see equation (3.16)),
that corresponds to the sum of the linewidths of the pump waves. For the measured
case of 10 GBd signals this output linewidth induces a POSNR of 42 dB (see equation
(4.5)). Taking into account the conclusions of the previous chapters, that show that the
POSNR should be higher than 25 dB in order not to observe a BER degradation on a
16-QAM signal (see section 4.2.1.3), this result ensures that there was no measurable
degradation coming from PLT regardless of the detection scheme used.
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Figure 6.6: OSNR penalty as a function of the power per pump wave (left) and
conversion gain as a function of the power per pump wave (right)

Thus, the additional degradation exhibited for 16-QAM conversions arises from XPM
and NPN that are complex to model analytically in the case of parametric amplifica-
tion. However, since XPM and NPN are dependent both on the signal power and the
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pump power, their impact can be experimentally characterised by measuring the BER
degradation induced at different pump powers.

In this sense, BER curves were taken at the input and the output of the WC for different
pump powers and the OSNR penalty induced by the WC was measured for each pair
of curves at a BER of 10−6. This degradation was due to two noise sources: ASE noise
generated by the pump amplification, that remained approximately constant in the range
of pump powers studied, and XPM/NPN that was shown to vary with pump power.
Fig. 6.6(left) shows the OSNR penalty as a function of the power per pump wave for
BPSK, QPSK and 16-QAM modulation formats. The different slope in the degradation
that the 16-QAM signal exhibits is attributed to the amplitude noise-to-phase noise
conversion induced by the nonlinearity of the HNLF (NPN) and it is shown to increase
linearly with pump power.

Parametric processes are extremely complicated to optimize with respect to XPM and
NPN, because any modification in the pump power also impacts on the gain of the
device. In this particular case, the scheme was much more sensitive to gain variations
than to the NPN/XPM variations induced by the different pump powers. Fig. 6.6 shows
that the gain undergoes a variation of 6 dB if pump powers are decreased by 4 dB
whereas the OSNR penalty only decreases by 0.6 dB at a BER of 10−6. However, this
gain decrease must be compensated for using amplification that in turn will degrade the
OSNR of the signal by more than 0.6 dB.

In this manner, the optimisation of the influence of the phase noise reduces to a trade-off
between the reduction of the OSNR penalty induced by NPN/XPM and the increased
OSNR penalty induced by the increased gain required in subsequent stages of amplifica-
tion to compensate for the gain reduction in the WC. The systems experiments showed
that the operation range with minimum degradation for this wavelength conversion
scheme was achieved when the pump powers were in the range 20.5 – 21.5 dBm.

6.2 Bidirectional Wavelength Converter

The scheme previously implemented was modified by developing a more cost-effective
solution based on the bidirectional use of parametric wavelength conversion in a HNLF.
This configuration achieves an economy of components by allowing the use of the HNLF
in both directions and the sharing of pump sources while offering the functionality of
two independent wavelength converters. The choice of the frequency of the pump
waves was independent for each direction, allowing the use of two shared pumps, one
shared pump and two independent pump sources or four independent pump sources,
thus facilitating considerable flexibility in the configuration of the system.
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Figure 6.7: Scheme for bidirectional implemen-
tation of a wavelength converter

Fig. 6.7 shows the schematic of a bi-
directional WC with three pump waves
[8]. This scheme, relying on the pre-
vious design, exhibited a performance
very similar to the one-directional de-
sign although some physical features
that were unimportant in the one-
direction WC should now be accounted
for. As before, this scheme also multi-
plexes the waves into the HNLF using
two 100-GHz grid AWGs that, in this
case, allowed at the same time the rejec-
tion of the out-of-band ASE noise gen-
erated during pump and signal ampli-
fications and eased the filtering of the
converted signals. The discrimination
between input and output signals was
achieved by placing circulators in front of the ports of the AWG, which provided an
isolation of 45 dB, albeit at the expense of a small decrease in the conversion gain. The
operating bandwidth of the converter, as well as the number of channels that it can
support, are eventually determined by the characteristics of the AWGs. In principle, the
AWGs could be replaced with wavelength selective switches (WSSs), in order to support
full flexibility with respect to the input and output wavelength allocation.

An example of the nonlinear interaction observed in the bi-directional wavelength
converter is shown in the left of Fig. 6.8. The figure shows only small differences between
the gain achieved in the two directions, that come from unavoidable unequal phase
matching conditions related to the different pump wave allocation in each direction and
from small differences in the pump power for each direction. In this particular example,

Pumps

Input

Idlers

E-W
W-E

Pumps

Signals

Idlers

HO mixing

Figure 6.8: Comparison of nonlinear interaction for both directions (left) and
comparison between single- and multi-channel in one-direction operation (right)
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Figure 6.9: BER degradation induced by the bidirectional WC on a 10 Gbd BPSK
(left) and on a 10 Gbd 16-QAM (right)

the generated idlers lay at different frequencies and an OSNR in excess of 30 dB was
achieved for the three signals.

The main source of additional degradation in a bi-directional WC comes from Rayleigh
back-scattering (RBS), which compromises the OSNR of the shared pump. The measured
level of RBS in our implementation was 30 dB below the original signals and its only
effective limitation was the restriction in the use of the pump wavelengths for signal
allocation in the opposite direction.

Multichannel operation was tested showing that the factor limiting the performance in
this case comes from high-order FWM mixing products, which were 20 dB below the
level of the converted signals. This is shown in the right of Fig. 6.8, where the spectra
of the nonlinear interactions in both single- and multi-channel operation are displayed.
These spectra show that, if high order mixing is avoided by choosing a suitable allocation
for the pump waves, the performance of the bidirectional WC exhibits no additional
degradation in multi-channel operation with respect to the single-channel case.

The BER degradation induced by this bidirectional WC was also assessed for different
modulation formats at 10 Gbd. Fig. 6.9 shows the degradation induced by this WC
on BPSK (left) and 16-QAM (right) modulation formats. The OSNR penalty induced
by it showed to be similar to the one-direction scheme with minor differences for each
direction. The BER degradation induced by this scheme for different modulation formats,
bit rates and polarisation multiplexing schemes is presented in Chapter 8, where network
experiments based on this WC are discussed.
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6.3 Automatic Pump Polarisation Alignment

As mentioned earlier, during the aforementioned tests the polarization adjustment
of the two pumps was performed and maintained manually using the polarization
controllers depicted in Fig. 6.1 and 6.7. This alignment was susceptible to vary with
time due to the slow and random polarization drifts induced by temperature changes
and mechanical vibrations [56, 203, 204], making it an impractical solution for real
communication networks. This motivated the analysis and development of an automatic
pump-alignment stabilization mechanism that is reported in this section.

In order to overcome the polarization sensitivity of FWM-based schemes, several ap-
proaches have been reported in the literature. For example, the large polarization
dependent gain (PDG) of single-pump FWM schemes in low-birefringence HNLFs can
be compensated for through the use of polarization tracking devices to dynamically
align the polarization of the input signals to that of the pump. However, in multi-channel
operation, even if a polarization tracker was to be used for each channel (with significant
implications for the overall system cost) the dependence of birefringence with respect to
the wavelength might lead to different conversion gains for each input signal, thereby
reducing its potential functionality.

On the other hand, if a high-birefringence HNLF was to be used in a single-pump
FWM approach to allow polarization insensitive operation of the parametric process,
the differential group delay (DGD) effects induced on the converted signal(s) would
restrict its practical implementation in high-speed systems [205].

In a dual-pump FWM scheme, such as the one considered in this work, where orthogonally-
polarized pumps are employed to ensure operation that is insensitive to the signal
polarization, the difficulty lies in maintaining the pump orthogonality at the input over
time and along the length of the HNLF [197, 203]. Thus, the outcome of the wavelength
conversion is determined by averaging all the possible relative alignments of the pumps
during the propagation in the HNLF, assuming that the polarization of each pump can
follow a three-dimensional random walk over the Poincaré sphere [56]. Note that this
evolution can vary in time due to drifts in environmental factors, such as temperature,
strain and acoustic perturbations.

In order to overcome this limitation, the implementation of Fig.6.1 was modified to in-
clude a feedback circuit that monitored just the performance of the nonlinear interaction
between the two pumps in the HNLF without interfering with either of the original or
the converted signals. The feedback circuit then dynamically readjusted the polarization
of one of the pumps to maintain the desired performance over time.

Since a low-birefringence HNLF was considered (with a PMD of 0.58 ps·km−0.5), each
pump did not have to be aligned to a preferred fibre polarization axis and only the rela-
tive polarization alignment between the two pumps had to be controlled and adjusted.



6 Wavelength Conversion Experiments 105

Figure 6.10: Degenerate nonlinear pump interaction for a random (left) and
optimum (right) alignment of the pumps

The average power of the degenerate idlers generated by the nonlinear interaction in
the HNLF between the two pumps was monitored at the output of the fibre. Then
the feedback circuit targeted minimization of the sum of the average powers of the
two idlers, which would imply that the length over which the two pump waves were
cross-polarized inside the HNLF was maximized. Examples of this nonlinear interaction,
when no signals were launched in the HNLF, are displayed in Fig. 6.10 for two different
(relative) states of polarization of the two pumps.

Figure 6.11: Modifications performed in the
wavelength converter scheme to provide polar-
ization stability. PD: photodiode

The required modifications on the
WC scheme are shown in Fig. 6.11
(which should be compared to Fig.
6.1). The modified system com-
prised a polarization tracker, a dual-
frequency optical filter, a slow photo-
diode and a transimpedance ampli-
fier. 1% of the power at the HNLF
output was tapped off and filtered by
a dual-frequency square-like filter of
0.1-nm bandwidth for each peak, al-
lowing only the two idlers generated
from the pump-to-pump interaction
to go through. It is worth mentioning
that it was observed that filtering and minimizing the power of only one of the idlers
would not lead to the desired alignment between the two pumps. The filtered signal
was then detected using the photodetector and the corresponding electrical signal was
subsequently amplified by a transimpedance amplifier and used as a feedback signal
into the polarization tracker.

