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General Introduction

The work presented in this PhD thesis has been produced thanks to the collaboration
of the department “Communications et Electronique” (COMELEC) of Télécom Paris-
Tech and MITSUBISHI ELECTRIC R&D Centre Europe (MERCE) in the framework of
a “Convention Industrielle de Formation par la REcherche” (CIFRE), and has started in
December 2009.

Problem statement

In the last two decades, optical communication has known an amazing expansion. It was
tirst designed to replace the wired interconnections in the core network, and became day
after day the main interconnecting solution between the network nodes. Moreover, in
order to enhance the user experiment, future access networks such as Fiber To The Home
(FTTH), is also based on optical communication. The success of this technique comes
from its excellent trade-off between cost and performance, which cannot be achieved
by any other wired or wireless system. Unfortunately, due to new Internet applications
(such as video streaming), and the now huge number of users, even the optical fiber based
networks become saturated, both in terms of inter-node transmission and node switching
capacity.

To alleviate the transmission saturation, two solutions can be advocated: i) the first one
is to improve the transmission quality of the fibers, but changing the installed base of fibers
is very expensive, and would only have a marginal utility with current fiber technology.
ii) the second one is to improve the spectral efficiency of existing fibers by using modern
digital signal processing and digital communications tools. The second solution is a
very hot topic nowadays and this thesis deals with this framework. In order to increase
the spectral efficiency, multi-level modulation schemes (such as Quadrature-Amplitude
Modulation (QAM)) have to be used in association with coherent detection. A lot of
works have been already devoted to design new digital signal processing techniques and
new coding techniques for improving significantly the performance. Nevertheless, only
a few works have been focused on the fundamental limits of the fiber-based transmission
using coherent detection. Therefore, the main purpose of this thesis is to analyze the
ultimate performance of a fiber based transmission using coherent detection from an
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information-theoretic point-of-view in order to obtain insights for its design.

Obviously, the ultimate performance will depend on the considered transmission
impairments induced by the fiber and the devices. These impairments can be divided
in two categories: linear and non-linear. The latter are mainly generated by the Kerr ef-
fect, while the former stem from fiber loss, Chromatic Dispersion (CD), Polarization Mode
Dispersion (PMD), and Polarization Dependent Loss (PDL). Since the fiber loss can be eas-
ily compensated for by in-line amplification and as CD and PMD can also be perfectly com-
pensated for assuming coherent Orthogonal Frequency Division Multiplexing (OFDM)
transmission, PDL remains the unique linear impairment leading to performance loss.
As a consequence, we will focus in this thesis on the influence of PDL and non-linear

impairments on the ultimate performance.

But what do we mean by ultimate performance or equivalently information-theoretic point-
of-view? Actually, we would like to find the maximum data rate for the smallest error
probability. When the channel is assumed to be static, the most relevant tool is the so-
called Shannon capacity (for which the error probability vanishes). When the channel is
assumed to be time-varying and so random, the most relevant tool is the so-called outage
probability. Therefore, our objective is twofold: expressing in closed-form the Shannon
capacity in presence of non-linear effect and the outage probability in presence of PDL.

In addition, we also aim at the switching capacity problem. Current network nodes
perform switching almost exclusively in the electronic domain. This requires optical-to-
electronic conversion of the entire traffic at each node, incurring considerable expense,
as high-data-rate transponders are costly and energy-consuming. Therefore, carriers
would like to have transparent (but nevertheless flexible) networks. Transparent means
that the source and the destination are optically connected, i.e., without electronic re-
generation at the nodes. Flexible means that the interconnection in Optical Add/Drop
Multiplexer (OADM) can be remotely configured with respect to the network constraints
(load, failures, etc). This flexibility cannot yet be achieved in the optical domain; it is
currently ensured through packet switching of the data, which has to be performed in
electronics. Proposed all-optical packet switches perform poorly at high network loads,
due to a lack of buffering technology to temporarily store simultaneously-arriving packets
competing for the same output channel.

To this end, a hybrid (electronic/optic) node architecture is envisioned, that performs
switching in the optical domain and buffering using electronics. Such an architecture has
been already proposed and built in the literature. Nevertheless, the performance about
its overflow ability has only been analyzed roughly. Therefore, we propose to analyze
the performance-wise influence of parameters such as the number of access ports to the
buffer, the number of channels per output directions and the collision between ingress
packets and re-emitted packets on the cross-layer equipment.
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Outline and contributions

In this section, we give the thesis outline and we mention the most important results.

In Chapter 1, our main contribution is to derive in closed-form the Shannon capacity
in presence of a guard band between transmission channels when non-linear effect occurs.
The chapter is divided in three parts: firstly, we remind some definitions and we introduce
the linear optical channel model. Secondly, we introduce a comparative state-of-the-art in
order to choose the best framework adapted to the presence of the guard band. Thirdly,
we provide new closed-form expressions for the non-linear capacity taking the guard
band into account. In addition, numerous numerical evaluations are done and we notice
that the guard band only has a slight influence on the Shannon capacity.

In Chapter 2, our main contribution is to derive in closed-form the outage probability
due to PDL and to compare this probability to practical coding schemes. The chap-
ter is split into three parts: firstly, the PDL phenomenon is described and a rigorous
mathematical model is developed. Secondly, we provide the first (and so new) closed-
form expressions for the outage probability according to different PDL statistical models.
Thirdly, since the outage probability is a reachable lower-bound for Bit-Error Rate (BER)
of any coding scheme, we compare it with some practical transmission schemes involving
Polarization-Time (PT) codes and Forward Error Code (FEC). This comparison shows
that PT codes are of interest and also the concatenation of PT codes and FEC can offer
BER quite close to the outage probability.

In Chapter 3, our main contribution is to analyze the empirical performance of an
optical burst switch extended by an electronic overflow mechanism. We show that, even
with a small overflow mechanism, the gain is significant compared to the all-optical case
and so this hybrid approach is validated. We also remark that the main drawback of
this overflow mechanism is the collision between ingress packets and re-emitted packets,
and that a well designed anti-collision method can significantly improve the overall
performance.

Publications

The work presented in this manuscript has led to the following three publications:

e P. Delesques, E. Awwad, S. Mumtaz, G. Froc, P. Ciblat, Y. Jaouén, G. Rekaya, C.
Ware, “Mitigation of PDL in Coherent Optical Communications: How Close to
the Fundamental Limit?,” European Conference on Optical Communications (ECOC),
Amsterdam (The Netherlands), September 2012.
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e P. Delesques, P. Ciblat, G. Froc, Y. Jaouén, C. Ware, “Outage Probability derivations
for PDL-disturbed Coherent Optical Communication,” OSA Signal Processing in
Photonic Communications (SPPCom), Colorado Springs (USA), June 2012.

o P. Delesques, P. Ciblat, G. Froc, Y. Jaouén, C. Ware, “Influence of guard band on
channel capacity for optical transmission systems,” IEEE Photonics Conference (IPC),
Arlington (USA), October 2011.

Finally another paper has been recently submitted:

e P. Delesques, T. Bonald, G. Froc, P. Ciblat, C. Ware, “Performance analysis of an
optical burst switch with shared electronic buffers,” submitted for publication to
Optical Fiber Communications (OFC), Anaheim (USA), March 2013.




Chapter 1

Shannon Capacity in non-linear
regime: influence of the guard band

1.1 Introduction

The two basic ways for increasing the data rate in a transmission system are
e increasing the spectral bandwidth, and
e increasing the spectral efficiency.

The latter can be achieved through ever more spectral efficient transmission schemes,
such as Polarization Division Multiplexed (PDM) systems with coherent modulation
schemes. In order to use these modulation schemes, a higher input power is required.
Unfortunately, in optical transmission systems, this power growth forces system designers
to take non-linearities into account.

Even if the total spectral bandwidth is limited in practice by that of Erbium-Doped
Fiber Amplifiers (EDFAs), the effective used bandwidth can be increased by reducing the
guard band between Wavelength Division Multiplexing (WDM) channels. Unfortunately,
once again, this reduction gives rise to non-linear channel interactions.

Therefore, it is of great interest to analyze the influence of the non-linear impairments
on the performance of the next system generation.

In order to be as general as possible (i.e. not considering a given transmission scheme),
we focus on an information theoretical point-of-view. Actually, we propose to analyze
the Shannon capacity which provides the maximum reachable data rate in absence of
transmission error. In the literature, Shannon capacity has already been derived for some
optical channels by taking into account some non-linear effects. Our main contribution is
to inspect the influence of the guard band on the capacity.

This chapter is organized as follows: information-theoretic tools, especially the Shan-
non capacity, are introduced in Section 1.2. In Section 1.3, the optical-fiber based channel
and its associated linear and non-linear impairments are given. Then, in Section 1.4, a
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state-of-the-art dealing with the theoretical derivations for the Shannon capacity for the
optical channel is proposed. The main contribution of this chapter lies in Section 1.5 since
we derive in closed-form the Shannon capacity by taken into account the non-linearity
and the guard band. Finally, in Section 1.6, numerical illustrations are done for checking
our derivations and for analyzing the influence of the guard band. A conclusion is drawn
in Section 1.7

1.2 Information-theoretic tools

Shannon, in his seminal work [1], has created the Information Theory for studying the
fundamental limits (in terms of data rate and error probability) of any transmission
system.

He has considered that any transmission system can be decomposed as on Fig. 1.1. The
source is associated with one encoder which sends digital data to a destination through
a propagation channel. Then the destination is associated with one decoder in order to
retrieve the transmitted data.

Source Channel Destination

Figure 1.1: Shannon paradigm for any transmission scheme

In order to theoretically analyze such a system, he has defined three main metrics:
e the (source) entropy,
e the mutual information, and

e the (channel) capacity.

1.2.1 Definition of the entropy

Before the Shannon’s work, the notion of entropy has been already introduced in physics,
especially in thermodynamic and statistical physics. The entropy always represents the
level of disorder in the considered system. In Thermodynamics, the system is related to
the electrons. In communication, the system is associated with the message to be sent.
Therefore, the entropy is a measure of the disorder in the sequence to be sent, and so
a measure of the quantity of information in a message [2]. Indeed, a message without
disorder (which means perfectly predictable) does not bring information. In contrast, a
message without order, can not be predicted and so brings the maximum information.
In order to measure this disorder, the message/sequence will be modeled by a random
variable. Let X be a discrete random variable of alphabet X. We define the probability
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mass function (for discrete alphabet) by px(x) = Prob{X = x} for any x € X. The entropy
associated with this random variable, is denoted by H(X), and is defined as follows

H(X) = = ) px(x) log,(px(x)). (1.1)
xeX
The expression for continuous random variable can be found in [2] and needs the use of
the so-called differential entropy.
In the following, it will be useful to measure the entropy of a random variable, let’s
say Y, given an other one X. Therefore, we introduce the notion of the conditional entropy
(i.e. the entropy of a random variable given an other one) which is given as follows

HOYX) = Y px(@H(YIX = x)
xeX
= = Y px@pyx(yl) logy(pxy (v).
xeX,yeY

1.2.2 Definition of the mutual information

The mutual information provides the common information shared by two random vari-
ables. Let us consider two random variables, X and Y and their mutual information
I(X;Y). We have

I(X;Y) = H(Y)-HYIX)

H(X) — HX|Y).

We remark that if X = Y, the mutual information corresponds to the maximum informa-
tion available in the random variable. In contrast, if X and Y are independent, the mutual
information vanishes and so there is no shared information between both variables.

1.2.3 Definition of the Shannon capacity

The channel capacity is related to the maximum data rate (useful bits transmitted per
channel use or per second according to the considered definitions) that a channel can
achieve without error.

Let X be the random variable representing the channel input (i.e., the source), and Y
be the random variable representing the channel output (i.e., the destination), according
to Fig. 1.1. Let px be the Probability Density Function (PDF) of X.

The channel Shannon capacity (per channel use), denoted by ¢, is the maximum of the
mutual information between X and Y for any possible PDF of X, and so writes as follows

¢ =maxI(X;Y). (1.2)
px

Notice that the optimum PDF depends on the channel.
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One of the most standard channel for the communication system is the Gaussian
channel, also called, Additive White Gaussian Noise (AWGN) channel. In that case, we
have

Yy = Xu + Ny,

where 7 is the time index and where N = {N,},, is a Gaussian white random process. For
this channel, the closed-form expression of the capacity has been provided in [1]. When
complex-valued random variable is assumed, it has been proven that the optimum PDF is
the zero-mean circularly symmetric Gaussian distribution, with a variance E[|X,,|*] = 2P,
where P, is actually the power constraint of the user at the carrier. Then we have

p
c = log, [1 + —zx) bits per channel use (pcu) (1.3)
o
N

with 012\] = E[|N,|?]/2 the variance of the AWGN per real dimension.

If we assume that the information sequence atbaud rate B is conveyed by a continuous-
time transmitted signal of bandwidth B, the capacity, expressed in bits per second and
denoted by C, is given by

C = Blog, (1 + NP_OXB) bits per second. (1.4)

where B is the considered bandwidth and where Nj/2 is the noise level for the double-side
noise Power Spectral Density (PSD) .

1.3 Optical fiber based channel model

Before going further, we need to model the optical fiber based channel since the capacity
strongly depends on it. Although standard optical transmission systems are built using
optical fibers, lasers, modulators, Multiplexer (Mux), Demultiplexer (DeMux), filters,
amplifiers, detectors, we hereafter only consider the impairments due to the optical fiber,
for the sake of simplicity.
In a optical fiber [3], the transmitted signal has to satisfy the so-called following "wave
equation" strongly connect to the Maxwell’s equation, and thus
, 12Xt 1 PP
VxVxX(t):—c—zw—EE (1.5)
where ﬁ(t) is the electric field in time domain?, V is the (spatial) differential operator, X
is the vector product, c is the light celerity, ¢¢ is the vacuum permittivity, and ﬁ(t) is the

polarization vector in the time domain.

!In this thesis, we consider that the complex envelope x.(f) = x,(t) + ix,(f) of the transmitted signal leads
to the following transmitted signal x(t) = x,(t) cos(27 fot) — x,(t) sin(27 fot) around the central frequency fo.
As a consequence, the power/energy at the baseband is twice that at the carrier. Unless otherwise stated, the

power/energy is calculated at the carrier.
ZNotice that the dependence of X(¢) with respect to the location is omitted even if this dependence exists.
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It is well-known that the polarization vector in the frequency domain, denoted P, can

be decomposed as follows

2

P=¢ ()((1) fZ + @ fZ):() +x®. 525252 + ) (1.6)

with X is the Fourier transform of X, and x a ( j + 1)-order tensor representing the jth-
order susceptibility. x( is called the linear susceptibility and represents generally the
dominant contribution. However, when the energy increases, the other terms become
significant as well. Since the silicium of the optical fiber is a symmetric material, x®
is close to zero and can be neglected. Therefore, x® gives rise to the main non-linear
impairments.