Unfortunately, the commercial polarization tracker that was available at the time of our
experiments restricted the maximum optical power allowed at its input to only 20 dBm,
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Figure 6.12: Experimental characterization of the pump alignment system:
response time after switching on the automatic feedback (left) and BER curves
in function of time in absence (right - black solid line) and presence (right - red
dashed line) of the automatic feedback system

thereby preventing to launch the same pump power to the HNLF as before (now only
16.5 dBm per pump was used at the input of the fibre, as opposed to 21.5 dBm in the
experiments reported in previous sections). Therefore, the conversion gain obtained at
the output of the system was compromised in this instance by 8 dB. (Inverting the order
between the EDFA and the polarization tracker in the path of Pump2 in the setup of
Fig. 6.11 would not solve the problem due to the residual PDG of the amplifier used.
Indeed, in that configuration the polarization tracker would tend to align the pump
polarization to the polarization axis that yielded minimum gain in the EDFA rather
than to the polarization that would be orthogonal to the second pump). This restriction
prevented from the implementation of this functionality during the experiments that
will be presented in Chapter 8.

The best polarization tracker settings were found to be a fixed step size of 1º on the
Poincaré sphere and an averaging over 15 samples to effectively reduce the noise
bandwidth. The bandwidth of the polarization tracker (without averaging) was 500
kHz, so that any possible polarization drift could be easily followed with inexpensive
discrete elements.

The performance of the feedback circuit was assessed in terms of (a) the response time
required to lock to the desired polarization alignment and (b) the stability in maintaining
the correct pump polarization alignment when operating the WC. The left of Fig. 6.12
shows the switch-on time of the feedback circuit. The pumps were initially co-polarized
(representing the worst-case scenario) corresponding to a maximum PD current. The
figure shows a response time of 3.5 milliseconds, indicating the time required by the
system to find the desired alignment between the pumps. This time scale is much faster
than any polarization drift induced by temperature changes and mechanical vibrations
to any of the system components.
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Fig. 6.12(right) shows the performance of the WC in terms of BER as a function of time
(over a period of 150 minutes) when the automatic polarization alignment circuit was
either used (red dashed curve) or not (black solid curve). For this characterization a 10
Gb/s NRZ OOK signal was used at the input of the WC. Note that when the automatic
feedback circuit was not in use, the polarizations of the two pumps in the WC were
initially optimized manually using the polarization controllers shown in Fig. 6.1. In
contrast, the system was allowed to find the optimum operating point automatically
in the case when the feedback system was in place. As can be seen, in the absence of
the automatic alignment system the performance of the converted signal slowly and
randomly degraded. Conversely, error-free operation (BER < 10−9) was continuously
maintained throughout the time that the feedback system was operational.

6.4 Conclusions

In this chapter, and based on the features of parametric processes explained in Chapter 2,
two wavelength conversion schemes have been proposed and characterised. The good
performance achieved in all the relevant features for optical communication systems
allows their use in commercial networks with the required degree of reliability.

The noise model proposed in Chapters 3 and 4 allowed for an experimental analysis
of the contributions of each noise source to the total BER degradation induced by both
schemes. This study made possible an optimisation of the performance of these devices
for their operation in real systems.

In addition, the robustness, the turn-key operation and the black-box configuration
exhibited by these WCs allows their use both in current and future networks, where
the growing degree of complexity requires an abstraction from the underlying physical
processes and makes possible the use of the functional approaches commonly applied
in system design.





7
Spatial Division Multiplexing Experiments

Success consists of going from failure to failure without loss of enthusiasm
Winston Churchill

The previous chapter presented and characterised two implementations of wavelength
converters capable of operating in wavelength division multiplexed (WDM) systems.
Currently, while WDM networking still represents the widely adopted standard in high
capacity optical communications, current trends address a network evolution towards a
new generation of transmission systems, the spatial division multiplexed (SDM) systems.
An element of work in this project has related to the implementation of novel concepts
for SDM systems, as well as some of the network operations that can benefit such
systems.

SDM systems exhibit different features than WDM alone, that are necessary to under-
stand in order to implement SDM components or adapt WDM ones to SDM networks.
Thus this chapter is devoted to an analysis of the different proposed implementations of
SDM networking and the characterisation of one of them, the multi-element fibre (MEF)
technology. Thus the work presented in this chapter serves as a base for the wavelength
conversion experiments that are presented in Chapter 8.

7.1 Aim of Spatial Division Multiplexing

As was already mentioned in the introductory chapter, the present annual growth rate
of Internet traffic, close to 30%, and the saturation of the capacity optical fibres in the
near future may lead to a turning point in the trend of a ever decreasing cost-per-bit due
to the large numbers of fibres and wavelength division multiplexing (WDM) systems
required in order to accommodate it.

Spurred by this realisation, SDM has been proposed as a way of improving both the cost
and power efficiency of current optical networks by grouping parallel WDM systems
into SDM systems with more favourable economics. This term is a blurred concept that
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encompasses different points of view and that is necessary to clarify if the aim is one of
adopting the most efficient way forward.

From the point of view of pure research, favourable economics mainly involves the
decrease in the cost and power consumption. A large number of publications have
discussed the benefits of its adoption [39, 206–208]. This perspective, even though it is
very important, is not the only criterion to judge the suitability of an implementation of
SDM as a solution.

From the perspective of the Internet Service Providers (ISPs), whose transmission sys-
tems usually require lifetimes between 10 and 25 years [209], it is necessary to provide
compatibility with the already deployed fibres in order to exploit those existing resources
as efficiently as possible. The high cost of a nationwide deployment indicates a difficulty
in the adoption of metro or long-haul solutions that are not compatible with standard
single mode fibres (SSMFs).

From the perspective of the operation and maintenance, a solution as simple and similar
to WDM as possible is desirable. The cost of training the network operators and the
long restoration times associated to complex solutions would lead to higher penalties
due to breaching of the service level agreements (SLAs) signed with the customers.

The concept of cost saving coming from component sharing is very attractive but its
impact in network operation, and therefore in maintenance costs, could be prohibitive
in terms of compliance with SLAs. When a component shared among of all the spatial
channels (i.e. the power supply) fails, then all the channels will be affected but, some-
what surprisingly, a failure of a component dedicated to a single spatial channel (i.e.
the laser of one channel) can also affect all of the spatial channels even if their own
dedicated components are not damaged. This is because of the integrated nature of
some components that enforces the replacement of the whole module in which they
are installed. In this sense, the dedicated components should allow hot replacement.
This term refers to the capability of replacing parts of subcomponents within a module
without the necessity of turning it off.

From the perspective of technical implementation, an SDM network must provide
similar performance as N WDM systems in parallel. Such performance entails an
exponential increase in the reliability of SDM components as the number of parallel
systems increases. Standard processes for the characterisation and improvement of
component and system reliability [210] clearly show the relation between an increasing
complexity and a decreasing reliability, which highlights the extreme importance of
the simplicity of a solution for its practical implementation to be considered. This is
particularly important in submarine links where only one traffic cut is permitted due to
component failures in every 25 years [211].
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From the point of view of system performance, the main difference between WDM
and SDM networks is the presence of crosstalk between spatial channels. If the aim of
SDM is that of providing the same functionality as WDM, crosstalk must be kept under
control or compensated for when the crosstalk levels are above 25 dB [212]. In practice,
spatial crosstalk predominantly comes from two different sources: the inherent coupling
between spatial modes and the coupling at the fibre and device interconnections –
especially at splice points. Both sources of crosstalk are related to the optical part of the
transmission link and must be addressed.

The importance of the crosstalk induced by splices depends on the reach of the system.
In this manner, the crosstalk can be neglected in intra-data centre systems where the
reach is approximately ∼ 1 km. In these systems, the number of splices that the signal
goes through is very small (usually < 5), thereby their effects are negligible. However,
crosstalk must be unavoidably taken into account in metro and long-haul systems, where
the reach is in the order of hundreds or thousands of kilometres and the distance between
splices ranges between 1 km and 4 km. The compensation of crosstalk largely increases
the complexity of the solution compromising its potential reliability and increasing its
costs. Therefore keeping crosstalk under control is a key consideration for an efficient
SDM implementation.

All these points, although of different relative importance, must be considered during
the implementation of SDM networks. Accounting for all of them simultaneously makes
this implementation very challenging. A decision on whether an SDM will ultimately
be adopted or not will eventually depend on how successfully this system addresses
these considerations.

7.2 Implementations of SDM

As of today there exist three main implementations of SDM, based on multi-core fibres
(MCFs), multi-mode fibres (MMFs) and multi-element fibres (MEFs). These three fibre
geometries are shown in Fig. 7.1, and exhibit very different layouts. The physical
properties of these fibres are responsible for the advantages and drawbacks of each
implementation, thus a quick review of the features of each type of fibres is of interest.

7.2.1 Multi-core Fibres

MCFs [36, 213, 214] allow transmission in parallel through a fibre with several cores.
Therefore an increase in the number of parallel channels is achieved by increasing the
number of cores. Mechanical constraints in the fibre fabrication limit the maximum
outer diameter (OD) of MCFs to around 225µm [215]. Above that limit, the robustness
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Figure 7.1: Fibre geometries of the current implementation of SDM

of the fibre decreases, making it unsuitable for deployment. This feature limits, in
turn, the maximum effective core number to 13 [215]. At such large core numbers the
distance between cores is such that the crosstalk seriously limits system performance.
In addition, the access to individual cores requires either special bundles [213] or laser-
written couplers [216] and the splices give rise to additional crosstalk between the cores.
However, the development of spatially multiplexed lasers and photodetectors [217] can
avoid the use of these multiplexers and simultaneously decrease the tens of thousands
of connectors that data-centres require for operation [218].

MCF amplification has been demonstrated both in core-[219] and cladding-pumped
[220] configurations. Core-pumped MCF amplifiers exhibit gains in the range 24-27 dB
with noise figures (NF) ranging between 3-6 dB in the C-band, whereas the reported
gain of cladding-pumped MCF amplifiers is in the range 15-20 dB with a NF ranging
4-8 dB in the L-band.

So far, MCFs have shown the record transmission capacity, overcoming the barrier
of Petabit/s transmission [221], over distances of around 50 km. This demonstration
required the use of a low-crosstalk MCF to decrease the coupling between the spatial
channels and can be considered as being very close to the capacity limit that this fibre
geometry can provide.

7.2.2 Multi-mode Fibres

MMFs [222] allow transmission in parallel through different propagation modes. The
inherent mode coupling must be compensated for in order to avoid crosstalk. In intra-
data centre or short reach systems, mode coupling does not impose any limit to the
system capacity because it can be compensated for electronically through multiple-input
multiple-output (MIMO) processing. However, the transmission in long haul optical
communication systems will work in the strong coupling regime [223], thereby pushing
the complexity of the digital signal processing (DSP) circuit and increasing the number of
required input/output ports to levels that can make the whole system implementation
unviable. The use of MIMO reduces both cost- and power-efficiency, and practical
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implementations will become further complicated by the adoption of Flexigrid spectrum
allocation [224] and the subsequent increase in the number of wavelengths per system.
Moreover, since MIMO requires access to all the spatial channels to successfully decouple
the information channels, it constrains the flexibility of the network by restricting
switching in the spatial dimensions [39].

Conversely to MCFs, where the maximum number of effective spatial elements is limited
by the outer diameter (OD) of the fibre, MMFs do not suffer from such restrictions.
However the attenuation of the modes grows exponentially with the order of the mode
[225], and since all supported modes must be used for MIMO to work properly, the
effective range of MMF systems is that of the most lossy mode, leading to the need for
more frequent electrical regeneration as the number of modes grows. Moreover, the
complexity of MIMO processing also increases rapidly with the number of modes. In
addition, the requirement of phase plates [226] or a photonic lantern [227] for coupling
to/from the individual fibre modes poses an additional practical implication.

MMF amplification has already been demonstrated [228] for a three-mode amplifier.
The main difference of these amplifiers with respect to their MCF counterparts is the
addition of mode dependent loss and gain (MDL) that cannot be fully compensated for
with MIMO processing and imposes a constraint to the capacity limits of MDM systems
[223].

MMF-based transmission demonstrations [222] have not reached the levels of single
mode ones [229] but it is expected to comfortably exceed this capacity in the near future.
These demonstrations reached 73.7 Tb/s transmission over three fibre modes and offline
MIMO processing. Different MMF-based demonstrations have shown transmission
over five fibre modes [230] and a further increase in the number of modes is expected.
However, the development of MIMO processing for these implementations is lagging
behind due to the complexity and difficulty of its implementation. In this situation, it is
conceivable that the capacity limits that this fibre geometry can provide are constrained
by the electrical signal processing.

7.2.3 Multi-element Fibres

Figure 7.2: Different types of MEF imple-
mentations: passive MEF (left) and erbium
doped MEF (right)

An MEF consists of a bundle of single-
mode fibre-elements drawn together in
a common polymer coating, each ele-
ment comprising an independent core and
cladding. The use of the polymer coating
makes the reduction in the size of the fi-
bre elements with respect to SSMF possi-
ble, offering the prospect of reducing the
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micro-bending losses relative to individual fibres of the same size. At the same time,
the in-situ bundling process of MEF fabrication eliminates the need for a two-stage
fabrication process that is required for ex-situ bundling of SSMF, and has the advantage
of being more compact than an equivalent ex-situ fibre bundle (albeit not as compact as
an MCF).

The distance between the fibre-elements of MEFs must be accurately controlled during
the manufacturing process in order to obtain the required level of robustness necessary
for deployment in optical transmission systems and without introducing any additional
losses. The optimum spacing for a transmission fibre is achieved when the elements
are very close, but not in physical contact. An example of this case is shown on the left
inset of Fig. 7.2 [231, 232]. The attenuation and dispersion characteristics of MEFs have
been observed to be similar to those of a SSMF drawn from the same starting preform
[232]. MEFs exhibit crosstalk levels under 100 dB between the various elements and full
compatibility with standard WDM components [3, 233].

The fibre geometry provides easy access to the individual elements simply by removing
the common coating. In this manner, each element can be spliced individually with
standard splicers to provide crosstalk-free connections. In addition, the connection to
standard WDM components can be performed by splicing standard single mode fibre
pigtails at each end of the elements, avoiding the need for the development of custom
fan-in/fan-out devices.

MEFs can overcome the 225µm OD limitation exhibited by MCFs. However, the maxi-
mum OD that this geometry allows with any measurable loss of robustness is currently
unknown. In the same manner, MEF has the potential to reduce the microbending
losses induced by the use of elements of very small diameters. Similarly, the minimum
diameter achievable free of microbending is also unknown. Therefore, currently it is
not possible to estimate the maximum number of elements that can be implemented
through MEF technology. So far, the most dense MEF manufactured consisted of a seven
80µm elements for a total OD of 300mm with a robustness similar to that of a SSMF.

MEF technology lends itself directly to the implementation of SDM amplifiers. If the
fibre-elements are made to touch one another, a cladding-pumped multi-element erbium
doped fibre amplifier (ME-EDFA) can be manufactured [234]. This design is similar
to the GT-Wave concept used in high power fibre lasers [38]. By making the central
fibre-element without a core, a pump source can be coupled into the ME-EDFA and the
pump light diffuses into the erbium-doped fibre-elements (see right inset of Fig. 7.2).
Since the geometry of the elements is similar to the transmission MEF, ME-EDFAs show
no measurable crosstalk between elements [231]. Since a single multimode pump diode
is shared among all of the elements, this pumping scheme exhibits a cost efficiency that
together with the absence of any crosstalk between elements, makes MEF amplifiers a
cost effective SDM technology.
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MEFs were pioneered at the University of Southampton, and the first amplified trans-
mission experiments using this technology were demonstrated within this project. The
following section reports this work, and highlights how MEF transmission and amplifi-
cation technology lends itself to a soft upgrade of SSMF systems.

7.3 Transmission Experiments

Impressive demonstrations have been presented in the last few years demonstrating the
high transmission capacities that are enabled by the use of SDM based on either multi-
core [213] or multi-mode [222] technologies. However, so far upgrade experiments have
been restricted to basic demonstrations with point-to-point transmission links [235].

The most widespread conviction is that the deployment of SDM systems will start by
migrating congested WDM spans to SDM ones [235, 236]. Nonetheless, this approach
is hard to be adopted due to both the lack of benefits and the risks that it entails.
Such upgrades have historically been chiefly performed in systems going from single-
wavelength systems, like SONET or SDH, to multi-wavelength systems, like CWDM or
DWDM. Under such circumstances, the upgrade has been beneficial because it enables
a more efficient use of the optical spectrum. On the contrary, an upgrade from WDM to
SDM, since it requires the deployment of a new transmission fibre, does not represent a
more efficient use of existing resources and the upgrade becomes simply a swap. In this
manner the WDM-to-SDM upgrade would involve all the risks and costs of a swap but
would not provide the benefits of an upgrade.

A more realistic type of upgrade scenario is that of a hybrid deployment comprising both
SSMFs and SDM fibres. This scenario, that demonstrates the capabilities and benefits
to be had from SDM networking, was demonstrated in the context of the Photonic
Hyperhighway Project [3]. The experimental setup of this demonstration is shown in
Fig. 7.3. The transmitter consisted of 29 channels in the range between 1535 and 1562
nm, modulated using a 231-1 10Gbit/s NRZ OOK pseudorandom bit sequence. The
transmission lines comprised (a) a cascade of two 3-element MEFs of respective lengths
of 3.07 km and 9.5 km with an attenuation of 0.5 dB/km and (b) a WDM 400 km installed
dark fibre link (part of UK’s AURORA network). The MEFs were cascaded using SSMF

Figure 7.3: Fibre geometries of the current implementation of SDM
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connectors that were spliced to each element of the MEF using standard splicers. A
4-element ME-EDFA was used at the output of the transmission line, such that the three
elements of the MEF were connected to three of the input ports of the ME-EDFA, the
fourth port of which was connected to the dark fibre link.

Between the output of the MEF and the input of the ME-EDFA, three manual variable
optical attenuators (MVOA) were installed to fully compensate for the gain of the
ME-EDFA. It is to be noted that the power of the spatial channels in the system was
adjusted individually, allowing the compensation for either small differences between
the elements of the MEF generated during the fabrication process or reconfigurations
due to inhomogeneous degradation over time.
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Figure 7.4: Gain and noise figure of the ME-
EDFA

The 4-m long ME-EDFA actually com-
prised 5 individual elements, as shown
in the right of Fig. 7.2. The central ele-
ment was used to propagate the pump
while the cores of the remaining four were
co-doped with erbium and ytterbium and
acted as the active fibres [234]. The mea-
sured gain and noise figure for the four
elements of the amplifier are shown in Fig.
7.4. The differences in the values between
the elements are due to slight differences in the concentrations of erbium that were
discovered after the manufacturing of the amplifier fibre. The minimum NF exhibited
by this amplifier was 4.7 dB with a gain in the range 25-30 dB per fibre element in the C
band. Nevertheless, the ME-EDFA exhibited a high absorption at 1530 nm due to the
phosphosilicate host used. This feature, together with the cladding-pumping scheme,
provides flatter and less noisy gain in wavelengths near the L band.
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Figure 7.5: Spectrum of signals transmitted through the dark fibre link (left) and
through the MEF (right) before and after being amplified by the ME-EDFA
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Optical spectra characterising the operation of the ME-EDFA during the experiment
are presented in Fig 7.5. This figure shows traces taken at the input and output of the
ME-EDFA for the cases of transmission through the dark fibre link (7.5 left) and the MEF
(7.5 right). Even without the use of a gain flattening filter, that could reduce the gain
ripple to values under 1 dB, the difference in performance among the different channels
was not a limiting factor after a single amplification stage.
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Figure 7.6: BER degradation induced by the
ME-EDFA

The BER of all channels was assessed at
the output of the amplifier while the full
system was turned on and error-free trans-
mission (BER<10−9) was verified for both
the MEF and the dark fibre paths, exhibit-
ing a BER degradation of ∼ 2 dB. An ex-
ample of this degradation is shown in Fig
7.6, where the BER of the channel at 1556
nm is displayed for the two signal paths
considered.