Let us focus on the linear regime, i.e., only the term ! in Eq. (1.6) is considered. The
wave equation can then be simplified as follows in the frequency domain

> (21f)? =
VxVxX—ﬁ(H;AD)X:o (1.7)
C

where f is the frequency. Through the coefficient ), one can define two important

parameters (see [3] for more details) :

e Energy dispersion (given by the refractive index which may depend on the fre-
quency):

n=1+ %%[;((D] (1.8)

e Energy attenuation (given by the loss coefficient which depends on the frequency):
2
a= ?S[%”] (19)

Notice that, in this chapter, we neglect the birefringence aspect of the fiber, i.e., we
omit PMD and PDL. Consequently, only fiber attenuation and chromatic dispersion are

taken into account.

1.3.1 Fiber attenuation

During the propagation the signal power is attenuated by the fiber material. This atten-
uation depends on the wavelength (cf. Eq. (1.9)). For standard Single-Mode Fiber (SMF)
and standard used wavelengths (around 1550 nm), the attenuation is minimum. Gen-
erally, the wavelength dependency is neglected, and the relationship between the input
signal power P, and the output signal power P, is

P, =elP; (1.10)

where L represents the fiber length in km.




10 1. Shannon Capacity in non-linear regime: influence of the guard band

The fiber loss/attenuation (defined as the ratio Py/Py) is usually expressed in dB/km
and so satisfies the following relationship: agp = I%}%a. Its standard value is around
0.2 dB/km. In long-haul optical transmission systems, the attenuation is mitigated by
in-line amplifiers. Unfortunately, these in-line amplifiers lead to a noise enhancement,

and so to a Signal to Noise Ratio (SNR) degradation.

1.3.2 Chromatic dispersion

The CD is due to the frequency dependency of the refractive index of the fiber n(f)
(cf. Eq. (1.8)). Indeed spectral components of the signal do not propagate at the same
velocities. As in [3], fiber dispersion effects can be taken into account by expanding the
mode propagation constant § in Taylor series about the central spectral frequency fo:

2 2
s =np "L = povompif - o+ Elpas - am

where B; is the inverse of the group velocity and f; represents the Group Velocity
Dispersion (GVD). Usually, the dispersion is measured with respect to the term D(A)
which is defined as follows

2mc
D, = —/\—T;ﬁz ps/nm/km. (1.12)

If the transmitted signal is narrow band enough, high-order coefficients can be neglected
in Eq. (1.11).

Notice that by doing a appropriate variable changing, the term f; can be removed in
the wave equation.

Moreover the transfer function of CD in the frequency domain at position z (by
assuming planewave) has been obtained in [4]:

Hep(f) = e % = pintef? (1.13)
Since this transfer function is unitary ( [Hcp(f)I* = 1), the channel capacity will not be
modified.

1.3.3 Nonlinear effects

We will now focus on the non-linear effects which are generated by the term x® in Eq.(1.6).
Actually, the first non-linear effect (which has an impact on the value of ), is due
to the local random variation of the refractive index in fiber with respect to the signal
instantaneous power. This effect is called Kerr effect [3]. As ¥ and so the Kerr effect deals
with the product of three electric fields (cf. Eq. (1.6)), there is three main degradations:

e The Self-Phase Modulation (SPM) is the effect induced by its own pulse. It generates
a modification of the instantaneous phase shift of the pulse.
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e The Cross-Phase Modulation (XPM) occurs when several channels propagate si-
multaneously in the fiber as in WDM systems. Then, an other instantaneous phase
shift induced by the combination with an other pulse occurs.

e The Four Wave Mixing (FWM) generates new pulses at specific frequencies and

may lead to interference.

Assuming only one polarization mode and only Kerr effect for the non-linear im-
pairments, the wave equation (Eq.(1.5)) leads to the famous Nonlinear Schrodinger
Equation (NSE) [3]:

2

i%—}z{ + i%X - %%—t}f +ynLIXPX =0 (1.14)
where yn1, is the non-linear coefficient due to Kerr Effect. This equation is a spatio-
temporal differential equation which does not exhibit closed-form expressions for its
solution, except in very particular cases such as, CD-free case or linear case. Notice that
the absence of closed-form expressions for the solution to the NSE in the general case will
be one of the most important issue for deriving the non-linear channel capacity in the
remainder of this chapter.

Before going further, we have to introduce the so-called effective length defined as

follows
1—¢oL

Legs = (1.15)

It represents the length of the fiber beyond which non-linear effects take place.

Notice that, other non-linearities such as Stimulated Brillouin Scattering (SBS) or
Stimulated Raman Scattering (SRS) exist, but can be neglected compared to the Kerr
Effect. Moreover we do not take into account the fiber polarization. In this case, the
electric filed is driven by the Manakov-PMD equation [5] which proves the existence
of the so-called XPolM corresponding to an extension of the the XPM into the cross-
polarization. Manakov equation is strongly more complicated than the Schrodinger one
and so we will not focus on it.

1.4 State of the art on the non-linear capacity derivations

The problem of the derivations of the non-linear capacity in closed-form can be split into
three steps:

1. exhibiting in closed-form the input-output relationship of the non-linear optical
channel,

2. finding out the PDF maximizing the mutual information of this channel,

3. deriving the mutual information.
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These three steps are quite complicate for the non-linear optical channel since the
NSE does not admit often a closed-form expression. Moreover, even if the solution of
the NSE is known in specific cases, finding the optimal PDF and calculating the mutual
information can be a very hard task.

All existing works (except [6]) consider a Gaussian PDF for the input which will lead
to results similar to Eq.(1.4). The difference between these works lies in the way they take
into account the non-linearities, and so they incorporate the input-output relationship.
Notice that the Gaussian assumption is reasonable since high-order QAM is quite well
modeled by this PDF, and it enables us to derive some expressions in closed-form.

In Section 1.4.1, the non-linear effect is viewed as an additional noise and the capacity
is modified accordingly. In Section 1.4.2, the correlation between the input and output
signals (since the noise is now signal-dependent) are calculated when non-linear effect
occurs and the new expression for the capacity is found. In Section 1.4.3, the non-linear
effect is viewed as a perturbation of the linear case and the capacity is then re-written.
Finally, in Section 1.4.5, empirical evaluations of the capacity are done which enable us to
discuss the validity of the different above works.

Hereafter, we consider a WDM system with N, channels. Each channel has a bandwith
B and an input power P,. Py = NyB represents the noise power.

1.4.1 Derivations based on additional noise

We recall that in this subsection, the capacity will be calculated in closed-form by modi-
tying the SNR expression in Eq. (1.4). Obviously, all the below-written expressions only
correspond to capacity approximation.

1.4.1.1 When the additional noise is multiplicative [7]
In [7], the authors consider the following system

e a WDM system for which the fiber attenuation is perfectly compensated for.

e The SPM is neglected as it depends on its own channel and thus could be pre-
compensated.

e The FWM is assumed to increase only the additive noise variance Py. Nevertheless,
the increase is not evaluated by the authors.

e Only the XPM is considered and thus the authors asserted that it corresponds to the
main non-linear impairment.

As a consequence (@ = 0, no SPM), the input Xj of the k-th WDM channel writes as
follows (cf. Eq (1.14))
X2 X

5 tViXe=0 (1.16)
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with Vi = 2ynr Yz |Ecl?2. In the term V,, the contribution of all other WDM channels
interference is taken into account.

The term V} looks like a random variable and the authors assumed (under the as-
sumption of substantial dispersion) it is Gaussian distributed. After tedious and not
straightforward derivations, they eventually obtain the following input-output relation-
ship for the channel

Y(t) = ( f u(t, t’)dt')X(t)+N(t) (1.17)

where u(t, ') corresponds to the additional multiplicative noise depending on V.

Assuming X(t) and N(t) are Gaussian distributed, the authors just need to calculate
all the correlations between Y(t) and X(t) (see more details in Section 1.4.2) also averaged
on V. They finally obtain the following closed-form expression for the capacity:

(#e)
e \IPNL P,
Py

2 ’
Pn + [1 - e_(PNL) ]Px

C=Blog, |1+ (1.18)

with

P D)LC
NL = .
27/12% log (%) Lett

The maximum capacity can be roughly approximated by

(1.19)

2B 2P
Crax = lo o (i)

3 Py
and is reached when P, = (PnrPn/2)'/5.

In [8], the authors consider the same model as in [7] (WDM, no attenuation, no SPM),
but they asserted that the FWM dominates the XPM when constant-intensity modulations
are used (such as, Binary Phase-Shift Keying (BPSK), Differential Phase Shift Keying
(DPSK), Quadrature Phase-Shift Keying (QPSK)). Using the same framework as above,
they argue that only the term Py has to be modified as follows

1 2
By e
—(Ne=1)/2<p<(Nc-1)/2,p70
—(Nc—1)/2<9<(N.-1)/2,4#0
lp+q1<(Nc—1)/2

with k, , = 2nA2D,B%qp/c 1.20
21 k}%’q p.q A qp/ ( )

where N; is the number of spans, and 6., stands for the Kronecker index. This expression
was derived for the central channel which is the most disturbed by the FWM.

1.4.1.2 When the additional noise is additive [9, 10]

In [9, 10], the authors consider the following model
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e a CD-uncompensated fiber
e potentially a PDM transmission scheme

The authors have developed a model for which the non-linearities just generate an
additional additive white Gaussian noise independent of the amplification noise. This
assumption is well satisfied when the channel is highly dispersive (cf. , large enough).
As a consequence, the capacity is obtained as follows

Py

3 log| 72?|B2|Legs,, (NcB)? /2
P+ N (3)' 72, Loy NI

where Leg,, = (1 — exp(—2aL))/(2a) is the non-linear effective length for the PDM case.

C=Blog2 1+

(1.21)

Actually, the closed-form expression depends on the nature of the amplification. If
the amplifier is EDFAs, Eq. (1.21) holds. If the amplifier is based on Raman principle, the
correct expression is provided in [10].

1.4.2 Derivations based on input-noise correlation

In [11, 12, 13, 14], all the closed-form expressions for the nonlinear optical channel are
calculated thanks to the use of the so-called Pinsker’s formula [15] which enables them
to take into account the correlation between the input signal and the noise. We have

G P(f)
C= ﬁB/z 10g2 (@)df (122)
where P(f) and Q(f) are the following terms
P(f) = det [ FT(E[X(t + 7)X*(D)]) 0 ]
| 0 FT(E[Y(t + T)Y*()]) |

(1.23)
Q(f) = det

N

[ FT(E[X(t + 7)X*(®)]) ET(E[X(t + 7)Y*)]) |
| FT(E[Y(t+ 1)X*(1)]) FT(E[Y(t+7)Y*(D)]) |

where X(t) and Y(t) are the input and the output of the fiber respectively. The operator
FT(-) stands for the Fourier transform and the superscript (-)* stands for complex conjugate.
In [11, 12, 13, 14], the derivations of the capacity are achieved only for the central
channel of the WDM system. Moreover, all the WDM channels are assumed to be flat
fading.
The authors consider two cases for the input-output relationship:

e the non-dispersive case (5, = 0) for which the NSE admits an exact closed-form
solution,

e the dispersive case (8> # 0) for which only an approximate closed-form solution of
the NSE can be used.
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1.4.2.1 Non-dispersive case

For the non-dispersive case, the NSE admits the following closed-form solution (under a
single span assumption)
Y(t) = e/ LetXOF X (1) + N(#). (1.24)

After tedious derivations, the author in [11] obtains that

Py
1+(yNrLeftNc Py )?
C =Bl 1+ ——— 1.25
©82 [ " PN + Paga. 1.2)
where )
= +1 LeoggN P, )"
Py = 2P, (n + 1)g2n+1(YNLLeft Cn +x2)
n=1 [1 + (VNLLefchPx)z]
with
@+ 1) I 1k @n+1- 20
8211 = e K2n +1-K)!

As the maximum capacity is obtained when the power is small enough, the interval
of interest for the power leads to small enough values and thus enables us to keep only
the first term of the sum in P,q4.. Then, we have

Dy
) )2
C = Blog, |1+ ——— )|, (1.26)
PN + §P (VNL effNePx)

2 x[1+(7/NLLefchPx)2]3

Thanks to this equation, one can prove that the maximum capacity is
2/92/3

(YNLLefNcPN)?/3 )

and is reached when P, = (Py/3)'/3/ (')/NLLefch)z/ 3,
In [12], the multi-span case is studied by induction.

Crax = log, |1 +

1.4.2.2 Dispersive case

In [13], the dispersive case is treated. The main issue lies in the absence of closed-form
relationship between the input and the output. Consequently, the author proposed to
overcome the problem by using an approximate relationship between the input and the
output based on the Volterra series expansion [16]. Once again, for the sake of simplicity,
let us consider only the single-span case.

If the non-linearities is small enough, the relationship between the input and the output
can be written by considering only a third-order Volterra series expansion (the first order
corresponds to the linear part; the second-order vanishes for the sake of symmetric).

Then, we have, in the frequency domain,

Y(f) = YL(f) + Yni(f) (1.27)
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with

eZinzﬁszZ X(f) (1.28)

PCBLE (i) fffé(f—fl + f2 = RX(AX (L)X(f3)
HOAPTBCP AR 1 e 1.29
X IRt P A ) fidfodfz + N(f) (1.29)

where Y (f) is the linear part of the received signal (associated with the Chromatic

YL(f)
Ynr(f)

dispersion - cf. Eq. (1.13)) and Ynr.(f) is the non-linear part and the noise. The term L
stands for the fiber/span length.

Then, by using Pinsker’s Formula (Eq. 1.22) and assuming white spectrum, the author
asserted that the capacity takes the following form

Sx(fo))
K(fo)

where fj is the carrier frequency, Sx(f) is the power spectral density of the input signal,

C = Blog, (1 + (1.30)

and
K(f) = FT(E[YNL(t + 7)Yy (O]) = IFTE[Y N (t + )Y (OD/Sx(f)-

Notice that Eq. (1.30) is actually wrong since it leads to a contradiction for the so-called
opaque channel. Let us consider the opaque channel: Y(t) = N(t). According to Eq. (1.30),
the capacity is C = Blog, (1 + Py/Py) which is impossible since the output is independent
of the input and so leads to a capacity equal to zero. Consequently, in Eq. (1.30), some
terms are missing. In Section 1.5, devoted to our own derivations and contributions, the
missing terms will be exhibited and so added. Let us go back to [13].

As asserted by the author, after tedious but straightforward > derivations, he obtained
that

K(f) = NSn(f)
+ 4y, fffé(f—fl + f2 = f3)Sx(f1)Sx(f2)Sx(f3)
X U(f1, fo, B)YVN.-1(f1, o, 3)dfrd fod f3 (1.31)

v oami, f f f 5(f — fi + f2 — FISX(AISN(L)ISN(f)

N.-2
X U fo f3) ), Valh o f)Afidfadf
n=0

where

e Sn(f) stands for the PSD of the noise,

eL(*(XJrZiT[Z[iZ P+2-3+1) -1 2

» U(f1, o, f2) = P T )

7

¥We will see in Section 1.5 that these derivations are not so straightforward to our opinion.
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« Volfi, fo f3) = [T emi2imBrefi-pfie ],

Finally, in [14], the same author approximated the above three-dimensional integral in
order to obtain the following approximate closed-form expression for the capacity.

Y - S

1+(yNLLeftNc Py )?
3p__OnlaNeP?

[1+(VNLLefchPx)2]

(1.32)

with
873 log (nz‘BzNgBZ/a)
T3 n2BaN?B2/a

As soon as the dispersion is large enough, we have & < 1 which shows that the capacity

in dispersive environment is larger than in the dispersion-free case.
As a conclusion, even if the author omitted a term in Eq. (1.30), its framework is very
useful and will be used later in the thesis.

1.4.3 Derivations based on perturbation theory

In [17], the authors assumed that the Kerr effect (directly related to X3 in the wave
equation) is smaller than the refractive index. Then, they developed a technique for
deriving the capacity based on the perturbation theory. Let us consider the single-span
case for the sake of clarity. The authors modeled the input-output relationship as follows

Y(f) = (b1 f2m6af)L)

X(f) + ZVW“RXU»J +N(f) (1.33)
=1

where 7)(e) represents the perturbation due to the non-linear effect. For more details
about the derivations of 7 (e), the reader may refer to [17].
Assuming the input Gaussian distributed, we show that the capacity is well approxi-

mate with b
C = Blog, (1 + ﬁ) - AC (1.34)
where
P 2 A1/2 12 max[%;%+x1+x2]
AC = B (yNL x) f f 8(x1, x2, x3)dx1dx2dx3
o -1/2J-172 J-1)2
p2p4 2
. [—aL—i(i—z(xa—x1><x3—xz>)]
—e
g(zl X1,X2, x3) =

1- (ﬁ%—34(x3 —x1)(x3 — xz))z |

a?

In [18], similar techniques for the capacity derivation have been used to extend this
work for the WDM system. Unfortunately, only numerical illustrations are shown in [18].
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1.4.4 Derivations of a lower bound

In [6], the authors proposed to derive a very simple lower-bound for the capacity. By
considering that the phase of the transmitted signal is independent of the phase of the
received signal (e.g., a intensity-modulated input signal), the mutual information for
such a input signal leads to the following lower-bound of the capacity (since the capacity
corresponds to the highest mutual information with respect to the input distribution.

B Py
> — X, .
C> > logz(PN) (1.35)

As a consequence, the capacity is clearly unbounded when the SNR increases. Same
conclusion has been drawn in [19].

The question now is: why using the Gaussian distribution and so Pinsker’s formula for
deriving capacity. In practice, the modulation with high efficiency mimics the Gaussian
distribution, and the its phase provides information (which is not the case for intensity-
modulated signal). In order to obtain high data rate, the use of modulation with high
efficiency coupled with a efficient forward error coding is required. Using intensity-
modulated modulation with a large number of states is irrelevant in practice since this
modulation yields very poor performance that a FEC can not counter-act.

Therefore working with Gaussian distribution for deriving capacity remains of interest
to obtain some insights on practical system behavior.

1.4.5 Numerical evaluations

In many papers [20, 21, 22, 18], the analysis of the capacity is only done through its
numerical evaluation, which means that the mutual information is obtained through
Monte-Carlo trials according to an pre-defined input distribution and an pre-defined
input-output relationship (sometimes, the NSE is solved numerically in order to obtain
this relationship as in [20, 21])

In this section, we only plot numerical evaluations of the closed-form expressions
provided in the state-of-the-art. The simulation setup is the following one: a single-span
tiber of length 80 km, the noise Py = 1075 mW, ynz, = 1.22 W/km, @ = 0.2 dB/km,
B2 = —21.6psz/km, and N, = 81.

As already mentioned when [11] has been analyzed, the CD has a great influence
when non-linear effect occurs. The more dispersive the fiber is, the better the capacity
is. When Gaussian distribution is considered, the capacity is bounded and the maximum
value is obtained for standard input power per channel (~ 1 mW). Moreover, when the
power is low enough, the capacity perfectly follows the linear regime. The true capacity
(by using the optimal input distribution) is actually unbounded since the bound derived
in [6] is monotonic with respect to the input power.

Nevertheless, as already said in Section 1.4.4, the derivations and analysis of the
capacity relying on Gaussian input capacity remains of interest for practical coherent
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Figure 1.2: Optical nonlinear channel capacity behavior

modulation based systems.

For completing our state-of-the-art, we display in Table 1.1 the pros and cons of each
existing framework and in particular which ones will be relevant for fixing our problem,
ie., for analyzing the influence of the guard band on the capacity. We remark that
the framework developed under the input-noise correlation assumption [11, 12, 13, 14]
enables us to use different input spectrum and so enables us to insert quite easily the
guard band.

1.5 New derivations of the capacity in presence of the guard band

As explained in the introduction of this chapter, the influence of the guard band raises
when we would like to increase the spectral efficiency per WDM channel since we would
like to have closer channels. And, due to the non-linearities, closer channels lead to per-
formance loss. Therefore we would like to exhibit the trade-off between non-linear effect
mitigation (large guard band) and high spectral efficiency (small guard band). To do that,
we propose to use the information-theoretic tool, and especially, the channel capacity. As
alaready explained in previous section, our derivations will use the framework, devel-
oped in [11, 12, 13, 14]. This section is organized as follows: in Section 1.5.1, we briefly
introduce your system model. Then, our derivations are given and as in [11, 12, 13, 14],
the non-dispersive case (see Section 1.5.2) is done separately from the dispersive case (see
Section 1.5.3).
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Kerr non-linearities . Different
CD Multi-Span | |
SPM | XPM | FWM input spectrum
Multiplicative noise (XPM)
X X X
(Eq. (1.18))
Multiplicative noise (FWM)
X X X
(Eq. (1.20))
Additive noise
X X X X X
(Eq. (1.21))
Input-noise correlation
X X X X X X
(Egs. (1.26)-(1.32))
Perturbation theory
X X X X X
(Eq. (1.34))

Table 1.1: Comparison of framework for capacity derivation (The symbol X marks the compatibility
of the framework with an impairment or an issue)

1.5.1 System model

We consider an optical coherent transmission system which contains N. = 2N + 1 WDM
channels. For the sake of simplicity, we assume a mono-span amplified link. Since our
aim is to understand the influence on the guard band on non-linearities, each WDM
channel is assumed to have a flat spectrum over the bandwidth B, and a guard band B,
between two consecutive WDM channels is introduced. Finally, Py is the input power
of each WDM channel. Such a spectrum is displayed in Fig. 1.3, and has the following
mathematical form

N k(B + B
Sx(f) = % Z H(W) (1.36)
k=—N

where x — T1(x) is the rectangular function of width 1 and defined as

1 if|f] <1

: . (1.37)
0 otherwise

I(f) = {

The autocorrelation of signal X(t) is denoted by
Rx(7) = E[X(t + 1)X"(1)]

and we have Sx(f) = FT(Rx(7)).

We remind that the capacity is calculated for the central channel which is the most
disturbed by non-linearities. Moreover, the input is assumed to be Gaussian distributed,
and the amplification noise is considered as AWGN.
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Figure 1.3: Input signal spectrum

1.5.2 Non-dispersive case

Assuming non-dispersive fiber (i.e. 2 = 0), the NSE admits a closed-form solution and in

[11] (after simple algebraic manipulations), the capacity is given by

B2 Sx(f)
C= 1 14+ 145, LegR% (0) d (1.38
- -B/2 082 Sn(f) + X (n+ 1)y, LZFT(Rx (7)[Rx (7)) f 38)
N+ et 0 R O

Then, considering that the total input power is low (i.e. N.Py < 2.7W), one can only keep
the first term in the previous series expansion at the denominator. We have

Sx(f)
e 1473 L3R5 0)
C= log, |1+ 12 —|df. (1.39)
-B/2 S (f) + 2 NLLeﬁFT(RX(T)lRX(T)l )
N (1+VI2\ILL§ffR§((O))3

Unlike [11], we decide to keep the integral in the further expression for the capacity
since our spectrum is non flat due to the presence of the guard band. To complete the
derivations, we just need to obtain a closed-form expression for FT(Rx(7)|Rx(7)?).

1.5.2.1 Derivations of FT(Rx(17)|Rx(7)]?)

As Sx(f) in Fig. 1.3 admits a Hermitian symmetry, the autocorrelation Rx(7) is a real-
valued function. Therefore deriving FT(Rx(7)|Rx(7)|?) is equivalent to deriving FT(R(t)%).
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Thanks to the properties of the Fourier transform, the term can be calculated as follows:
Tx(f) = FT(Rx(1)’) = Sx * Sx * Sx(f)- (1.40)

where * stands for the convolution product. We will proceed into two steps: first we

derive v(f) = Sx * Sx(f), and then Tx(f) = Sx * v(f).

Derivations of v(f)

First of all, let U(f) = IT+II(f) be the convolution between two rectangular functions. It
is well known that v,(f) is the following triangle function

@-=1fD iflfl<1
Uuf) = 1.41
2 { 0 elsewhere ( )
where the function x + |x| is the absolute value function. As a consequence, we have
P2 & (f+(+R(B+By)
o) =3 Z Z u 5 . (1.42)
j=—Nk=-N

The double sum can be simplified by using the indices (j, £ = j + k) instead of (j, k). Then,
we have —2N < ¢ < 2N and max(—=N + {,—N) < j < min(N + ¢, N). Therefore we obtain

2N
v(f):lg_f Y (2N+1—|f|)3u(w> (1.43)
{(=-2N

Derivations of Tx(f)

Let W(f) = ITxITxII(f) = ITx U(f) be the double convolution of the rectangular function.
We have straightforwardly that

i-f if |f] < 3
W(f)=1{ 3f2-3Ifl+3 ifi<Ifl<3 . (1.44)
0 otherwise
As
N 2 2N
Tx(f)=(% Y n(f—+k(§+3g))]* % Y (2N+1—|{’|)Bu(f—+€(g+8g)) ,
k=—N {=—-2N
o(f)
we have .
p3 k+€)(B+B
Tx(f) = 35 Y ) (2N+1—|€|)B2W(f+( +B)( i g)). (1.45)

k=—N ¢=—2N
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We use again the substitution (¢ = k + ¢, {) instead of (k, £). Then we have —3N < ¢’ < 3N.
As —N <k < N, we obtain the following inequality on £

-N+¢ <f<{ +N.

Moreover, we have —2N < ¢ < 2N. So we obtain that

max(—=N + ¢/, -2N) < € < min({’ + N, 2N). (1.46)
. R
Then Tx(f) takes the following form
Tx(f) = Pg( i\i [Zb:(ZN +1- I{’I)] W(@), (1.47)
¢=-3N\'t=a
0

In order to handle easily the bounds for £ given by Eq. (1.46), we split our problem in

two categories

e For N <|{'| <3N:

2N 3N+1-|¢]
_ _ ., BN+1-|NBN +2 )
0= Y @N+1-l)= )Y = 5 )
(=|t'|-N =1

e ForO0<|l'/| <N:

'+N '+N>0 N-{'>0
0= Z QN +1-1f)) = [Z(2N+1—|€|)]+(Z(2N+1—|€|))
{=0'-N =1 =0

2N 2N+1
> ool Y e
{""=N+1-{" {"=N+1+{"

~ , (N+OW++1) (N=O)(N-C+1)
= 2N+1) . > :

By replacing 0 in Eq. (1.47) with the previous expressions, we have

P
Tx(f) = =Tx()

with
T&U)==k§i O L= D20 Wet) + Wos()
N
N XN:((2N+1)2— (N+k)(1;]+k+1) B (N—k)(I;I—k+1))(Wk(f)+w_k(f))
+ (k(zle +1)* = N(N + 1)) Wo(f) (1.48)
where the function f - Wi(f) is defined as
Wi(f) = w(@).
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1.5.2.2 Final expression for non-dispersive case
According to Eq. (1.39) and as Sx(f) = (P«/B) for f € [-B/2,B/2] and Sn(f) = Pn/B and
Rx(0) = PyN,, we have the following closed-form expressions for the capacity

Py

c= [ togy |14+ — TOENET__ | (1.49)
~B/2 82 Pr 4+ P 2(yni LetPx)*Tx(f) . '
N ¥ (1+(yNL LeftNcPx)?)3

where Tx( f)is given in Eq. (1.48).

In this expression, the guard band is involved only in Tx( f). In By = 0, it is easy to
check our expression is that givenin [11]. If B; > B, we have T(f) = (N?>=(N2-1)/4)W(f/B)
since Wi(f) = 0 for any k # 0 as soon as |f| < B/2. As a consequence, we obtain that

Py

B/2 —_—

1+(yNrLefNcPx)?

Cp.op = log, |1+ df. 1.50

Bs>B ﬁg/z T BNE DL PG (/B f (1.50)
NT5x 2(1+(yNeLetNcP2)2)?

This value Cg . >B corresponds to the maximum value for the capacity since it is a non-
decreasing function with respect to B,. In Cp >B, We only viewed the non-linear effect due
to intra-channel interference since the inter-channel effect has been completely removed
via the guard band.

1.5.3 Dispersive case

The dispersive case is much complicate to treat since there is no closed-form solution for
the NSE. To go further, once again, we use the framework developed in [13] Nevertheless,
we remind that the expressions given in the dispersive case in [13] does not take into
account the presence of a potential guard band, and was unfortunately flawed as already
explained in Section 1.4.2. Therefore we propose here to do the whole derivations by
correcting the expression of [13] and by inserting a guard band. For the sake of simplicity,
a single-span link is considered.