In order to assess the performance of a
chain of ME-EDFAs, a chain using the
three MEF sections was tested. The 5 dB gain ripple of the ME-EDFA between the
wavelengths at 1535 nm and that of 1560 nm accumulated, leading to unsuccessful
transmission for the wavelengths near 1560nm. These wavelengths underwent lower
gains and, after three stages of amplification, they could not be recovered error-free. This
ripple could be compensated for with gain flattening filters that could be spliced at the
output of the Erbium/Ytterbium doped fibres so that it does not impose a fundamental
limit to the performance of this kind of amplifiers.

The crosstalk of the MEFs was measured by launching a total power of 20dBm at the
input of each element of the MEF and measuring the power at the output of the rest
of the elements. No power was detected at the output using both a power meter with
a sensitivity of -70 dBm and a OSA with a sensitivity of -90 dBm. The presence of
amplified spontaneous emission (ASE), prevented from carrying out the same test on
the ME-EDFA. Instead, using the set-up of Fig. 7.3, the signals were characterised at
each output port of the ME-EDFA while the remaining fibre elements of the amplifier
were or were not carrying any data: By adjusting the OSNR of the signals traversing one
element of the ME-EDFA, so that the BER at the output was 10−8, the deviation from
this BER value was measured while successively turning on the signals in the remaining
fibre elements. There was no measurable degradation in the BER of any of the assessed
channels independently of the number of elements of the ME-EDFA in use and their
input powers.
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These experiments, although showing attenuation values in the range of 0.5 dB/km
and noise figures in the order of 5 dB, demonstrated a SDM implementation capable of
operation in real environments and fully compatible with existing systems, allowing
realistic upgrades to be performed.

7.4 Conclusions

This chapter has discussed the properties of the three most important implementations
of SDM systems as candidates for the substitution of current WDM systems and for the
evolution of in-plant fibre cabling.

From the point of view of in-plant fibre cabling, the use of the loosely coupled geometry
of MCFs allows a cheap implementation and a simultaneous reduction of the increasing
number of connectors. These features give MCFs very high probabilities of becoming
the next standard in this field. Nevertheless, the presence of splicing-induced crosstalk
is likely to inhibit its utilisation in outer-plant systems.

MEFs, exhibiting extremely low levels of crosstalk and direct compatibility with SSMF
components and systems, has every chance of become the next generation of transmis-
sion systems provided that low loss fibres can be implemented and the noise figure and
ripple of the ME-EDFA can be decreased to acceptable levels.

On its part, the incompatibility of MMFs with existing optical switching devices and the
tight requirements that MIMO imposes both on network flexibility and performance,
detract from a commercial implementation without a radical change in the conception
of optical networks as they working nowadays. Such a paradigm shift presents several
uncertainties and risks that some companies may not be willing to take.

Once the features of SDM networks have been discussed, components adapted to the
peculiarities of these systems can be developed. In this sense, the operation and benefits
of the wavelength conversion schemes proposed in Chapter 6 are demonstrated in the
following chapter.
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Human intelligence is stultified when man sets fixed bounds to his curiosity
Norbert Wiener

Chapter 6 presented the back-to-back characterisation of two designs of wavelength
converters (WCs), showing that they exhibit the features required for their successful
implementation in wavelength division multiplexing (WDM) communication networks.
In this chapter, system demonstrations of those experiments are presented, showing
both the feasibility of operation and the new functionalities that WCs can deliver to
current optical communication systems.

The system experiments that will be described in this chapter have considered two
different environments: (a) a 1200-km point-to-point transmission experiment over
installed fibre [2] and (b) an heterogeneous optical switched network [9]. In the first
scenario the WC, configured as a black-box device, was placed at the mid-point of the
fibre link (this was formed in a part of the UK’s Aurora dark fibre network [237]) and its
performance in transmission was measured. In the second scenario the WC was placed
as a component in a reconfigurable optical add drop multiplexer (ROADM) and its
functionality was used on demand in order to facilitate the optical switching capabilities
provided by the ROADM. This second experiment was carried out in collaboration with
the High Performance Network group at the University of Bristol within the context of
the Photonics Hyperhighway project.

In addition, Chapter 7 provided an overview of the different features that space division
multiplexed (SDM) systems exhibit with respect to WDM systems. These features
require several changes if the aim is that of an efficient use of the new resources made
available by this technology. The application of WC techniques to SDM networks is
presented in the latter part of this chapter as a cost-efficient method for resolution of the
new type of channel contention introduced by the addition of the spatial dimension to
switched WDM networks. Once again, this experiment was carried out in collaboration
with the High Performance Network group at the University of Bristol.

119
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Figure 8.1: Experimental set-up of the transmission experiment. Rx: receiver.
WSS: wavelength selective switch

8.1 Wavelength conversion in Point-to-Point Systems

After having characterized the WC as a stand-alone device, the system was introduced
in the middle of an installed fibre link (the UK’s Aurora dark fibre network) to assess
its performance as a black box device (see Fig. 8.1). Six data channels were used in the
transmission experiments, three of which were wavelength converted after transmission
over 600 km, coupled with the original six channels and re-transmitted over the same
distance. The fibre link comprised twelve spans, as shown in Fig. 8.1, with distances
ranging between 40 and 60 km each. The chromatic dispersion in the link was not fully
compensated in order to optimize the OSNR achieved at the receiver. Instead, a receiver
with chromatic dispersion estimation and compensation (Agilent N43931A) was used to
properly receive and characterize the signals after the first loop and after the WC. Note,
however, that digital dispersion compensation was not required for the WC signals
after the second passage through the loop, since the PC idlers conjugated the phase of
the original signal at the mid-point of the system after the first circulation, therefore
resulting in close to zero net dispersion after the second circulation in the same fibre link
[238].

In order to test the performance and robustness of the setup, two distinct network sce-
narios were considered, involving the simultaneous conversion of three channels, which
were dynamically reconfigured thanks to the flexibility provided by the WSS (Finisar
Waveshaper 4000S). Different modulation format signals at different wavelengths and
bit rates were considered in each case, aiming at highlighting different features of the
WC.

Three different modulators were used at the transmission side to generate 10 Gbd OOK,
BPSK and QPSK signals, modulated using a 231-1 pseudo-random binary sequence
(PRBS). OOK signals were modulated using a LiNbO3 intensity modulator, BPSK signals
using a LiNbO3 phase modulator and QPSK signals using a delay line interferometer
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(Kylia) after the BPSK modulator. (It is noted that the high optical signal-to-noise ratio
requirements of 16-QAM modulation prevented from using the signals of Fig. 6.5 in any
of the transmission experiments). The use of a partially dispersion-compensated trans-
mission line ensured that the signals at the various wavelengths appeared decorrelated
when reaching the WC. The signals were amplified and filtered using a WSS with a filter
bandwidth of 50 GHz. The launched power per channel at the fibre link input was 2
dBm. Following wavelength conversion and after traversing the loop a second time,
the converted signals were received, characterized in terms of constellation diagrams
and BER and their performance was compared to that of the signals both after a first
circulation around the loop and after passage through the WC.

8.1.1 Multi-Channel Operation: Scenario 1

Figure 8.2: Spectral allocation of the various signals at the output of the trans-
mission link for Scenario 1. Frequency references are given in THz

The first scenario that was considered highlights the modulation-independence and
the multichannel operation of the scheme. In this scenario four non-return-to-zero
(NRZ)-OOK signals at frequencies 192.1, 192.3, 192.7 and 193.5 THz, one NRZ-BPSK
signal at 192.4 THz and one NRZ-QPSK signal at 192.5 THz were transmitted through
the link. The rate of all signals was 10 Gbd. The signals at 192.3, 192.4 and 192.5 THz
were chosen to be converted to 193.0, 192.9 and 192.8 THz, respectively, as shown in
Fig. 8.2. One of the non-converted OOK signals was intentionally located in an unused
part of the WC output bandwidth to prove negligible channel interference after further
transmission.

The OSNRs required to achieve a BER of 10−3 for the signals that were wavelength con-
verted are summarized in Fig. 8.3 for the back-to-back (B2B), after the first transmission
(600 km), the wavelength conversion (600 km + WC) and the second loop transmission
(600 km + WC + 600 km). This figure shows that the OSNR penalty due to wavelength
conversion (the difference between circles and up-triangles in the left of Fig. 8.3) was
very similar for the cases of BPSK and QPSK signals and was of the order of 2 dB.

It is to be noted that the coherent receiver used at the time of the measurements did not
support OOK signals as a possible modulation format, so BER measurements could only
be carried out at the end of the second loop, where digital dispersion compensation was
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not required. For this case only, direct detection was used. Examples of eye diagrams
and constellation diagrams observed at the input and at various transmission points are
plotted in the right of Fig. 8.3 for OOK signals (top row), BPSK (middle row) and QPSK
signals (bottom row).

8.1.2 Multi-Channel Operation: Scenario 2

The second scenario highlights both the wavelength selectivity and multichannel conver-
sion of the scheme. In this scenario the same four NRZ-OOK signals as in the previous
case, as well as two NRZ-QPSK signals at frequencies 192.5 THz (QPSK1) and 192.6 THz
(QPSK1) were transmitted through the link. The symbol rate of all signals was again
10 Gbd. The signals at 192.3, 192.5 and 192.6 THz were chosen to be converted to 193.0,
192.8 and 192.7 THz, respectively as shown in Fig. 8.4.