The main issue so lies in the absence of closed-form solution for the NSE. Therefore,
as in [13], we will consider that the Input/Output relationship is obtained by using a
truncated Volterra series expansion (cf. Eq. (1.27)). We remind that the output signal (in

time domain) can be split into two terms:
Y(t) = Yr(f) + Yne(f) (1.51)

where Y (f) represents the linear part of the received signal (its Fourier transform is given
in Eq. (1.28)), and Yy (t) represents the non-linear impairments and the noise (its Fourier
transform is given in Eq. (1.29)).

Using Pinsker’s formula (cf. Eq. (1.22)), we also remind that

~ B/2 if)
C= IB/Z log, (Q(f))df (1.52)
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where
P(f) = det( FT(E[X(t + T)X*(1)]) 0
0 FT(E[Y(t + D)Y*(1)]) |
and .
FT(E[X(t + T)X*(1)]) FT(E[X(t + 7)Y*(1)])
Q) =det|| . . . :
(E[Y(t+ DX ()]) FT(E[Y(t+7)Y*()]) |

In the remainder of this chapter, we will use the following notation and definition for
the so-called inter-spectrum between signals a(t) and b(t):

Sap(f) = FT(E[b(t + T)a’(B)])-
Then, by using Eq. (1.51), we have

P(f) = Sx() (Svi. i () + Swau v () + Svi v (F) + Sy v () (1.53)

and
Q(f) = P(f) — ©(f) (1.54)
with

O(f) = Sx,v, (f)Sy,x(f) + Sx,v, (F)Sva,x(f) + Sy, x(f)Sx,vn (f) + Sx,vae (f)Syy,x(f)- (1.55)

As a consequence, Eq. (1.52) can be rewritten as follows

_ ("7 o)
C= IB/zlog2(1+ P(f)—@(f))df' (1.56)

Notice that in previous expression is clearly different from that of [13] since ©(f) is not
equal to Sx(f), and actually vanishes when an opaque channel is considered (as Y7.(t) = 0
and Ynr(#) only depends on independent noise for such a channel).

In order to obtain closed-form expressions for P(f) and ©(f), we need three simple
preliminary results given below and proven in Appendix A.

Preliminary result 1 (Spectral autocorrelation) We have
E[X(HX(f)] = o(f = f)Sx(f)
where 0(.) is the Dirac distribution.

Preliminary result 2 (Interference formula) Let a(t) and b(t) be the outputs of two filters
having the same input x(t). So

a(t) = ha(t) * x(t) and  b(t) = hy(t) * x().

We have
Sap(f) = Ha(f) Hy(f)Sx(f)
where H,(f) and Hy(f) are the Fourier transform of a(t) and b(t) respectively.
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Preliminary result 3 (Permutation in inter-spectra) Let a(t) and b(t) be the random process.
We have

Sa,b(f) = Sb,a(f)*-

Thanks to preliminary Result 3, we have

P(f) = Sx(f) (SYL/YL (f) + 2%[SYL,YNL (HI+ SYNL,YNL(f))

and

O(f) = ISx v, (NP + 2R[Sx v, (f)Sxva ()] +1Sxvay (-

The inter-spectra involved in P(f) and ©(f) can be split into two categories according
to the presence of the non-linear term Ynr.(t). Therefore, we have divided our derivations
in two parts: Section 1.5.3.1 (only linear terms) and Section 1.5.3.2 (with non-linear term).

1.5.3.1 Spectra derivations involving linear terms

As Y1.(f) = Hep(f)X(f), we have

Sy, v, (f) = Hep(HPSx(f), and  Sxy, (f) = Hep(f)Sx(f).

Using the CD filter (cf. Eq. (1.13)), we finally obtain that

Syov(f) = Sx(f), and Sxy,(f) = TPL Sy (f).

This enables us to simplify P(f), O(f), and Q(f) as follows
P(f) = SX(f)(SX(f) + 2%[SYL/YNL(f)] + SYNL,YNL(f))/

O(f) = Sx(f)* + 2R [Sx v, (NSxva ()] + ISxva (),

and
Q(f) = Sx(NQRISy, yva (NI + Sywvan ()) = 2R[Sx v, ()Sxvas ()] = ISx v (F)I-

1.5.3.2 Spectra derivations involving non-linear terms
e Derivations for Sx y,, (f)

We have ‘
Sxvalf) = FT(E[[Yae(H™EIdfx (1)])
FT ([ E [YnL(f)X (0] 20 d )

We will first focus on E [Ynz.(f)X*(t)]. We have

(1.57)

EM(x 0] = E[(@ 5 @i [[[ o - A+ - XXX
X v(f1, f2, f3)dfrdfadf3 + N(f))X*(t)].
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with j
eL(—a+2m252(—f2+f12_f22+f32)) -1

—a + 2B (—f2 + f2 - 2+ f2)
As the noise is independent of the signal, we have

v(f1, f2, f3) =

EDv(HX®] = E[(@™ R @imym fff Of = fi+ fa = XX (f)X(f3)
X v(f1,fz,fs)dfldedﬁ)X*(t)]'

By moving the expectation only around the random terms, we obtain that

E[Yxu(HX'(B)] = 7B Qinyyny f f f 3(f = fi+ fr = HE[X(AX (R)X(H)X B
X v(f1, fa, f3)dfrdfrd fs. (1.58)

To go further, we need to calculate the expectation of a product of four random vari-
ables. Assuming that the (complex-valued) random variable are zero-mean circularly-
symmetric Gaussian, it is known (cf. [23] for more details) that

E[X(A)X ()X(HB)X(H] = E[X(A)X (R)]E[X(H)X ()]
+ E[X(A)X' O] E[X (f2)X(f3)]

Notice that the assumption of circularly symmetry is not restrictive since all the en-
countered modulations (PSK except BPSK, QAM) are second-order circularly symmetric.
Circularly symmetry at the second order means that the real part is independent of the
imaginary part and that the variance of the real part is identical to the variance of the
imaginary part.

As for the preliminary Result 1, it is easy to see that

E [X()X* ()] E[ [ X(t")e 2" dtx:(t)]
JEX(E)X (t)] e 2 d
fo(t' _ t)e—Zint’dt/

SX(f)e‘zi“ft,

Combining Eq. (1.59) and that dealing with the 4-th order moment decomposition

(1.59)

along with the preliminary Result 1, we have

E[X(A)X (XX (] = e2™55(f - £)Sx(f)Sx(f)
+ e 2TAtS(fo — £3)Sx(f1)Sx(fa).

Thanks to the previous expression, Eq. (1.58) can be rewritten as follows
E[YN(HX' ()] = P dimyny LegeSx(fRx(0)e ! (1.60)
with Rx(0) = fSX(f)df. Moreover as Rx(0) = N.P,, we have

SX,YNL (f) = 4inVNLLeff€2in2ﬁ2Lf2NcPxSX(f)' (1-61)
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e Derivations for Sy, v,, (f)

Thanks to Eq. (1.28), we remind that
YL(f) = PTELEX(). (1.62)

Following the same approach than for the derivations of Sx y,, (f), one can easily deduce
that

Sy, yn (f) = ¢ 2paLf 2SX,YNL(f )-

and thus
SYL,YNL (f) = 4i7TVNLLeffNCPxSX(f)-

which corresponds to an imaginary number.

As a consequence, we can once again simplify strongly P(f) and Q(f) as follows

P(f) = SX(f)z + SX(f)SYNL,YNL(f)/ (1.63)
O(f) = Sx(f)* + 16m*yy, L2 N2PiSx(f), (1.64)

and
Q(f) = Sx()Svyva (f) — 16722, L2 N2P2Sx ()2 (1.65)

So it remains only to derive the term Sy, v,, (f) which is the most complicate one.

e Derivations for Sy, v,, (f)

We obviously have that

Syava (f) = FT (]E [ f Yni(f)eH™ 0 f f Y3 (f)e 2 g f]) )
By applying the expectation only on the random terms, we obtain
Sy v (f) = FT ( f f E[Yau(f) Yy, (f)] ™ e 2 d fd f’) (1.66)
Let us focus on the term IE[Yni(f) Yy, (f')]- According to Eq.(1.29), we have
E[Yar (Yo (F)] =E [(ezf’*ﬁﬂﬂ @iny) [[[ o = fi+ - XXX
o(f1, f2, 3)dfrd fad f3] + N(f))

x (2B (L iryny) f f f S — f1 + f — FOX (XX ()
olfl, 5, Y dfidfydf; + N(F))).
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Since the amplification noise is statistically independent from the signal, the previous
expression becomes (thanks to the preliminary Result 1)

EUMUWMUﬂ:ﬂhﬁ“ermnmJIfaf<h+ﬁ—ﬁﬂ@&ﬁﬁﬂ@»
o(f1, fo, 3)dfrd f2d f3])
<2 i) [[[[ o - 4 15 pox XX
o(fy, f5, By AfdfAf5)] +5(f = FSn()-

Once again, by applying the expectation only to the random terms, we obtain

E[Yae(DYin(F)] =5(f = FISN() + dryd bt =)

I I o= pmptr —siesi=pp

E [ X(A)X ()X (f)X (X)X ()]
o(fi, fo, B)(fL, f3. F3) dfidfad fadfdfrdfy
In order to go further, we need to treat the expectation involving the product of six random

variables. Once again, by assuming zero-mean circularly-symmetric Gaussian process,
we obtain (see [23])

E[X(A)X (RXEX (XX ()] = EXERXEIE[X XA E[XEHX(f)]
+ E[X(A)X (R]E[X(H)X(H)]|E[XEX ()]
+ E[X(FXH)|E[X(XE)|EXRX (f)]
+ E[X(B)X(H)|E[X X E[X(£H)X (f)]
+ E[X(MXA)]|E[X X EX(HX(f)]
+ E[X(H)X ()| E[X (X5 E[X (Fxa69)

We remark that the involved 6-th order moment is a sum of terms x1 = E[X"(f;)X(f3)]
XELX () X(OTELX(£)X (f2)] or EIX(£) X" ()TELX (F)X(f5)ELX ()X (f)] (in which one
find one frequency with the prime per second order moment) and x> equal to the four
other ones (in which one find at least one second-order moment with both frequencies
with the prime). These two types of terms (x1 and x2) have to be calculated separately as
follows.

e Let us focus on the types of term xi. Let us first assume that x1 = E[X"(f;)X(f3)]
XE[X*(f)X(f)IE[X(f))X*(f2)] The corresponding term in Eq.(1.67) is denoted by
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t1(f, f’) and writes as follows

O Y e

S [T o= =g

E[X(f)X(BIEX ()X(IEX(£)X (f2)]
olfi fo, B)O(fy, f3, ) dfid fd fdfidfrdf;
Using the preliminary Result 1 leads to

b(ff) = Ay @ R

ffffff@(f A+ o=~ fl+ f5— £

— f1)Sx(f1)0(f; = f2)Sx(£2)0(f; — f3)Sx(f3)
fl/fZ/fB)U(flrfsz3) dfidfodfsdfidfdf;

X

X

X

X

X

X

Then we have
n( sy = 4= [[[ o= fie -
X Sx(f1)Sx(f2)Sx(f) |U(f1,f2,f3)|2 dfrdfrdfs (1.69)

Notice that the derivations done with the other expression of x; will lead to the

same final closed-form expression.

Let us focus on the types of term x>. Let us first assume that x» = E[X*(f])X(f;)]
XE[X*(f)X(f)IE[X*(f2)X(f3)]. The corresponding term in Eq.(1.67) is denoted by
t2(f, f') and writes as follows

b(f,f) = 4ty PR

ST JIJ st 0= o = s - 2

E[X*(MXUDIEX () X(IEX (£2)X(f3)]
o(fi, o, 5)O(f], f3, ) dfrdfd fad fldfdf;
Using the preliminary Result 1 leads to

b(f, f) = 4ryR e B

X

X

X

X ffffffé(f fA+h=HR)f -fA+fH-1f)
X = [)Sx(f)o(f5 = f1)Sx(f1)6(f2 = f3)Sx(f3)
X f1/f2/f3)v(f1/f2/f3) dfidfdfsdfidf,df;

The sixtuple integral can be strongly simplified by using the Dirac delta distribution
b(f,f) = 4772)/2 eZznZﬁzL( f2-f")

2
X O(f - f>Leffsx<f>] f Sx(fdf| -
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Then, we have
ta(f, f') = 4123 LENEPIO(f = £1)Sx(f)- (1.70)

Notice that the derivations done with the three other expression of y; will lead to
the same final closed-form expression.

Finally, incorporating in Eq. (1.67) the two terms associated with Eq. (1.69) and the
four terms associated with Eq. (1.70) leads to

E[Yne(OYi ()] = 8(f = F)Sn(f)
v st -0 [[[o-hirp-p
X Sx(1)Sx(R)Sx(F) [o(fi, fo fo) dfidfodd fs
+ 16m*yy, L2 NZP3O(f — f1)Sx(f). (1.71)

As there is a Dirac distribution on f and f’ for all terms in Eq. (1.71), according to Eq. (1.66),
the term Sy, v, (f) is just equal to E[YnL(f) Y}, (f)]- Therefore, we have

s +sm, [[[ o= - s

Sx(f1)Sx(f2)Sx(f3) |U(f1,f2,f3)|2 dfidfrdfs

167y, LegN2PRSx(f). (1.72)

5 YNL,YNL (f )

X

+

1.5.3.3 Final closed-form expression for the capacity

Based on the simplified expression of ©(f) and Q(f) givenin Egs. (1.64)-(1.65), the capacity
(given by Eq. (1.56)) writes now as follows

o [ g1 SRS,
= Og
-B/2 2 SYNLrYNL (f) - 16n2y%\ILL§fngP’2‘SX(f)

(1.73)

Using Eq. (1.72), we have

B2 Sx(f)(1 +16m2)2, 12, N2P?)
- 1 e
c La/z °82 [“ SV + Mx() ]

with
Mx(f) = 87272, f f f 5(F — fi+ fa— FSxUDSXURS(R) [o(fi, for O dfid fadfo

Notice that [13] has almost the same denominator (we just have to replace the frequency
with the pulsation and to replace the power defined in [13] with 27t times ours). In contrast,
the numerator is different since [13] omitted the positive term equal to 16712)/%,LL§HN62P§.
This additional term will improve the capacity and so the value of its maximum. Notice
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also that Mx(f) depends on the CD coefficient which proves that the non-linear capacity
is modified by the CD.

Once again we can simplify the capacity by forcing the input spectrum to satisfy the
model provided in Eq. (1.36). Then we have

B/2 2,,2 2 2p2
C= f log, (1 + Pll + 167 yJYLLeffNCP"))d (1.74)
-B/2 Py + Mx(f)
with
N
wp = sg e Y, [[[ar-sien-p

ki ko, k3=—N

ki(B+B ky(B + B k3(B + B
Y

1.6 Numerical illustrations

In the previous section, we have obtained closed-form expressions of the non-linear
optical channel capacity. Hereafter, we illustrate numerically the introduced expressions
in order to analyze them and to check them as well.

This section is split into three subsections: in Section 1.6.1, we introduce the simulation
setup. In Section 1.6.2, we check the accuracy of the obtained closed-form expressions
compared to a Monte-Carlo capacity evaluation. Finally, in Section 1.6.3 , we analyze the
influence of the guard band on the capacity.

1.6.1 Simulation setup

Parameters Value
Fiber loss a =0.2dB/km
Kerr coefficient ynr =122 W1 . km™
CD coefficient BrLEar = =5.1 p52 /km
Bsmr = —21.6 psz/km
Fiber length L =80 km
Number of channel N. =81
Useful bandwidth B =50 GHz
Amplification noise power | Py = 107 mW - GHz ™!

Table 1.2: Simulation setup

As for the derivations, we consider a mono-span amplified optical link. The amplifier
is at the receiver side and perfectly compensates for the fiber loss. Concerning the CD,
we consider three fiber types: non-dispersive fiber, LEAF fiber, and standard SMF fiber.
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The other parameters, such as fiber loss or Kerr coefficient, are assumed to be the same
for all fiber types and are displayed in Table 1.2. Moreover the amplifier only generates
AWGN.

1.6.2 Accuracy of the proposed closed-form expressions

First of all, we consider the non-dispersive case. In Fig. 1.4, we plot the capacity obtained
through numerical Monte-Carlo simulation of the Pinsker’s formula and through the

numerical evaluation of the closed-form expression of the capacity (i.e., Eq. (1.49)). The

400 : : G

3001

& | - - - Linear case
—— Bg = 0: Closed—form expression

Data rate (Gbits/s)

% Bg = 0: Numerical evaluation

S Bg = 10GHz: Closed—form expression

200 \V4 Bg = 10:GHz Numerical evaluation

—-o— Bg = 50GHz: Closed—form expression

0) Bg = 50GHz: Numerical evaluation

0.01 0.1 1
Input power per channel (mW)

Figure 1.4: Capacity versus P, in non-dispersive case for different values of the guard band

closed-form expressions are very accurate, especially around the maximum capacity.
Indeed, when the input power is too high, a slight mismatch appears between the Monte-
Carlo simulation and the closed-form expression. This can be explain by the fact we have
neglected some terms in Eq. (1.38). This approximation is perfectly valid if the power is
small enough.

Let us now focus on the dispersive case. Unlike the non-dispersive case, the numerical
Monte-Carlo evaluation of Pinsker’s Formula is much more complicate because of the
lake of closed-form solution for the NSE. Therefore, rather than comparing our closed-
form expressions to Monte-Carlo simulations, we propose to compare numerically our
closed-form expressions with that of [13]. Therefore, in Fig. 1.5, we plot the numerical
evaluation of the proposed closed-form expression of the non-dispersive capacity (i.e.,
Eq. (1.49)) versus Py as well as the closed-form expression proposed in [13]. We assume
a guard band-free model (Bg = 0).
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Figure 1.5: Capacity and capacity from [13] versus Py in dispersive case

We remark that the non-dispersive capacity (evaluated through Eq. (1.74) and not
Eq. (1.49)) is the same as that provided in Fig. 1.4. So the approach developed for
dispersive case is also valid for the non-dispersive case although more terms have been
neglected. More important, we notice that the maximum obtained with our derivations
is slightly larger than that obtained in [13]. So the term omitted in [13] has a slight impact
on the numerical values of the capacity.

1.6.3 Influence of the guard band

In Fig. 1.6, we plot the spectral efficiency (defined as n = C/(B+ By)) versus the guard band
in non-dispersive case. Similar figures have been obtained in dispersive case whatever
the fiber type. The capacity has been evaluated through its closed-form expression.

We show that the guard band has a bad influence on the spectral efficiency. This result
is quite logical since bandwidth is wasted by the guard band. In information-theoretical
point-of-view, it is well known that it is more efficient to use the full bandwidth (term out
of the log,) even if it is more disturbed (term within the log,). In practice, the conclusion
can be different: when practical coding scheme is used, the error probability has more
influence and the guard band enables us to prevent too high error probability and to
satisfy the required Quality of Service (QoS).

In order to better understand the influence of the guard band on non-linearities miti-
gation, we plot, in Fig. 1.7, the capacity gain (instead of the spectral efficiency) versus the
guard band in dispersive case. The capacity (also called "data rate") gain is defined as
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Figure 1.6: Spectral efficiency versus guard band in non-dispersive case

the ratio between the maximum capacity of the system with a given value of the guard
band over the maximum capacity of the same system but without guard band. This gain
is expressed in percentage.

We notice that the data rate gain is upper-bounded. This result has been predicted in
the Section devoted to the non-dispersive case (for By > B, the capacity becomes constant
and actually maximum. Here, we remind that B = 50 GHz). We so here remark that
it remains true for the dispersive case. In addition, we remark that the more dispersive
the fiber is, the less the data rate gain is. In other words, the contribution of the CD to
mitigate the non-linearities is more significant than the contribution of the guard band.

1.7 Conclusion

In this chapter, after a review of the literature about the derivations of the optical non-
linear capacity, we have analyzed the influence of the guard band on the non-linear
capacity. To do that, we have developed closed-form expressions of this capacity taking
into account to the guard band for non-dispersive case (cf. Eq. (1.49)) as well as dispersive
case (cf. Eq. (1.74)). These closed-form expressions have been derived by using the
framework developed in [13].

Numerical evaluations of these capacities have been made and have confirmed that
CD has a great impact on the optical non-linear capacity. In contrast, the guard band has
a slight influence on these capacities which means that the inter-channel interaction is not
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Figure 1.7: Capacity gain versus the guard band in dispersive case

the most important drawback.
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Chapter 2

Outage Probability in presence of
Polarization-Dependent Loss

2.1 Introduction

As seen in Chapter 1, the increase of data rate in optical transmission systems can be
done by increasing the input power until a certain threshold. Beyond this threshold, the
nonlinear effects degrade the performance. Therefore, other ways for increasing the data
rate have to be explored. A simple idea (already implemented thanks to the coherent
detection) is to use more degrees of freedom offred by the fiber, such as, the polarization
(which leads to the so-called PDM transmission scheme.). Unfortunately, due to the
information spread over both polarizations, some effects, such as PMD and PDL now
occur and have to be compensate for.

Assuming OFDM based modulation, as PMD is an unitary perturbation (see Section
2.3.1 for more details), PMD can be completely compensated for and so does not degrade
the performance. Therefore, we only focus on the performance degradation due to PDL.

As PDL is a time-varying phenomenon and so can be modeled by a random variable,
the Shannon capacity can only be defined for a PDL realization and thus the Shannon
capacity for the optical fiber does not exist in strict sense. To analyze such random
channels, the most relevant information-theoretic tool is the so-called outage probability.
Therefore, this chapter is mainly devoted to the derivations of the outage probability.
In addition, we compare the fundamental limit provided by the outage probability to
practical communication schemes disturbed by the PDL.

This chapter has organized as follows: in Section 2.2, we introduce and justify care-
fully the PDL model used in this thesis. In Section 2.3, the derivations for the considered
PDL model is drawn and some numerical evaluations of the obtained closed-form expres-
sions are also conducted. In Section 2.4, the outage probability is compared numerically
to practical systems using different modulation format, FEC codes (for, instance, Low-
Density Parity-Check (LDPC) ones) , PT codes. In addition, some insights related to PDL
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mitigation in system design and optimization are provided. Concluding remarks are

given in Section 2.5.

2.2 PDL models

AsPDLis a linear impairment combining both polarizations, it can be viewed as a 2—by—-2
linear Multiple Input Multiple Output (MIMO) system, that is to say that, the bivariate
(on both polarizations) received signal, denoted by Y(f) in the frequency domain, can be
written as follows

Y(f) = HppL()X(f) + N(f) 2.1)

where
o X(f) is the transmitted signal,
e Hpp (f) is the 2—by—2 matrix related to PDL.
e and N(f) is the accumulated noise independent of the transmitted signal.
In this section, our purpose is to introduce models for
1. the structure of the matrix Hppp(f),
2. and the structure of the correlation matrix of N(f).

In this thesis, we present two models: the phenomenological one (see Section 2.2.1),
and the simplified one (see Section 2.2.2) which will be used later for doing the mathe-

matical derivations.
2.21 Phenomenological model

2.2.1.1 Input/Output matrix model

Assuming that the transmitted signal is narrow band compared to PDL frequency varia-
tion, we can remove in Hppy(f) the dependency on the frequency. Generally, the link in
fiber communications is composed of several spans as in Fig. 2.1 Between two consecutive

Transmitter Receiver

Figure 2.1: System model with amplifiers

spans, an amplifier is inserted. Therefore it is usual to consider that the transfer matrix is
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a concatenation of N elementary PDL slices [24, 25, 26, 27, 28]. Each slice may correspond

to a span. Thus, we have
N-1

HppL = | [(Ro,Dy,By,) (22)
=0 ———
M,

where R, and Rg, are 2—by—2 rotation matrices of random angles a, and f; respectively.
These rotations represent the polarization axis mismatch between the slice input and the
slice output. The matrix D), defined as follows,

V1+ Ve 0 l 2.3)

D, =
ve l 0 1_7/€

represents the power mismatch between both polarizations. Finnally, B, corresponds to
a 2—-by-2 birefringence matrix:

e 0
B@,:l . } (2.4)

The matrix M, models the (£ + 1)-th slice/span.

2.2.1.2 Noise matrix model

Let us now focus on the noise. We define the matrix T jas the transfer matrix between the
output of the j-th amplifier and the receiver. For j € {0, N — 1}, we have

N-1
T, = H M. (2.5)
(=i

As a consequence, T is the transfer matrix of the overall link and thus is equal to Hppr.
In addition, the matrix Ty (not defined by Eq. (2.5)) is the 2—by-2 identity matrix. The
noise vector for the global link can so be written as follows

N
N(H) = Y TiNi() (2.6)

/=1

where Nj(f) is the i.i.d. (with respect to j) white Gaussian noise vector coming from j-th
amplifier with variance 012\1 per complex dimension. We are interesting by the property
of the noise correlation. Therefore, we introduce the correlation matrix (which will be
independent of the frequency f).

Ry = E[N(HN(f)"].

where the superscript (.) stands for the transpose-conjugate operator. Then we have

N
Ry =0 Y T,TI. 2.7)
j=1




40 2. Outage Probability in presence of Polarization-Dependent Loss

Clearly, this matrix Ry is not diagonal, and the noise is thus spatially-correlated. Let us
denote Py = tr (]E[N( HN(HE ]) as the noise power. We obtain that

N N
Py =% ¥ Te(T/TH) = o3, Y IT/
j=1 =1

where Tr is the trace operator, and || - ||r is the Frobenius norm, defined as ||A||12E = Tr(AAH)
for any square matrix A.

2.2.1.3 Matrix diagonalization

As any complex-valued matrix, Hppy can be decomposed, according to the so-called
Singular Value Decomposition (SVD), as follows

\Y /\max 0 AV
0 \% /\min

where U and V are two unitary matrices, and where Apnax and Ay are the maximum and

Hppp = U [ (2.8)

the minimum singular values of the matrix Hppr. The so-called PDL coefficient is usually
expressed in dB and defined as follows

A

I= 1010g10( max). (2.9)
Amin

Actually, this coefficient represents the power mismatch between both polarizations.

Notice that this ratio is also called the condition number of the matrix.

The previous matrix decomposition can be re-written in a slightly different form which
will be very useful for our analysis. For going further, let us consider the total received
power (i.e. for the both polarization) in the frequency domain. This received power is
given by

P, = EIY"(HY(f)] (2.10)

where Y(f) is defined as in Eq. (2.1). In noiseless case and assuming independent symbols
in each component of X(f), we have

P, Tr(HppL EIX()X(f) THpp,
= TI'(I:IPDLI:II;DL) P x

|[Hppr |2 Py (2.11)

with P, the power/variance on each component of X(f). We remark that the received
power is random since it depends on the realization of the PDL matrix, and is equal to

Py = (Amax + Amin)Psx-
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By forcing the norm of the matrix Hpp, to appear in Eq. (2.8), we obtain that

ZAmaX
VAmax + Amin Amax+Amin 0

Hppr = (0 \Y%
2/\min
\/E O /\max+/\min
_ “I:IPDL“FUH Vi+y 0 v
V2 0 1-y
Mol 5 D,V (2.12)
V2
with
— Amax - Amin (213)

Amax + Amin .
The coefficient y lies in the interval [0; 1].
Finally, by considering Z(f) = VPn/2Y(f) a properly normalized output vector, we
have

Z(f) = nU"D, VX(f) + N(f) (2.14)

with )
_ |HppLllF
VPN
and N(f) the normalized but correlated noise.

Consequently, PDL gives rise to three main impairments when multi-span fiber are
considered:

1. SNR loss and dispersion: due to the random norm |HppL||r in Eq. (2.12), or alterna-
tively, due to the term nin Eq. (2.14).

2. Polarization mismatch: due to matrix Dy, in Eq. (2.12) or in Eq. (2.14).
3. Noise correlation: due to the form of Ry in Eq. (2.7).

Notice that in [27], the author encompasses these three phenomena within an unique
parameter, called SNR compression, which corresponds to the loss in SNR on the BER
performance of an uncoded (no FEC code, no PT code) system.