As before, the OSNRs required to achieve a BER of 10−3 for the signals that were
wavelength converted are summarized in the left of Fig. 8.5 for the back-to-back (B2B),
after the first transmission (600 km), the wavelength conversion (600 km + WC) and the
second loop transmission (600 km + WC + 600 km). As discussed previously, the OOK
signals were not characterized at the intermediate stage, however their performance
after the second passage through the loop was similar to that in Scenario 1.

It is to be noted that, in this scenario, the OSNR penalty undergone by QPSK2 was over
2.5 dB. This was a consequence of the lower power used for this signal as compared
to the remaining signals at the input of the WC. This can also be appreciated in Fig.
8.5, showing a power difference of ∼5 dB between the two signals, QPSK1 and QPSK2.
As mentioned earlier, under these conditions the corresponding power ratio between
QPSK2 and the generated HO mixing was lower than 20 dB, causing an increase in the

Figure 8.3: OSNR values for a BER of 10−3 at different transmission points for
scenario 1 (left) and eye diagrams for the OOK signal (top row - time scale: 20
ps/div) and constellation diagrams for BPSK (middle row) and QPSK (bottom
row) signals at different transmission points for scenario 1 (right)
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Figure 8.4: Spectral allocation of the various signals at the output of the trans-
mission link for Scenario 2. Frequency references are given in THz

Figure 8.5: OSNR values for a BER of 10−3 at different transmission points for
scenario 2 (left) and BER curves for QPSK1 back-to-back (B2B, open triangles),
after the first transmission (600 km, solid circles), the wavelength conversion
(600 km + WC, open circles) and the second loop transmission (600 km + WC +
600 km, solid triangles) (right)

power penalty for that particular channel. The BER curves for QPSK1 at different points
along the transmission line are shown in Fig. 8.5.

8.2 Wavelength Conversion in Optical Switched Networks

Once the feasibility of implementing wavelength conversion in point-to-point trans-
mission was demonstrated, the performance of this type of devices was investigated in
optical switched networks, that exhibit larger variability and diversity in their opera-
tion. In these experiments, the WC was used as a component placed inside one of the
ROADMs of a more complex network.

The diagram of the experimental setup is shown in Fig. 8.6 [9]. This scenario shows
a switched network with five ROADMs capable of generating, receiving and routing
wavelengths on demand. The input signals to the WC were dynamically routed from
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Figure 8.6: Scenario for characterisation of the WC in optical switched networks.
Constellation and eye diagrams corresponding to the transmitted and received
signals of the signal path

different sources, simultaneously wavelength converted and transmitted towards dif-
ferent destinations on demand. During these experiments the performance of the WC
remained constant and exhibited similar behaviour as in the back-to-back or point-to-
point experiments.

A detailed characterisation was performed for the route highlighted in orange in Fig.
8.6. This route represents fairly a typical metro network situation comprising two long
amplified sections of 340km and passing through three ROADMS, where wavelength
conversion is performed inside one of them. The two transmission sections of 340
km were formed in parts of the UK’s Aurora dark fibre network [237] (the Essex to
Southampton section of the network). The ROADMs were linked by means of 9-core
multicore fibres of 2 km and 3 km length and their configuration was based on a MEMS
and implemented an on-demand architecture [239]. This architecture proposes the use
of a low-loss optical switch as the core of each ROADM that allows for the routing of
each optical signal through different subcomponents at each node depending on the
function that needs to be implemented.

In this sense, in the first and third ROADM in Fig. 8.6 were configured as pass-through
nodes in which all the wavelengths coming from/to the dark fibre link were switched
to/from one of the cores of the multicore fibre. On its part, the central ROADM in Fig.
8.6 was configured in such a way that the optical signals were transmitted through three
subcomponents. The optical signals were firstly demultiplexed using a wavelength
selective switch (WSS), a part of them was used as the input to the WC and the rest
were routed to a multiplexer together with the rest of the original signals. Even though
multicore fibres were used to link the ROADMs, no contention problems derived from
spatial switching were allowed during these tests.
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Figure 8.7: BER values measured for OOK signals (left) and PSK signals (right)
in the optical switched scenario

The constellation and eye diagrams of the transmitted and received signals after the
whole transmission path are displayed in the inset of Fig. 8.6 for different modulation
formats. The corresponding BER curves measured at the transmitter and the receiver
for OOK modulation at 10 and 40 Gbit/s are shown in Fig. 8.7 (left) whereas BER curves
for BPSK and QPSK at 10 Gbd are shown in Fig. 8.7 (right). The penalty of the OOK
signals was ∼2 dB and ∼3 dB for 10 and 40 Gbd respectively, exhibiting similar trends
as the back-to-back signals for both cases. On its part the penalty exhibited by BPSK and
QPSK signals was smaller ∼1.5 dB although the presence of nonlinear effects induced a
different slopes in the BER curves.

These experiments showed, for first time, the feasibility of implementation of all-optical
wavelength conversion working as a black box in commercial networks with the required
level of reliability (as demonstrated in Chapter 6), flexibility and compatibility with
existing network topologies and architectures. In this sense, fibre-based wavelength
conversion can be regarded as a mature technology to be considered for deployment in
networks.

8.3 Wavelength Conversion in SDM Networks

The previous sections in this chapter showed the performance and the benefits of
proposed implementations in current WDM networks in terms of a more efficient
use of the optical spectrum. However, the question of optimum utilisation of the
spectrum in future SDM networks will be a more complex and, at the same time, more
important problem. SDM technologies have the potential to provide a dramatic increase
in transmission capacity in a more cost- and power-efficient way than current WDM
systems. At the network level, SDM introduces an additional degree of freedom in the
form of the spatial dimension allowing a more efficient allocation of resources. However,
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this additional level of flexibility introduces new challenges if the aim is that of an
efficient management of resources.

In this context, and taking into account the experiments previously performed, the High
Performance Network group at the University of Bristol requested the implementation
of an evolution of the design of the WC to cope with the new contention problems that
arise in SDM networks and that have been ignored in the previous experiments.

In particular, the introduction of SDM networking has resulted in an additional di-
mension that needs to be taken into account, leading to a more complex management
of the new resources made available by it. In this manner, channel allocation in an
efficient, flexible and dynamic manner presents new challenges when spatial channels
allocated the same frequency need to be routed into a Flex-Grid WDM system based on
standard single mode fibre (SSMF). This problem is particularly relevant at the edges
of the network where the transmission medium changes from an SDM fibre to SSMF
and must be addressed if the target is the development of flexible hybrid SDM/SSMF
systems [10, 11].
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Figure 8.8: Contention problem arosen in hybrid
SDM/SSMF systems

Wavelength conversion can be used
in SDM networks to implement con-
version of a spatial superchannel to
a spectral superchannel without elec-
trical regeneration thus addressing a
problem like the one shown in Fig.
8.8. This problem arises when several
spatially-multiplexed channels with the same wavelength are to be routed to a single
mode fibre. In this situation, all-optical wavelength conversion can be applied to them
to address this contention problem. The implementation of such a space-to-wavelength
converter can be based on a bidirectional optical wavelength converter, such as the one
presented in Chapter 6 that exhibits an economy of components for these environments.

The performance of the space-to-wavelength converter was tested in a complex scenario
(see Fig. 8.9) that emulates the interconnection between two data centres. Due to the
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Figure 8.10: BER values measured for PDM-QPSK 40 Gbd signals (left) and con-
stellation diagrams at transmission and reception for both modulation formats
(right)

increasingly high density of fibres required for interconnection of equipment within data
centres, the current trend suggests a progressive introduction of loosely coupled SDM
fibres, such as multi-core or multi-element fibres, in order to increase the compactness of
the structured cabling. However, the interconnection between data centres is performed
through current WDM systems, leading to the aforementioned contention problems in
hybrid environments when spatially multiplexed signals occupying the same frequency
must be routed to the same single mode fibre.

The end-to-end experiment comprised the transmission of several channels at the same
frequency between two data centres. These channels were transmitted through MEFs
within the intra-data centre domain but contention resolution was required in order for
them to be successfully transmitted through the WDM system that linked the two data
centres. This contention resolution was performed by means of a space-to-wavelength
converter and its wavelength-to-space counterpart. In this particular case, and due to
the availability of a single space-to-wavelength converter, only two channels where
transmitted, allowing the use of the wavelength converter as a space-to-wavelength
converter in one direction and as a wavelength-to-space converter in the other.

The experiment was performed for two different modulation formats, polarisation
multiplexed QPSK and polarisation multiplexed 16-QAM. In both cases the signals were
modulated using a pseudo-random bit sequence (PRBS) of length 231 − 1 at a symbol
rate of 40 Gbd. The pump powers used for each direction during this experiment
were 20.40 and 21 dBm. These values showed to provide a good trade-off between the
inherent OSNR penalty induced by the converter and the OSNR degradation induced
by subsequent amplifications.

The total end-to-end OSNR degradation was 3.5 dB as shown in the left hand side of
Fig. 8.10. This degradation includes both the space-to-wavelength conversion and the
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amplification stages in the WDM link. In isolation, the converter exhibited a performance
similar to the back-to-back operation in both directions, inducing an OSNR penalty of 1.9
dB. The constellation diagrams at the end of the transmission line for both modulation
formats are shown in the right hand side of Fig. 8.10, showing the high quality of the
recovered signal after the transmission.

In addition, the impact of the space-to-wavelength converter on the end-to-end latency
of the full system was compared to that of an electrical wavelength converter. The
latency of the optical solution was shown to be 70µs, being limited by the speed of the
analog-to-digital and digital-to-analog converters (DACs), whereas the latency of the
electrical solution was in the order of hundreds of microseconds, due to the use of four
additional DACs (two per conversion).

These experiments showed the potential benefits of the utilisation of space-to-wavelength
converters as on-demand components in within reconfigurable network elements. The
modulation independence of the WC prevents from the deployment of a pool of electric
regenerators for each of the different modulation formats that coexists in commercial
networks and that are currently used for contention resolution.

8.4 Conclusions

This chapter has presented a series of systems experiments that aimed at demonstrating
the maturity of fibre-based all optical wavelength converters as devices that can provide
reliable operation in commercial communication networks as well as the suitability of
the particular subsystems that were described in Chapter 6.