For this phenomenological model, closed-form expressions for the outage probability
can not be found even if a priori probability densities are given for the elementary PDL
per splice/span. Consequently, only numerical evaluations of the outage probability
(via Monte-Carlo trials) can be performed. In order to exhibit approximate closed-form
expressions for the outage probability, simplification on Egs.(2.7)-(2.12) have to be done.
Therefore, we would like hereafter inspect the real influence of these three impairments
on the outage probability value.
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2.2.1.4 Influence of the noise correlation

In order to only evaluate the influence of the noise correlation on the performance, we
have numerically evaluate the outage probability through Monte-Carlo runs assuming
Egs. (2.2)-(2.6) and by normalizing the noise and the PDL matrix. This is then equivalent
to Eq. (2.14) by forcing n = 1. This normalization has been done in order to isolate the
impact of the noise correlation.

Except the noise correlation, the simulation setup is the same as in Section 2.4. In
Fig. 2.2, we plot the outage probability versus SNR (cf. Appendix Bv for more details
about SNR definition) for different number of spans when a mean global PDL (E[I']) is
fixed to 3dB.

— 1 span
| ——10spans |]
—=—15spans |
—<—20 spans
—+—25 spans |]

30 spans
—v—100 spans |

Outage probability
=
o

Figure 2.2: Outage probability vs E, /Ny for different number of spans. (E[I'] = 3dB)

We observe that the noise correlation has a very slight influence on the outage proba-
bility and tends to improve only incrementally the performance. This improvement can
be explained in the following way: assuming the noise was entirely correlated between
both polarizations, it could be completely removed by transmitting the signal on one
polarization and using the other as a noise reference. Therefore the correlation improves
the performance.

As a conclusion, without lot of generality, the noise correlation can be neglected.

2.2.1.5 Influence of the random SNR

First of all, in PDL-free case, it is easy to check that 1 is a deterministic value equal to
1/ VN. Assuming here N = 20, we thus obtain ) ~ 0.22. Due to PDL, r becomes a random
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variable which, for instance, has a mean m, = [E[n] and a variance v, = [E[(1] - mn)z].
In Fig. 2.3, we plot the histogram (simulated PDF) of 1, for four values of the mean

PDL.
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Figure 2.3: Histogram for n with E[I'] = 1dB (NW) or E[I'] = 3dB (NE), or [E[I'] = 6dB (SW),
or E[I'] = 15dB (SE)

We observe two phenomena :

o the average SNR (so, the mean of the histogram) is less than 0.22 and decreases very
slowly with respect to the mean PDL. This assertion is also confirmed in Fig. 2.4
(left). As a consequence, without loss of generality, one can assume that the average

SNR loss can be neglected.

e the instantaneous SNR (measured at the receiver side) is random which means that
even if the average SNR is good, some channel realizations may lead to very poor
performance. We remark that the fluctuation of the SNR increases with respect to
the mean PDL. This can be also observed in Fig. 2.4 (right) where the variance of
the SNR is displayed versus the mean PDL. If the encountered mean PDL is less
than 3dB, the SNR dispersion is very small. Moreover, in many practical systems,
the maximum value for the mean PDL is around 3dB. As a consequence, with loss

of practical generality, the SNR dispersion can be neglected.

When the mean PDL is too large, we will see that we can continue to work without
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Figure 2.4: \/Nm,, (left) and v,) (right) versus IE[I']

assuming the SNR loss and the SNR dispersion. The PDL impairment, even if random,
varies very slowly compared to the symbol period. In practical system, the information
symbol comes from a FEC code (typically a LDPC code), and so belongs to a codeword.
Actually, the PDL matrix varies even slowly compared to the codeword [29, 30]. Conse-
quently, it is reasonable to inspect the performance with respect to the SNR viewed by the
considered codeword and not by the average SNR calculated over all the transmission
duration. Therefore, in the rest of the chapter, the SNR will be calculated within a codeword
duration (and not within an entire transmission). This implies that the SNR dispersion will not
be considered hereafter whatever the value of the mean PDL.

2.2.2 Simplified theoretical model
We remind that the Input/Output relationship (see Eq. (2.14)) can be written as follows
Z(f) = nUD, VX(f) + N(f).

As the noise correlation can be neglected, we force N(f) to be white spatially. More-
over, as the SNR loss is small enough and the SNR dispersion can be removed (by
considering the SNR averaged over the codeword duration), one can force n = 1.

Consequently, by denoting the received signal (on which we will work) Y(f), we have

Y(f) = U"D, VX(f) + N(f) (2.15)
N——
Hppr

where N(f) is assumed to be white spatially with variance Ny per real dimension [31].
This model is very close to that developed for one span [28]. Actually, when only one
span is considered, the PDL matrix takes the following form

Hppr, = R,DyRg (2.16)

where the unitary matrices have been replaced with rotation matrices of angle a and
respectively. Notice that, as rotation matrices are unitary matrices as well, the outage
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probability is insensitive to this modification (see derivations in Section 2.3.1 for more
details). Nevertheless, in your simulations with real codes, we have used model given by
Eq. (2.16).

Let us go back to the phenomenological model given in Egs. (2.2)-(2.6). First of
all, to simplify we wil consider that the noise is spatially white. Under this model,
the instantaneous SNR is not constant (since |[Hppy || # \/i). In Eq. (2.16), in contrast,
IHppLllr = V2 whatever the channel realization. To compare easily and fairly both

models, we have to normalize the matrix involved in the phenomenological ones as

- V2

Hppr, = HppL

follows:

N L 2.17)
|HpprllF

Finally, our new phenomenological and theoretical model enables us to only inspect
the influence of the power mismatch between both polarizations. This restriction is mild
since the PT codes only combat this mismatch.

2.3 Derivations of the outage probability

2.3.1 Preliminary derivations

As defined in [31], the outage probability is the probability that the instantaneous channel
capacity C (i.e. for one channel realization) is below a given transmission rate r (expressed
in bits/s)

P, = Prob{C < r}. (2.18)

This outage probability is in fact a lower bound on the BER whatever the considered
encoder.

Assuming that the Input/output relationship is driven by Eq. (2.15) and that the input
X(f) is a white Gaussian random variable, the instantaneous channel capacity (i.e., given
a channel realization) takes the following shape [32]

C(Hppr) =B 10g2 (det [Iz + PHPDLH{;IDL]) (2.19)

where I is the 2-by-2 identity matrix, B is the transmitted signal bandwidth, and p =
Es/2Nyp (cf. Appendix B for more details about SNR). Notice that only PDL has been
considered here, but the result will be the same by inserting the the CD and the PMD.
Recalling that CD and PMD are modeled by unitary matrices, and that the determinants
of such matrices are equal to 1, they do not modify the value of the capacity. In addition,
this is the reason why the unitary/rotation matrices exhibited in Egs. (2.15)-(2.16) do not
modify the value of the capacity as well.
Using Eq. (2.16) for Hppr,, we easily obtain that

C(Hppr) = Blog,((1 + p)* - p*y?) (2.20)
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and so the outage probability given in Eq. (2.18) becomes
P, = Prob {log2 ((1 +p)? - pz)/z) < R} (2.21)

where R = r/B is the spectral efficiency.
Notice that the outage probability only depends on the PDF of y. The previous
expression could be rewritten as follows:

P, = Prob{y? > f(R,p)} with f(R,p)=1- %(ZR ~1-2p). (2.22)

Because of the properties of y, one can exhibit two thresholds on the SNR denoted by
p1 (below which P, = 1) and p, (beyond which P, = 0).

e If f(R,p) < 0, then P, = 1 since y? is always positive. This constraint on f(R, p)
holds iff p < p; with
pr= V2R —1. (2.23)

e If f(R,p) > 1, then P, = 0 since y? is always less than 1. This constraint on f(R, p)
holds iff p > p, with
1

Pu = E(zR -1). (2.24)

In the following subsections, we focus on the derivations in closed-form for the outage

probability. Different statistical models for the PDL coefficient coming from an exhaustive

survey of the literature have been considered. These models rely on either y or I' given
by

1+ V) (2.25)

I'=10 10810 (m

thanks to Egs. (2.9)-(2.13).

2.3.2 y constant

This very simple model assumes ) as a constant. It has been introduced in order to deeply
analyze the influence of PDL on advanced coding techniques [28, 33]. This constant value
of y is denoted by p. If uc > f(R, p), then P, = 1 and if u. < f(R, p), then P, = 0. Therefore
we are interesting to find the relationship between p, R and p such that . = f(R, p), i.e.,

1
pe=1- E(zR —-1-2p). (2.26)
We thus have to solve the following second-order polynomial with respect to p
PP(1-p2)+20-2"+1=0. (2.27)

As|uc| £ 1and R > 0, the discriminant of the previous second-order polynomial is strictly
positive and so this polynomial has two real-valued roots. One of them is negative and so
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has no physical meaning. The second one is given by ( \/ 1+ (1-p2)2R-1)-1)/(1 - p?).
Therefore, we have

VI+(I-pd)@R-1)-1

1 ifp<
P, = P (i) . (2.28)
0 otherwise
1 T
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Figure 2.5: Outage probability for model y constant and R = 4bits/s/Hz

In Fig. 2.5, we plot the outage probability for a given spectral efficiency R = 4bits/s/Hz

and different values of I (or equivalently, of ).

2.3.3 y Gaussian

The model y Gaussian has been roughly validated in [34, 24]. In [34, 24], the authors
asserted that it is valid for low values of the PDL. It has been justified by the concatenation
of some elementary PDL slices. Its probability density function is

1  -pg)?
PO = ———e (2.29)
2no

o N

with u, = E[y] and aé the variance. In Fig. 2.6, such a PDF is displayed with u, = 0.3263
and oé = (0.1240 for ensuring E[I'] = 3dB.

Considering p > p,, the outage probability, defined in Eq. (2.22), can be written as
follows

f_ Vf(R/p) (g)

+00
P, = Py (x)dx + f P9 (x)dx (2.30)
! VfR,p) )

o0

This probability distribution has a known Cumulated Density Function (CDF) based on
the Gaussian tail function

x - Qx) = \/L_ foo e P24t

27
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Figure 2.6: Example of y Gaussian PDF

Consequently, Eq. (2.30) implies that

—«/f(lz,p)—ug)+Q[«/f(R:jp)—ug)' 231)

8 8

Py=1- Q(
Finally, the outage probability is:
1 if p < pe

b -~ . 2.32
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Figure 2.7: Outage probability for model y Gaussian and R = 4bits/s/Hz

Some numerical examples of this outage probability have been plotted in Fig. 2.6 for
a fixed spectral efficiency and different values of the mean PDL. In our simulations, the
parameter . has been fixed as E[I'] = 10log;,((1 + pg)/(1 — pg)), then we have built a
lookup table to find the relationship between aé, and [E[I].

Unfortunately this model has many drawback: firstly, it is quite realistic only in few
situations (low PDL); then, the evaluation of the distribution’s parameters for a given




2.3. Derivations of the outage probability 49

mean PDL (given by [E[I']) is intractable; finally, as Fig. 2.6 shows for high values of the
mean PDL, the y coefficient is not constrained to belong to the interval | — 1, 1] which has

no physical meaning. Therefore the outage is not zero even when p > p;,.

2.3.4 1y truncated Gaussian

We introduce this model in order to remove the main drawback of the y Gaussian model:
we constraint y to belong to [-1,1]. Therefore the Gaussian distribution is truncated as

follows
(g
L 2(7%8 < 1
P90 = Rt A (2.33)
0 otherwise
where
1
K = - - (2.34)
Lt — Ut
-of) (5

is a normalization coefficient ensuring that pg,t 8 isa PDF. An example of the PDF is plotted
in Fig. 2.8 with u;e = 0.3263 and 0, = 0.1240.
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Figure 2.8: Example of y truncated Gaussian PDF

According to Eq. (2.22), we just have to calculate the outage probability for p € [p¢, pu]
since now Y lies in the interval | — 1;1[. Then the outage probability can be decomposed

as

- VfRp) (t0 1 (t0
P, = f pyg (x)dx + f pyg (x)dx. (2.35)
- Vf(R/P)

Like the previous model, the CDF of the normal distribution is known, and we obtain
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that
1 if p < pe
VI Rop)+p, VR.p)—pisg 1+u 1-u :
P, = K[Q(g—,qtq +Q Otg . _Q( crtgtg)_Q( crtgtg) 1fpg<p<pu
0 otherwise
(2.36)
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Figure 2.9: Outage probability for model y Gaussian and R = 4bits/s/Hz

In Fig. 2.9, we plot numerical illustrations of the closed-form expressions for a fixed
spectral efficiency and different values of the mean PDL. In our simulations, we have
used the same relationship between u;; and E[I'] that between p, and E[I']. Similarly,
the relationship between afg and E[I'] is obtained thanks to a lookup table. Although the
model is now constrained, some drawbacks still occur, especially, the lack of relationship
between pig, 0 and the mean PDL.

2.3.5 T (positive) Gaussian

After some practical measurements, [35] has observed that the histogram of I’ fits quite
well with the positive part of a Gaussian distribution. Therefore, the authors have
suggested the following distribution.

pP ) =4 fora? = (2.37)
0 otherwise

In order to obtain a relationship between the mean PDL and the distribution’s parameters,
we show, after some algebraic manipulations, that oﬁg has to satisfy ope = (V2/m)E[I']. In
Fig. 2.10, an example of the PDF is plotted for E[I'] = 3dB.

Since the distribution is given on I, the inequality on y of the Eq. (2.22) has to be
replaced with an inequality onT'. As the relationship defined in Eq. (2.9) between y and I'
ensures that for any value of I the corresponding value of y is within the interval | -1, 1],
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Figure 2.10: Example of I positive Gaussian PDF

the bounds given in Eqs. (2.23) and (2.24) are still valid. Therefore, we only focus on
the case p € [p;, pu]. Moreover, as the considered model assumes that I is positive, the
corresponding y is then also positive which implies that Eq. (2.22) can be rewritten as

P, = Prob {y > Jf®, p)}. (2.38)

Remarking that Eq. (2.25) is equivalent to I' = 10gZ%artanh(y), and that the function x -

follows

artanh(x) is strictly increasing, we obtain

P, = Prob{T' > T(R, p)} = f ) P8 (x)dx (2.39)
T(R,p)
with
T(R,p) = = g280) artanh ( JIR, p)) . (2.40)

As the CDF of the Gaussian distribution is well known, we obtain the following

closed-form expression of the outage probability:

1 if p < pe
P, = 2Q(%) if pr < p < pu (2.41)
0 otherwise

In Fig. 2.11, we show numerical illustrations of this closed-form expression for a given
spectral efficiency and different values of the mean PDL.