The benefits of the wavelength converting systems developed in this thesis, originating
from their modulation-, polarisation- and bit rate- independence have been demon-
strated both in point-to-point and switched environments connected by installed fibre
links, showing that they can provide a cost efficient alternative to a pool of electrical
regenerators suitable for operation with different modulation formats and repetition
rates.

Additionally, the potential benefits of the developed systems in future spatial division
multiplexed systems have also been demonstrated, showing that they can be used to alle-
viate problems derived from the routing of signals coming from SDM fibres to standard
single mode ones that will unavoidably arise in future data centre environments.



9.
Conclusions

It is only by the repeated study and perseverance joined to a natural taste, that a man
can excel in the handling of anything

W. M. Thackeray

The dissertation of this work has been centred around two different tasks: the modelling
of the noise and effects induced by parametric processes in optical communication sys-
tems and their application to commercial networking. The first task, mainly theoretical,
has been described in Chapters 3, 4 and 5 whereas the latter one, eminently practical,
has been described in Chapters 6, 7 and 8.

The key results presented in the aforementioned chapters are summarised in the fol-
lowing sections. Additionally, an outlook on future research directions worthwhile
investigating are also provided for each topic.

9.1 Modelling

The modelling of parametric processes in optical communication systems started with
an in-depth analysis of both the parametric interactions (Chapter 2) and the noise that
these processes generate (Chapter 3). This analysis concluded with a classification of the
noise sources generated in optical communication systems into three different categories:
additive noise, multiplicative noise and phase noise. This classification allowed for a
simplification in the calculations of the impact of these noise sources on modulated
signals.

Unfortunately, this simplification was restricted to Gaussian noise sources, excluding the
non-Gaussian ones from this analysis. A future extension to this kind of noise sources is
desirable to account for their effects and improve the accuracy of the model. This task
can be approached in two different manners: finding a Gaussian approximation of the
non-Gaussian noise sources, which is usually the preferred way, and the consideration of

129
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an additional noise source with non-Gaussian distribution, which can be mathematically
very challenging.

Once the classification of noise sources was presented, a comprehensive description of
the effect of these three noise types in communication systems was described (Chapter
4). This analysis showed that the effects induced by these noise types on modulated
signals can be accurately characterized in terms of the BER induced, providing a new
and powerful tool to design optical links. This tool is based on the description of
the probability density functions of these noise types and how they degrade the BER
either independently or in conjunction with each other. The model showed that, after
a single amplification stage, phase noise cannot be modelled as an additional OSNR
penalty, because this leads to an overestimation of the bit error rate and the use of a new
probability density function is required for its computation.

The modelling of the accumulation of these noise sources was also analysed, yielding
a model that computes the accumulation of amplitude noise independently of the
accumulation of phase noise. Finally, the effects of photodetection were modelled,
showing that in the presence of phase noise the BER of the signals can increase by a
factor determined by the detection scheme used.

The validity of this model was partially validated through simulation (Chapter 4) and
experimental measurements (Chapter 5). Monte-Carlo simulations were performed,
showing the high accuracy of the model after a single amplification stage.

Laboratory measurements were taken confirming the predicted behaviour after a single
parametric interaction and the influence of the photodetection scheme in the presence of
phase noise. While it is true that these measurements do not fully validate of accuracy
of the model, the trends and behaviours that the bit error rates exhibit in the presence of
additive and phase noise match those predicted by the model.

As a future extension of this work, the accumulation of noise still needs to be validated
in order to corroborate all the assumptions about the uncorrelated nature of the different
noise types. This task can be accomplished either by using the same Monte-Carlo
simulations after each stage of amplification or by taking laboratory measurements.

In addition to the modelled Gaussian distortions, a non-Gaussian distortion, the pump
dithering transfer, was modelled (Chapter 5). As before, the measurements related
to pump dithering transfer exhibited the trends predicted by the model. However, a
mismatch of 3 dB between the theoretical model and the measurements must still be
addressed.

This model can be used to estimate the performance of optical links that include paramet-
ric amplification as well as links simultaneously degraded by ASE noise and cross-phase
modulation. In the first case, the impact of new effects, like the accumulation of the
linewidth or the dithering of the pump waves, can be quantitatively estimated, whereas
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in the latter one the degradation induced by cross-phase modulation can be accurately
estimated.

9.2 Applications

The application of parametric processes to communication networks that was consid-
ered in this thesis was wavelength conversion (Chapter 6). Two different designs of
wavelength converter were described, one in a one-directional operation and the other
in a bidirectional operation, that was an extension of the uni-directional scheme. These
devices meet all the necessary requirements to be installed in an optical communica-
tion system and the possible polarisation drifts of the pump waves were compensated
for by developing an automatic pump alignment subsystem that allowed for turn-key
operation.

The back-to-back performance of these devices provided transparent wavelength con-
version of up to three input signals of a bandwidth narrower or equal to 100 GHz
with a 2 dB OSNR degradation. The measured conversion gain was between -2 and 7
dB depending on the input power of the signal to be converted and the polarisation
dependent gain exhibited was well below 1 dB.

These designs were tested with a variety of modulation schemes and bit rates as in-
put signals. OOK, BPSK, QPSK and 16-QAM signals of bit rates ranging between 10
and 40 Gbps were successfully converted with these devices, exhibiting very similar
performance in all the cases. In addition, polarisation multiplexed signals were also
successfully converted with similar performance.

Once the laboratory characterisation was performed, the converters were tested in more
challenging environments. The uni-directional wavelength converter was used in two
field trials (Chapter 8) on point-to-point and optical switched networks, demonstrat-
ing the robustness of this implementation. On its part, the bi-directional wavelength
converter was used in a spatial division multiplexing demonstration (Chapter 8).

During these experiments both designs exhibited the same performance as in operation
without any transmission,and even allowed a dynamic reconfiguration of the input
signals without affecting the performance of the communication channels in operation.
These experiments demonstrated, for first time, the feasibility of operation of wavelength
conversion in commercial networks and the benefits that this approach can provide in
terms of efficient spectral use and cost efficiency.

These experiments also showed that SDM networks can greatly benefit from the use of
wavelength conversion in terms of cost efficiency and latency, specially in the points of
the network were WDM and SDM must coexist. The implementation of this functionality



132 9 Conclusions

would prevent the use of expensive electrical regeneration. One of the cases of particular
interest is that of data centre interconnection, where the latency of the communications
is of critical importance. The experiments showed that the use of optical wavelength
conversion can reduce the latency in these environments.

Even though the performance exhibited by the wavelength converters allows them to
operate in commercial networks, the future adoption of flexible grid in communication
networks requires an improvement of the design of the wavelength converters to remove
the restriction of a fixed channel allocation. In the same manner, it would be desirable to
obtain higher gains and broader bandwidth of operation (allowing the simultaneous
conversion of more channels). These tasks, presented as future extensions, may improve
the cost efficiency of these devices and ease their adoption, therefore some possibilities
for their implementation are discussed.

Flexible grid could be achieved by replacing the fixed grid filter for a wavelength
selective switch. Higher gains could be achieved by increasing either the power of the
pump waves or the nonlinear coefficient of the nonlinear fibre. In either case, the effect of
self-phase modulation should be compensated for to avoid undesirable nonlinear effects.
Finally broader bandwidth could be achieved by increasing the nonlinear coefficient of
the fibre whereas its dispersion characteristics remain unchanged.

Additionally to the development of wavelength converters for SDM networks, this thesis
reports the work performed in the characterisation of multi-element fibres (MEFs) as an
alternative implementation of SDM. This novel type of fibres has the potential to im-
plement SDM amplifiers with very highly efficient pump diffusion with no measurable
levels of crosstalk. That is not the case for either multi-core or multi-mode amplifiers.
Similarly, the potential of MEFs as transmission fibres has been demonstrated in systems
experiments, showing that the flexibility of WDM networks can be achieved in their
SDM counterpart.



Appendix A
Code of Phase Noise Simulations

The simulation of the phase noise in communication systems, in terms of probability
density functions, has not been published in the literature. In this sense, the presentation
of the code used during these simulations is of interest. The aim of this section is binding
the theoretical definition of POSNR and its probability density function with the very
values of the phase perturbation induced depending on the physical effect simulated.

In this manner, two chunks of code are presented, the first one showing the calculation of
the BER induced by a mixture of additive and phase noise defined in terms of OSNR and
POSNR and the second showing the implementation of the Gaussian random variables
as function of OSNR and POSNR used during the Monte-Carlo simulations.

Analytical Computation of BERs

The following code presents an implementation of the calculations performed in Chapter
4 for the analytical calculation of the probability of error in the presence of both additive
and phase noises. This code has been developed under GNU Octave but should also
work in Matlab environments.