Notice that in [36], the authors proposed to consider that I" is modeled by a zero-mean
Gaussian-distributed random variable. However, since I' is defined as the ratio of the
maximum transmission coefficient over the minimum (Eq. (2.9)), I should be positive.
Therefore, such a distribution choice for I' does not seem relevant and so has not been

considered in this Chapter.
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Figure 2.11: Outage probability for model I' (positive) Gaussian and R = 4bits/s/Hz

2.3.6 I Rayleigh

This statistical model of I"has been presented in [25] and has been obtained by considering
the concatenation of elementary PDL slices without taking the birefringence into account.
Then the PDF of I' is given by the Rayleigh distribution as follows

_2
X 2
_Ze 25,,
T

,x20 (2.42)

P =4 3
0 otherwise

where the parameter 0, = v2/m - E[I']. In Fig. 2.12 an example of PDF is plotted for
E[I'] = 3dB.
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Figure 2.12: Example of I Rayleigh PDF

Similarly to the I positive Gaussian case, the definition of the PDF induces y positive.
So Eq. (2.39) can be used in order to evaluate the outage probability.

P, = f p(x)dx. (2.43)
T(R,p)
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Once again using the CDF of the Rayleigh distribution, the outage probability can be
written as follows

1 if p < pe
_T®Rp)

Po=3 o 27 if pI<p<pu (2.44)
0 otherwise
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Figure 2.13: Outage probability for model I Rayleigh and R = 4bits/s/Hz

Numerical illustrations of the obtained closed-form expression for a given spectral
efficiency and different values of the mean PDL are plotted in Fig. 2.13.

2.3.7 T Maxwellian

Firstly, it has been shown in [25] that the I' Maxwellian distribution offers the best fitting
with the simulated histogram of the PDL when the matrix Hppy, is the concatenation
of elementary PDL slices taking the birefringence into account. Moreover this model
has been well-supported by mathematical calculations presented in [26]. We thus here
assume that I' is Maxwellian distributed as follows

2 22 T2
P () = nge o x20

0 otherwise

(2.45)

where 6,, = \/1t/8 - E[l']. In Fig. 2.14, an example of the PDF is plotted for [E[T] = 3dB.

Derivations to obtain the outage probability in closed-form is very similar to the two
previous cases. The random variable I' defined here is positive and so induces positive
values of y. Therefore, Eq. (2.39) can be used.

m:f pI" (x)dx. (2.46)
T(R,p)

Using the CDF of the Maxwellian distribution, the closed-form expression of the outage
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Figure 2.15: Outage probability for model I Maxwellian and R = 4bits/s/Hz

In Fig. 2.15, numerical illustrations of the obtained closed-form expression for a given

spectral efficiency and different values of the mean PDL are plotted.

2.3.8 Numerical evaluations

In this section, we evaluate the accuracy of all previously-mentioned statistical models

of PDL through the closed-form expressions of the outage probability with respect to

the (normalized) phenomenological model introduced in Section 2.2.2. Then the most

relevant statistical model (in fact the Maxwellian one) is more deeply analyzed.
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In Figs.2.16 and 2.17, we plot the numerical evaluations of all the obtained closed-form
expressions of the outage probability as well as the outage probability of the normalized
phenomenological one versus the SNR for a mean I' equal to 3 dB and 6 dB respectively.
Firstly, we remark that all curves, except the y Gaussian and the y constant models, vanish
when the SNR is higher than the upper-bound p, defined in Eq. (2.24). Moreover the y
constant model is quite far away from other models and thus seems clearly inadequate.
Finally, as already asserted in [26] for the distribution, the I' Maxwellian model is very
close to the phenomenological model for the outage probability. Itis also the most relevant
one and will be next analyzed in depth in the rest of this Section.

Before going further, we define the so-called SNR penalty (on the outage probability)
as the ratio between the value of the SNR needed to yield a given outage probability
and the SNR needed for the same outage probability in a PDL-free transmission. In
Figs. 2.18 and 2.19, we plot the SNR penalty for the I Maxwellian model for different
outage probability targets and for two values of the spectral efficiency respectively
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Figure 2.18: SNR Penalty (in dB) for Maxwellian model and R = 4 bits/s/Hz

We remark that the SNR penalty is upper-bounded whatever the mean PDL and the
outage probability target. This bound depends only on the spectral efficiency R and has
the following closed-form expression

2R -1
Penalty, .= Pu

P 2(V2R - 1)

This bound represents the maximal loss due to the PDL assuming only the power mis-

(2.48)

match drawback due to the PDL. For reasonable value of the mean PDL (for instance,
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Figure 2.19: SNR Penalty (in dB) for Maxwellian model and R = 20 bits/s/Hz

3 dB), the maximal penalty is not reached and actually the SNR penalty is roughly between
1dB and 3 dB.

In order to inspect the global effect of the PDL, we simulate in Fig. 2.20 the SNR
penalty when the phenomenological model is neither normalized nor noise whitening.
We remark that this new phenomenological model provides better SNR penalty at small
mean PDL (this is due to the noise correlation which improves the performance and
strongly worse SNR penalty at medium and high mean PDL (this is due to the SNR

dispersion).

2.4 Performance of simulated systems

We would like now to compare the outage probability (which is a lower-bound of the
BER of any transmission scheme) to the performance of practical systems when disturbing
only by PDL.

Concerning the PDL model, we have hereafter only consider the Maxwellian theo-
retical model as well as the (normalized-white) phenomenological model as described in
Sections 2.2.2 and 2.3.7. Consequently, only the influence of the power mismatch will be
analyzed by our simulations.

This Section is organized as follows: in Section 2.4.1, we introduce in details the
considered practical systems. Then, Section 2.4.3 is devoted to the performance when
QPSK modulation is employed. Finally, in Section 2.4.3, we consider higher spectral
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efficient modulation, i.e., 16-QAM.

2.4.1 Practical transmission schemes

As we would like to study only the impact of PDL, we consider that the other linear
impairments (attenuation, CD, PMD) do not occur. Actually, this assumption is not
restrictive at all. Indeed, assuming a OFDM transmission scheme, it is well known that
the CD and the PMD can be fully compensated for since they correspond to unitary
operators.

Therefore, we focus on transmission schemes based on OFDM transceiver. Then each
subcarrier f of the considered OFDM can be modeled as follows

Y(fx) = Hppu X(fi) + N(fx) (2.49)

where the different terms have been completely described in Section 2.2.2. The number
of spans is fixed to N = 100.

In addition, we assume the channel transfer matrix Hppy. is independent of the channel
numbering and has been perfectly estimated at the receiver side.

The practical transmission schemes simulated hereafter are summarized in Fig. 2.21.
Each block in Fig. 2.21 is explained just below.

Let us start with the transmitter side: the information bit stream is encoded using a FEC
code. The objective of FEC code is to combat against the bit error generated by the channel
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Figure 2.21: Architecture of the simulated system

by adding redundancy to the transmitted information bits. The most popular codes are
the convolutive codes (used, for instance, in 2G), the Reed-Solomons (RS) codes (used, for
instance, in ADSL), the Turbo codes, the LDPC codes. The most powerful codes are the
Turbo codes and the LDPC codes [37, 38] which means that these codes offer performance
very close to the Shannon capacity in the context of AWGN channel. As our purpose is to
know if we are able to be close to the fundamental limit (given by the outage probability)
or not, we propose to focus on the LDPC code. More details about the design of these
codes are given in Section 2.4.1.1.

The output of the LDPC encoder associated with a packet of information bits following
with its redundancy is called a codeword. The obtained codeword then passes through
an interleaver in order to increase the robustness to burst errors by scrambling the bits
over time and polarization. As the codeword length is huge, we can choose a simple
row-column interleaver [39].

The interleaved codeword is modulated using QPSK or 16-QAM constellation. These
constellations are displayed in Fig. 2.22. We remind that QPSK has a spectral efficiency
of 2 bits/s/Hz and 16-QAM of 4 bits/s/Hz.

The symbols (belonging to either QPSK or 16-QAM) are then precoded thanks to a
PT code. This coding technique, which significantly improves the performance of PDL-
Disturbed systems [33, 40, 30, 41], is described in details in Section 2.4.1.2. Then each PT
symbol is assigned to one OFDM subcarrier randomly. As PDL channel is not frequency-
selective, the performance is independent of the random subcarrier assignment.

Let us move now on the receiver side: after the OFDM demodulation, two decoding
schemes have been implemented:

e A "Hard" decoding approach: a hard Maximum-Likelihood (ML) decoder for the
PT code is implemented, which transmits the detected symbol to the constellation

demodulator. Then the detected bits is passed through the de-interleaver and a
hard LDPC decoder.

e A"Soft" decoding approach: the PT decoder does not make decision on the transmit-
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Figure 2.22: QPSK (left) and 16-QAM (right)
ted bits but calculated the so-called Log-Likelihood Ratio (LLR) defined as follows

(2.50)

LLR(x) = 1Og(Plrob {xi = Oly})

Prob {x; = 1|y}
where y; is the received signal and x; the i-th transmitted bit. A LLR plays the role
of a detected bit and represents not only the bit value (information given by the sign
of the LLR), and also a confidence index on this bit value. This extra information
improves significantly the performance compared to the "Hard" approach. Never-
theless, the decoder is much more complex, which may be a crucial issue for very
high data rate transmission.

Finally, we assume that the PDL remains constant within an entire LDPC codeword.

In the simulations, we have tested the following combinations of PT and LDPC codes

in order to analyze the respective influence of each code and their concatenation.

No code (neither FEC nor PT),

PT code only,

LDPC code only (with either hard or soft decoding),
PT+LDPC codes with hard decoding,

PT+LDPC codes with soft decoding.

2.4.1.1 LDPC codes

Introduced in 1962 by [42], the low-density parity-check codes (LDPC) have been forgotten
for along time, because of their implementation complexity. They have been rediscovered

in 1992 by [37] and thus are well-renowned for their capacity-achieving behavior.
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The LDPC codes belong to the family of linear block codes [38]. They are characterized
by a sparse parity-check matrix which means that this matrix contains very few 1. The rate
of the code, denoted by 71 ppc, is defined as the ratio between the number of information
bits in a codeword and the codeword length.

In the simulations, we have chosen an LDPC code based on the quasi-cyclic progres-
sive edge growth algorithm (QC-PEG) [36]. This kind of code is particularly well adapted
to the coherent optical communications as mentioned in [36]. As the code performance
depends on its length [38], we choose a long enough code by considering a codeword
length of 4320 and a coding rate r ppc = 3/4. This rate is quite low for optical transmis-
sion systems (compared to that used currently) but enables us to improve significantly
the performance.

For the "Soft" approach, the decoder is based on the Sum-Product Algorithm [38]. For
the "Hard" approach, the used decoder is that proposed in [42].

2.4.1.2 PT codes

Polarization-Time (PT) codes are the adaptation to the optical channel of the space-time
coding techniques used in wireless communications. This coding techniques have been
developed in order to take benefit of all degrees of freedom of MIMO systems. The main
principle is to combine several symbols; let’s say s1, 2, - -+ , s, in an hyper symbol, called
PT symbol, for spreading information over time and space. Thus a PT code may modify
the global data rate according to this rate

N

=2 2.51
T = (2.51)

where 1, is the number of symbols in the PT symbol and where T is the number of channel
use (symbol time) needed to transmit a PT symbol.

As in optical transmission systems, the MIMO channel is 2 by 2 (due to both polariza-
tions), it is usual to spread the PT symbol over two symbol periods. In such a case, the
PT code will be called full rate if its rate is rpr = 2, in other words, 1 symbol / polarization
/ channel use. So the PT code could not add redundancy.

In wireless MIMO channel, some code design criteria [43, 31] exist in order to find
the best coding scheme. In addition, many space-time codes have been proposed for
this channel, such as, the Alamouti code [44], the Golden code [45] or the Silver code
[46]. The Golden code is optimal according to the criterion developed in [31]. Notice
that equivalent criterion does not exist in optical transmissions yet. Therefore we have
to re-use codes initially developed for wireless communications. In the simulations, we
consider the Golden code and the Silver code which are both full rate.

Golden Code: An hyper symbol Xg associated with the Golden code has the following
shape

1 | a(sy+06sy) a(ss+ Osy)

Xg = % 15(53 + 554) H(sl +§sz)

(2.52)
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1+V5 1-v5

where 0 = =5, 0 = >, a=1+i-i0,a = 1 +i—i0 and sy, s, s3, 54 are four symbols.

The rows of the matrix represent the polarizations and the columns the channel use.
Silver Code: this code has slightly smaller performance than the Golden code in the
context of wireless MIMO channel. An hyper symbol Xg associated with the Silver code

51 —s; N 1 0 Z1 _ZE (253)
Sy S: 0 -1 Zy  Zk

where z; and z; are obtained by:

H
) _\/7

and si, sy, s3, s4 are four modulated symbols. As previously, the rows of the matrix

has the following shape

1+2i 1-1 S4

1+i —1+21H53l (254)

represent the polarizations and the columns the channel use.

The main advantage of the Silver code compared to the Golden code is its decoding
complexity. More surprisingly, as shown in [33, 40, 30, 41], performance of the Silver code
in the context of optical transmission systems is slightly better than those of the Golden
code.

2.4.2 Performance using QPSK

First of all, let us check that QPSK enables us to reach the standard target data rate
for next generation optical communications systems based on coherent detection. This
target data rate is 100 Gbit/s over a standard 50 GHz ITU channel. Because of filtering,
the effective bandwidth reduces to 40 GHz. Combining QPSK and PDM leads i) to i)
a spectral efficiency R = 4 bits/s/Hz and so a useful data rate of 160 Gbit/s in FEC-free
case (with or without PT code), and ii) to a spectral efficiency R = 3 bits/s/Hz and so
a useful data rate of 120 Gbit/s in FEC case (since the considered LDPC code has a rate
rLppc = 3/4.

24.2.1 BER performance

In Fig. 2.23, outage probabilities (for the two spectral efficiency R = 3 and 4) and BER
for the above-mentioned coding schemes have been plotted versus SNR in the context
of Maxwellian model. In Fig. 2.24, same curves are considered but in the context of the
phenomenological model. For both figures, we choose a mean PDL equal to 3 dB.

First of all, we notice that the concatenation of PT code and LDPC code is quite close
to the fundamental limit, namely, around 1.5 dB. Consequently, even though optimizing
PT codes and LDPC codes for PDL mitigation could be of some interest, the existing
ones already yield remarkable performance. We also observe that performance of the
"Soft" approach significantly improves the performance compared to the "Hard" one. So
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the implementation of the "Soft" approach will be a important milestone for the PDL
mitigation.