1 OSNR = 0 : 1 : 2 5 ;
2 osnr = 1 0 . ^ (OSNR/ 1 0 ) ;
3 POSNR = 0 : 1 : 2 5 ;
4 psnr = 1 0 . ^ (POSNR/ 1 0 ) ;
5

6 N = 4000 ; % 40000 ;
7

8 x = l i n s p a c e ( −5 ,5 ,N+ 1 ) ; % +1 sample f o r 0 value
9 y = l i n s p a c e ( −0 . 9 9 9 , 0 . 9 9 9 ,N/5+1) ; % +1 sample f o r 0 value

10 % very important ! ! ! sampling r a t e of x and y must be very s i m i l a r
11 % otherwise the convolut ion operat ion provides an erroneous r e s u l t .
12

13

14 t h e t a 0 = 0 ; % BPSK modulation format
15 %t h e t a 0 = pi /4; % QPSK modulation format
16 %t h e t a 0 = 3* pi /8; % 8PSK modulation format
17

133



134 Appendix Code of Phase Noise Simulations

18 X = length (OSNR) ;
19 Y = length (POSNR ) ;
20

21 BER = zeros (X , Y ) ;
22 BER_orig = zeros (X , Y ) ;
23 BER_pha = zeros (X , Y ) ;
24

25 f o r i = 1 :X % OSNR loop
26 f o r j = 1 :Y % POSNR loop
27

28 sigma2 = 1/osnr ( i ) ;
29 sigma2_p = 1/psnr ( j ) ;
30

31 % Gaussian PDF
32 pdf_amp = 1/ s q r t ( 2 * pi * sigma2 ) * exp(−(x−cos ( t h e t a 0 ) ) . ^ 2 / ( 2 * sigma2 ) ) ;
33 [m, i_amp ] = max( pdf_amp ) ; % get the index of the mode
34

35 % P r o j e c t d phase noise PDF
36 pdf_pha = 1/ s q r t ( 2 * pi * sigma2_p ) . * exp(−( acos ( y)− t h e t a 0 ) . ^ 2 / ( 2 * sigma2_p ) ) . . .
37 ./ s q r t ( abs(1− s ign ( y ) . * y . ^ 2 ) ) ;
38 pdf_pha = pdf_pha/trapz ( y , pdf_pha ) ; % normal isa t ion
39

40 % convolut ion of PDFS
41 pdf_conv = conv ( pdf_amp , pdf_pha , ’ f u l l ’ ) ;
42 [m, i_conv ] = max( pdf_conv ) ; % get the index of the mode
43

44 % alignment of new mode to the previous index .
45 % Convolution does NOT s h i f t the mode of the d i s t r i b u t i o n ! !
46 pdf_conv = pdf_conv ( ( i_conv−i_amp ) : ( i_conv+N−i_amp ) ) ;
47 pdf_conv = pdf_conv/trapz ( x , pdf_conv ) ; % normal isa t ion
48

49 % i n t e g r a t i o n => p r o b a b i l i t i e s of e r r o r
50

51 % f u l l PDF
52 BER( i , j ) = trapz ( x ( 1 : (N/2−1)) , pdf_conv ( 1 : (N/2 −1) ) ) ;
53 % only amplitude noise
54 BER_orig ( i , j ) = trapz ( x ( 1 : (N/2−1)) ,pdf_amp ( 1 : (N/2 −1) ) ) ;
55 % only phase noise
56 BER_pha ( i , j ) = trapz ( y ( 1 : (N/10−1)) , pdf_pha ( 1 : (N/10 −1) ) ) ;
57 end % POSNR loop
58 end % OSNR loop
59

60 [XX, YY] = meshgrid (OSNR,POSNR ) ;
61 mesh (XX, YY, log10 (BER ’ ) ) ;
62 x l a b e l ( ’OSNR ’ ) ;
63 y l a b e l ( ’POSNR ’ ) ;
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Noise Generation in Monte-Carlo Simulations

The following chunk of code presents the implementation of the code that generates
noise samples of additive, multiplicative and phase noise from the corresponding OSNRs
defined in Chapter 4.

The code requires the GNU Scientific Library (https://www.gnu.org/software/gsl/)
for complex number operations. This code was tested with the versions 1.15 and 1.16 of
this library.

65 /*
66 * noise . c
67 *
68 */
69 # include < g s l /gsl_complex . h> // GNU s c i e n t i f i c l i b r a r y
70 # def ine PI 3 .141592654
71

72 /* *
73 * generates a sample of a Gaussian r . v . with mean 0 and var iance 1
74 * Taken from " Numerical Recipes in C"
75 */
76 double gaussrand ( ) {
77 s t a t i c double U, V;
78 s t a t i c i n t phase = 0 ;
79 double Z ;
80

81 i f ( phase == 0 ) {
82 U = ( rand ( ) + 1 . ) / (MAX_RAND + 2 . ) ;
83 V = rand ( ) / (MAX_RAND + 1 . ) ;
84 }
85

86 i f ( phase == 0)
87 Z = s q r t (−2 * log (U) ) * s i n (2 * PI * V ) ;
88 e l s e
89 Z = s q r t (−2 * log (U) ) * cos (2 * PI * V ) ;
90

91 phase = 1 − phase ;
92

93 re turn Z ;
94 }
95

96 /* *
97 * Generation of Additive noise
98 */
99 void awgnchannel ( complex * s ignal , unsigned i n t len , double noisedB ) {

100 unsigned i n t i = 0 ;
101 double noiseNat = pow( 1 0 , 0 . 0 5 * noisedB ) ;
102 // 0 . 0 5 => noise i s defined in terms of e l e c t r i c f i e l d
103

104 i f ( noisedB == 0)

https://www.gnu.org/software/gsl/
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105 re turn ;
106

107 f o r ( i = 0 ; i < len ; i ++)
108 s i g n a l [ i ] = gsl_complex_add ( s i g n a l [ i ] ,
109 gsl_complex_rect ( noiseNat * gaussrand ( ) ,
110 noiseNat * gaussrand ( ) )
111 ) ;
112 }
113

114 /* *
115 * Generation of M u l t i p l i c a t i v e Amplitude noise
116 */
117 void mwgnchannel ( complex * s ignal , unsigned i n t len , double noisedB ) {
118 unsigned i n t i = 0 ;
119 double noiseNat = pow( 1 0 , 0 . 0 5 * ( noisedB ) ) ;
120

121 i f ( noisedB == 0)
122 re turn ;
123

124 f o r ( i = 0 ; i < len ; i ++){
125 gsl_complex n = gsl_complex_rect ( noiseNat * gaussrand ( ) ,
126 noiseNat * gaussrand ( ) ) ;
127 n = gsl_complex_add_real ( n , 1 ) ;
128 s i g n a l [ i ] = gsl_complex_mul ( s i g n a l [ i ] , n ) ;
129 }
130 }
131

132 /* *
133 * Emulates nonl inear e f f e c t s and phase noise with zero mean
134 */
135 void l inebroadening ( complex * s ignal , unsigned i n t len , double posnr ) {
136 unsigned i n t i ;
137

138 /* *
139 * <phi^2> = 1.0/ posnr ;
140 */
141 i f ( posnr == 0)
142 re turn ;
143

144 double var_phi = 1.0/ posnr ;
145

146 f o r ( i =0 ; i < len ; i ++){
147 s i g n a l [ i ] = gsl_complex_mul ( s i g n a l [ i ] ,
148 gsl_complex_polar ( 1 , s q r t ( var_phi ) * gaussrand ( ) )
149 ) ;
150 }
151 }
152

153 /* *
154 * Emulates l a s e r l inewidth t r a n s f e r .
155 */
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156 void l i n e b r o a d e n i n g _ d r i f t ( complex * s ignal , unsigned i n t len , double posnr ) {
157 /* *
158 * Conversion between posnr and l inewidth :
159 *
160 * The phase var iance between to symbols induced by l a s e r l inewidth i s :
161 *
162 * <phi^2> = PI * l inewidth * T_symbol
163 *
164 * From :
165 *
166 * " Theory of l inewidth semiconductor l a s e r s " C .H. Henry
167 * IEEE JQE 1 8 ( 2 ) 259−−264 ( 1 9 8 2 )
168 *
169 * S ince posnr = 1/<phi^2> => l inewidth = 1/( PI * posnr )
170 *
171 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
172 *
173 * For the emulation of a l inewidth , the var iance of the Gaussian r . v .
174 * i s equal to std <random Gauss> = s q r t ( 2 * PI * l inewidth *T )
175 *
176 * From :
177 *
178 * " Experimental demonstration of a f l e x i b l e and s t a b l e semiconductor
179 * l a s e r l inewidth emulator " Zuraidah Zan and Arthur James Lowery
180 * Optics Express 1 8 ( 1 3 ) 13880−−13885 ( 2 0 1 0 )
181 */
182 unsigned i n t i ;
183 double l inewidth = 1 . 0 / ( PI * posnr ) ; // assumed T = 1
184 double std = s q r t ( 2 * PI * l inewidth ) ;
185

186 double l a s t = 0 ;
187 f o r ( i =0 ; i < len ; i ++){
188 // r e s t r i c t s to (−PI , PI ) i n t e r v a l
189 const double LIM = PI ;
190 double temp = std * gaussrand ( ) ;
191 i f ( abs ( temp + l a s t ) <= LIM ) {
192 l a s t += temp ;
193 }
194 e l s e i f ( abs ( temp − l a s t ) <= LIM ) {
195 l a s t −= temp ;
196 }
197 e l s e {
198 // temp i s bigger than 2*LIM => IMPLEMENTS 2* PI PERIODICITY
199 temp = temp − ( ( i n t ) ( temp /(2*LIM ) ) ) * 2 * LIM ; // obtain the remainder
200 i f ( abs ( l a s t + temp ) <= LIM)
201 l a s t += temp ;
202 e l s e
203 l a s t −= temp ;
204 }
205 s i g n a l [ i ] = gsl_complex_mul ( s i g n a l [ i ] , gsl_complex_polar ( 1 , l a s t ) ) ;
206 }
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207 }
208

209 /* *
210 * Emulates pump d i t h e r i n g t r a n s f e r .
211 */
212 void l inebroadening_di ther ( complex * s ignal , unsigned i n t len , double posnr ) {
213 /* *
214 *
215 * Conversion between posnr and phase d r i f t . The per turbat ion induced by
216 * a d e t e r m i n i s t i c frequency d r i f t a f t e r T seconds i s :
217 *
218 * Delta <phi > = 2* PI * frequency *T
219 *
220 * This value i s constant and r e p r e s e n t s the phase d i f f e r e n c e between
221 * samples ( in the previous case i t was a Gaussian r . v but now i t i s
222 * d e t e r m i n i s t i c )
223 *
224 * posnr = 1/Delta <phi > = 1/(2* PI * frequency *T )
225 *
226 * No r e f e r e n c e s . This i s my own d e r i v a t i o n
227 */
228 unsigned i n t i ;
229 double std = s q r t ( 1 . 0 / posnr ) ; // d e t e r m i n i s t i c per turbat ion
230 double l a s t = 0 ;
231

232 f o r ( i =0 ; i < len ; i ++){
233 const double LIM = PI ;
234 double temp = std ;
235 // same algorithm as with linewidth , but now the d r i f t i s d e t e r m i n i s t i c
236 i f ( abs ( temp + l a s t ) <= LIM ) {
237 l a s t += temp ;
238 }
239 e l s e i f ( abs ( temp − l a s t ) <= LIM ) {
240 l a s t −= temp ;
241 }
242 e l s e {
243 // temp i s bigger than 2*LIM => IMPLEMENTS 2* PI PERIODICITY
244 temp = temp − ( ( i n t ) ( temp /(2*LIM ) ) ) * 2 * LIM ; // obtain the remainder
245 i f ( abs ( l a s t + temp ) <= LIM)
246 l a s t += temp ;
247 e l s e
248 l a s t −= temp ;
249 }
250

251 s i g n a l [ i ] = gsl_complex_mul ( s i g n a l [ i ] , gsl_complex_polar ( 1 , l a s t ) ) ;
252 }
253 }



Appendix B
Gaussian approximation of phase noise

Chapter 4 showed that analytical values for the probability of error of signals degraded
by phase noise can be obtained by integration of the PDF shown in equation (4.18).
However, it is a common practice in communications to obtain Gaussian approximations
of these PDFs. This approach entails the assumption that phase noise can be computed
as an additional OSNR penalty.

In this appendix, an study of the accuracy of such approximation for the particular case
of phase noise is presented. In this case, this task was performed by approximating
the distribution shown in equation (4.18) by a Gaussian random variable with a proper
variance. In doing so, the following approximated expressions for the BER of M-PSK
modulation formats were obtained

PBPSK =
1

2
erfc

(√
AOSNR · POSNR

0.43 ·AOSNR+ 1.85 · POSNR

)

PQPSK =
1

2
erfc

(√
AOSNR · POSNR

3.22 ·AOSNR+ 3.7 · POSNR

)

P8PSK =
1

2
erfc

(√
AOSNR · POSNR

10 ·AOSNR+ 11.1 · POSNR

) (B.1)

The estimation of the coefficients was performed my minimising the difference between
the BER obtained with the exact calculation and the BER obtained with the previous
expressions. The accuracy of these approximations was shown in Fig. 4.11 (compare
the results with Fig. 4.9 in page 60). While an extremely good agreement is obtained
for QPSK signals, the approximation leads to an underestimation of the probability of
error the remaining cases. This decreased accuracy shows that phase noise cannot be
modelled as an OSNR penalty.
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Appendix C
PDFs after Photodetection

This appendix describes the distortion that phase noise induces on the PDF of the
electrical signals after differential detection. For the sake of a clear explanation, firstly
the effect of additive noise on the signals will be revisited and latterly extended by
including the effect of phase noise on the schemes. In this sense, it is very useful
to revisit the theory of direct detection event though it cannot directly detect phase
modulated signal because this scheme is the basis of differential detection receivers.

Direct Detection

The simplest detection scheme used in optical communications is direct detection. This
scheme is used to demodulate amplitude modulated signals because is insensitive to
phase changes. Nevertheless, the statistics of electrical signals generated by this process
are similar to that of differential receivers [161].

|·|2

A(t)e      + n(t)
j (t)

I(t) = E(t) + n'(t)

Figure C.1: Block diagram of a direct detection scheme

The diagram of a direct detection system is shown in Fig. C.1. The outcome of the
detection process of an amplitude modulated signal (labelled asA(t)) is a signal stripped
of any phase information (ϕ(t)). If the detection is performed on a signal degraded by
an optical zero-mean Gaussian additive noise (n(t)), the outcome of the detection is
accompanied by an additive noise with different statistical features (n′(t)). This electric
noise is dependent on the signal energy (E(t)), on the optical noise power and on the
number of states of polarization of the optical noise.

In this manner, for an OOK signal with energy levels 0 and E the Gaussian distribution
of the optical noise is turned into a central χ2 PDF for the case of energy level 0 and into
a noncentral χ2 PDF for the case of energy level E. The analytical expressions of these
PDFs are
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pdf0(x,N0,M) =
1

N0

(
x
N0

)M−1
exp

(
− x
N0

)
(M − 1)!

pdfE(x,E,N0,M) =
1

N0

( x
E

)M−1/2
exp

(
−x+ E

N0

)
IM−1

(
2

√
xE

N0

) (C.1)

where E represents the pulse mean energy, N0 the optical noise energy and 2M the
number of degrees of freedom of the PDFs. M depends on the number of polarization
states of the optical noise (p = 1 or 2), the symbol time (T ) and the optical bandwidth
(B). Its mathematical definition is: M = pBT/2 [161, 240].

Differential Detection

In order to detect optical BPSK signals, differential detection was introduced. In front of
the photodetector a delay line interferometer (DLI) is placed that transforms phase shifts
into amplitude ones [182]. A diagram of this detection scheme is shown in Fig. C.2.

|·|2

A·e              + n(t)
j (t) + j (t)

0.5A·e                       + n(t)
j( (t)- (t-T)) + j (t)

T

I(t) =   (1+cos( (t)- (t-T)+ (t))) + n'(t)E
2
_

Figure C.2: Block diagram of a differential detection scheme

Depending on the phase difference between consecutive symbols (θ(t) − θ(t − T ) in
Fig. C.2) the optical signal will undergo either constructive or destructive interference,
producing a photocurrent whose values range between 0 and E. The installation of the
DLI does not change the statistical properties of the electrical signals. In this manner, in
the absence of phase noise, the PDFs of the symbols will be a central χ2 for the 0 level
(phase difference between consecutive symbols of π) and noncentral χ2 for the E level
(phase difference between consecutive symbols of 0).

However, in the presence of phase noise (ϕ(t)), this phase difference is not deterministic
anymore, resulting in a neither fully-constructive nor fully-destructive interference. In
this case, the photocurrent can be expressed as

I(t) =
A

2
(1 + cos(θ(t)− θ(t− T ))cos (ϕ(t)) + sin(θ(t)− θ(t− T ))sin (ϕ(t))) + n′(t)

(C.2)

In the case of a BPSK modulation format where the phase difference between consecutive
symbol of 0 and π, the previous expression reduces to
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I(t) =
A

2
(1 + cos(θ(t)− θ(t− T ))cos (ϕ(t))) + n′(t) (C.3)

Thus, the effect of the phase noise after the DLI can be modelled as a perturbation
that statistically changes the mean value of the optical signal power. The PDF of this
perturbation results in an statistical average over all the possible χ2 distributions that
can be induced in the presence of phase noise. Mathematically this can be expressed as
[241]

pdfdiff (x) =

∫ ∞
−∞

pdfE (E(ϕ), N0,M) · pdfϕ
(
ϕ,ϕ0, σ

2
ϕ

)
dϕ (C.4)

where pdfE represents the χ2 distribution shown in (C.1) with mean value E(ϕ) =

E0/2(1 + cosϕ), pdfϕ is shown in equation (4.18).

The outcome of this averaging is displayed in Fig. C.3 for different values of AOSNR and
POSNR. These figures show that changes in the ASE noise induce the modification of the
spread of the distribution while the mean value is kept constant whereas changes in the
phase noise create tails between both symbol means while the spread of the distribution
remains unchanged.

Figure C.3: Evolution of probability density functions for differential detection
when OSNR decreases (top row) and when POSNR decreases (bottom row).
Analytical curves shown in red and histograms from Monte-Carlo simulation
shown in blue
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Balanced Differential Detection

In order to increase the sensitivity of the previous scheme, balanced differential detection
was developed. This configuration uses the second port of the DLI to increase the total
signal power detected, but it does not result in an increase the performance in terms of
BER with respect to the OSNR. The diagram of this detection scheme is shown in Fig.
C.4.

|·|2
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j (t) + j (t)
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T
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1
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2
_

2
I (t) =   (1 -cos( (t)- (t-T)+ (t))) + n'(t)E

2
_

Figure C.4: Block diagram of a balanced differential detection scheme

The effect of the use of the second port of the DLI and the use of an additional pho-
todetector doubles the distance between the symbols of the constellation (whose mean
values are located now at −E and E) whereas also doubles the received additive noise
power. Therefore, the performance in terms of OSNR remains unchanged. However,
the performance improves in terms of POSNR since it does not depends on the additive
noise power. In this sense, this detection scheme is more insensitive to phase noise than
the previous one.

In this case, the calculation of the PDF of the symbols can be performed on the basis of
the PDF of the unbalanced case. As shown in Fig. C.4 the resulting photocurrents can be
calculated from equation (C.3), leading to the following values

I1(t) =
A

2
(1 + cos(θ(t)− θ(t− T ))cos (ϕ(t))) + n′(t)

I2(t) =
A

2
(1 + cos(θ(t)− θ(t− T ) + π)cos (ϕ(t))) + n′(t)

(C.5)

where, as before, ϕ(t) represents the phase noise. The PDFs of this photocurrents can be
derived as before, leading to the following expressions:

pdf1(x) =

∫ ∞
−∞

pdfE (E1(ϕ), N0,M) · pdfϕ (ϕ, 0) dϕ

pdf2(x) =

∫ ∞
−∞

pdfE (E2(ϕ), N0,M) · pdfϕ (ϕ, π) dϕ

(C.6)

where E1 and E2 are the mean value energies for the detected symbols, being their
values E1(ϕ) = E0/2(1 + cosϕ) and E2(ϕ) = E0/2(1 − cosϕ). Once these values are
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Figure C.5: Evolution of probability density functions for balanced differential
detection when OSNR decreases (top row) and when POSNR decreases (bot-
tom row). Analytical curves shown in red and histograms from Monte-Carlo
simulation shown in blue

calculated, the PDF of the subtraction of currents can be obtained through the standard
rules of statistics [168]

pdfbal(x) = pdf1(x) ∗ pdf2(−x) (C.7)

where ∗ represents the convolution operation. This distribution is displayed in Fig. C.5
for different values of OSNR and POSNR. These figures show the same behaviour as
before, creating growing tails between the symbols with the increase of the phase noise
and spreading the distributions in case of increase of ASE noise.
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