In addition we remark that, unlike the wireless MIMO channel, improvements offered
by the PT code and the LDPC code are cumulative. Thus FEC coding and PT coding
techniques are complementary in optical systems for combating the PDL efficiently.

Finally, as in [33, 40, 30, 41], we observe that the Silver code is slightly better than the
Golden code.

2.4.2.2 SNR gap

In order to better understand the loss in performance between the fundamental limit and
the practical schemes, we introduce the SNR gap which is defined as ratio between the
SNR needed for a given scheme to yield a given BER and the SNR needed to ensure
the outage probability equal to this given BER. Moreover, unlike Section 2.4.2.1, we
would like to analyze also the influence of the mean PDL value. Therefore, in Figs. 2.25
and 2.26, we plot the SNR gap versus the mean PDL for the Maxwellian model and the
phenomenological model respectively. According to Section 2.4.2.1, the "Hard" approach
is definitively too far away from the fundamental limit and this is omitted here.
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Figure 2.25: SNR gap for Maxwellian model. (P, = 10~ and BER = 10~)

We remark that, for low mean PDL values, the LDPC alone succeeds to combat the
PDL (actually the polarization power mismatch) efficiently. However, for high mean PDL
values, its performance is poor. In contrast, the gain due to the PT codes is quasi-null for
low mean PDL (< 2 dB) but is significant for high mean PDL. Moreover the best way to
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Figure 2.26: SNR gap for the phenomenological model. (P, = 10~7 and BER = 1077)

combat PDL is to concatenate these two coding techniques since the SNR gap (only due
to the polarization power mismatch, since the other effects have not been considered)
remains quite stable whatever the mean PDL value. Indeed, the gains provided by both
coding techniques are cumulative.

2.4.2.3 SNR penalty

The SNR penalty is the metric used for comparing a system with PDL with the PDL-free
case. So the SNR penalty provides insights different from those given by the SNR gap.
For practical schemes, the SNR penalty is the ratio between the SNR needed to achieve
a given BER and the SNR needed to achieve the same BER in a PDL-free transmission.
For the fundamental limit, the SNR penalty is defined in Section 2.3.8. In Figs. 2.27 and
2.28, we plot the SNR penalty versus the mean PDL for the Maxwellian model and the
phenomenological one respectively.

For a standard mean PDL of 3 dB, the SNR penalty is around a few dB if the PT codes
are used. Moreover, we notice that the SNR penalty for practical transmission schemes
based on the PT codes is quite the same as that for the outage probability. In contrast, the
schemes only using the LDPC codes offer a SNR penalty increasing rapidly with respect to
the mean PDL. Therefore, we show again that the PT codes are a crucial tool for the PDL
mitigation. Once again, the concatenation of the PT codes with the LDPC ones provide a
very low SNR penalty, especially for standard values of the mean PDL.
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2.4.3 Performance using 16-QAM

In this Section, we plot figures equivalent to Figs. 2.23, 2.24, 2.25, 2.26, 2.27, and 2.28
but when 16-QAM is used. Then, using PDM, the spectral efficiency is R = 8 bits/s/Hz
without FEC and R = 6 bits/s/Hz with FEC. Thus, the data rate are 320 Gbit/s without FEC
and 240 Gbit/s with FEC over the standard 50 GHz ITU channel (we remind that 10 GHz
are used for the guard interval). As the "Hard" approach offers too poor performance, it
is omitted in next figures.

The remarks are almost the same as for QPSK. One can just see that the gains are
less cumulative than for QPSK. The LDPC codes for usual mean PDL valued, offers very
good performance. The improvement given by the PT codes really occurs at high mean
PDL value. In addition, the SNR gap and the SNR penalty is slightly worse. This is not a
surprise since it is much harder to counter-act the channel impairment when constellation
with high spectral efficiency is employed.

2.5 Conclusion

We have studied the fundamental performance limit for coherent optical communications
in the presence of PDL, which is one of the major impairments in such systems. This limit,
represented by the outage probability, was derived in closed-form expressions for some
PDL models; we then used BER simulations to evaluate how far from said limit simulated
systems could be.

Comparing the outage probability expressions under the usual PDL models with
the numerical evaluation of that associated with a phenomenological model, we have
observed that the Maxwellian model fits quite well with the phenomenological one in this
respect. Notice that our models only take into account the polarization power mismatch.
In this section, we have shown why the other source of performance degradation due to
the PDL can be omitted.

The outage probability has also been compared numerically to the BER offered by
simulated systems using several coding schemes: LDPC and/or PT Codes, or no coding.
These simulations have shown that PT codes are essential to PDL mitigation, and that the
concatenation of a PT code with an LDPC is even better (especially the QPSK is used).
Indeed, we have found that for a mean PDL of 3 dB, a simulated system based on PT
and LDPC codes (with soft decoding) performs with an SNR gap of only 1.5 dB to the
fundamental limit with QPSK and only 2 dB to the fundamental limit with 16-QAM.

While more powerful coding schemes could undoubtedly become closer to the limit,
the modest 1.5 dB gain that can be hoped for must be balanced against the computational
complexity, which is already the major drawback of LDPC soft decoding, especially at
the very high bit rates of modern optical communication systems.

Thus, a more interesting way for further study would be whether improved PT codes
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might alleviate the need for powerful LDPC codes, allowing near-limit performance with
less-expensive codes.
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Chapter 3

Buffer-Assisted Optical Switching

3.1 Introduction

Historically, the optical transmission systems were deployed as transport solutions be-
tween network nodes. Indeed, first systems were installed to replace copper-based solu-
tions which seemed to reach their limits. Then, the WDM systems have enabled a better
use of the bandwidth of fibers by sharing it between independent traffics. Nowadays,
optics is the preferred solution for virtually all non-wireless data links above a few meters’
distance at bit rates from 1 to 100 Gbit/s per wavelength. In the most recent standard [47]
about the 100 Gbits/s Ethernet, copper-based solutions are only proposed for the back-
plane interconnections or for the very short links (less than 7 m).However, the current
optical transmission systems are almost only deployed as point-to-point links between
nodes; the optical network thus can be seen as a quasi-static circuit switching.

In contrast, the packet-switched Internet Protocol (IP) traffic is the main user of optical
transport networks today. Since its volume still increases, and the one from the legacy
traffic gradually decreases, it will eventually become the only user of optical transport net-
works. Yet, all the switching and routing required by IP packets are nowadays performed
electronically, requiring opto-electronic conversions of all the traffic carried optically, re-
peated all over the network. This separation between the optical transport and the IP
switching leads to the unsustainable growth of the size and the power consumption of
optical systems and electronic routers [48].

A cross-layer or hybrid equipment, in other words, an equipment which mixes the
transport function of the optical layer with the switching function of the IP layer, may offer
significant energy savings [49]. It may also decrease the buying cost and the maintenance
cost.

Sadly all-optical routing techniques have a major loss issue; under practical load
conditions, an optical packet switch has a high loss rate [50]. Indeed, several packets can
go through the switch to the same destination at the same time, and thus are competitors
for the output. In the electronic field, this problem has long been solved by the use of




74 3. Buffer-Assisted Optical Switching

@ // ’siccj @\ ® Network node
Sj Network /@
@ Final User cabinet
$
®
- P s /
Core network @ ® ® - §>/ @ -
SHES I L
B y
Q

Metropolitan Access @
Network Network |

- -
® - _ -~

Metropolitan @ - I 7

Network

Figure 3.1: General architecture of carrier networks

buffers. Optical buffers exist [51], but have three main issues: a stored-burst can not be
randomly accessed which can be a problem for the re-emitting; the memory lifetime is
limited by the signal degradation over time; and they are very cumbersome, because they
require amplifiers and recirculating loops of fiber [52]. Furthermore, slow-light solutions
exist but are much less mature [53], especially, because of their fixed bandwidth-delay
product issue which dramatically limits their interest for high data-rates.

Therefore we propose here a hybrid switch architecture. It is defined as a rout-
ing/switching equipment where packets are optically routed as long as possible, but
where an electronic buffer exists in order to collect overflowed packets. We study in this
chapter the gain in term of loss probability of such an equipment, and we also focus on
the gauging and the impact of the electronic overflow system.

This chapter is organized as follows: Section 3.2 is dedicated to a brief overview of
optical transport networks. Then, in Section 3.3, we analyze the performance of the cross-
layer switch, as well as the performance of the overflow system itself. Section 3.4 deals
with analytic models of the loss probability of such an equipment. Concluding remarks
are given in Section 3.5.

3.2 Overview of optical transport network

3.2.1 A brief history

As illustrated in Fig. 3.1, the standard architecture of carrier’s optical transport networks
is divided in three areas. These different areas correspond to different aggregation levels
for the network layer and to different transmission distances for the transport layer:

e The Access Network:
These primary aggregation networks gather traffic from final network equipments
such as legacy phone nodes, radio equipments, FITH cabinets, Digital Subscriber
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Line (DSL) nodes... They can also be the network inside a data-center. They
are connected to the metropolitan network and implements optical transmission
systems which cover distances between 0 and 100 km.

e The Metropolitan Network:
This network gathers traffics from several access networks. It allows them to ex-
change data and connects them to the core network. It also permits delivery of the
local traffic such as TV, or cached data. Its standard distance range is about few
hundreds of kilometers.

e The Core Network:
Also called backbone network, this network is the wide interconnection between
several metropolitan networks and/or core networks. The aggregation at the net-
work layer is as high as possible and the distance range for the optical transport
network is over 500 km and often exceeds 1000 km.

Optical transmission systems were firstly installed in the core network, before being
gradually deployed in the metropolitan network, then in the access network. As the
distance ranges are very specific to a network area, suppliers often propose distinct
solutions, which forces opto-electronic conversions at the border.

Since several kinds of traffic coexist in the network, choice were made to clearly sepa-
rate the transport layer from the network layer, as shown in Fig. 3.2. Optical transmission
systems thus are the universal transport network between nodes. The optical paths are
fixed, and the smarter functions such as dynamic routing or failure recovery are made
by the network layer. It leads to the deployment of more optical transponders than
necessary in order to be able to re-route traffic in case of failure. In this context, fixed
OADM were deployed, and physical interventions are required each time a change is
needed in the optical routing plane. This method was efficient for the legacy traffic such
as Sonet/Synchronous Data Hierarchy (SDH), since the changes in the optical routing
plane were rare, and thus well scheduled.

From the optical transport network point-of-view, this circuit-switching technique is
called Optical Wavelength Switching (OWS) [54]: A WDM channel from an ingress fiber
is sent to a pre-defined egress fiber. Its wavelength may be changed thanks to wavelength
converter.

Nowadays, the main part of the carried traffic comes from the IP network, and the
constant growth of its bandwidth needs forces the optical transport networks to become
more flexible. A first hurdle is past with the introduction of Reconfigurable Optical
Add/Drop Multiplexer (ROADM) [55]. This technique enables a dynamic reconfiguration
of optical paths, and may directly enable failure recoveries on the optical layer. An
extension of this technique has been proposed in [56], where the granularity is the OFDM
sub-band.
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Figure 3.2: Layers separation in optical transport network

This dynamic resource allocation is only useful if the control planes of the two layers
interact and collaborate. Most of time, the network layer is now based on MPLS [57].
This protocol allow a better use of the bandwidth than the IP protocol: it can transport IP
packets, as well as frames from other protocols, having a strong respect to the QoS and
the latency. Its control plane is decentralized, in other words, each node builds its own
routing table based on its network knowledge and predefined rules. The main strength
of MPLS is that it is widely used by all suppliers, and so it simplifies interconnections
between the equipments.

In contrast, the optical transport network suppliers often propose closed and central-
ized control planes. The Generalised MPLS (GMPLS) is a first attempt to offer a standard
communication framework between control planes [57]. From the optical transport net-
work point-of-view, it permits the reservation and the release of a complete optical path,
but also to find a cooperative solution between the layers and/or the equipments in case
of failures. In the future, this control plane will be replaced by the implementation of
the OpenFlow protocol [58]. Indeed, this protocol enables a better optimization of the
forwarding plane in the network and transport layers.

3.2.2 Cross-layer techniques

Although several control planes enable a better collaboration between layers, especially
for the failure recovery or the resources allocation, the bandwidth optimization is limited
and the energy saving too. In fact, transponders are deployed for the prevention and/or
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the further needs, and so are switched on although they transmit nothing. In this context,
it becomes very attractive to mix not only the two control planes but also the two layers.
This kind of equipment is called cross-layer or hybrid because the packets are as long as
possible optically routed.

On the contrary of the OWS, the switching fabric may be reconfigured between each
packet/burst. The working is very similar to this from an electronic switch. It allows a
better use of the total bandwidth per fiber. These techniques can be classified depending
on the aggregation level of data and how the destination is identified:

e Optical Packet Switching (OPS) [59]:
This is the direct transposition of the electronic implementation of packet switching.
Each time a packet arrives at a ingress node, a header is added to the packet, then
it is sent to the next node. At each node, the header is read, and the packet is
routed until its egress node. Because of the number of packets which transit on the
network, this technique has a big congestion/loss issue.

e Optical Burst Switching (OBS) [50]:
This technique is similar to the previous one, except that the ingress node aggregates
as much as possible the ingress packets depending on their destination in order to
construct bursts. Moreover, the control data are separately sent on a dedicated con-
trol channel. By reducing the load per node, this technique improves performance
compared to the previous one, but it remains unusable out of the laboratory.

Even though these switching techniques are different, their nodes have the same func-
tional architecture: a switching fabric with a control module in charge of its reconfigura-
tion depending on the destination of ingress data. This architecture can be implemented
in practice using e.g. semiconductor optical amplifier (SOA) gate matrices [60, 61], or fast
tunable wavelength converters and wavelength switches [62, 63]. Therefore it is possible
to build a global model for the switch. The different techniques are obtained by changing
parameters such as the packet/burst length, the delay due to switching fabric reconfigura-
tion, the delay at the entrance of the switch, the number of destinations and/or channels.
Since the general architecture of the different techniques is similar, we only consider here

an optical burst switch.

3.3 Optical Burst Switch with overflow system

As explained in [50], the OBS has a major loss issue. The simplest solution is to increase
the number of channels per destination. In this way, the probability that an ingress burst
find an egress channel increases. These extra-channels may be WDM channels with the
sufficient number of wavelength converters, or fiber cores from multi-core fibers, or even
parallel fibers [64]. The first solution is the most accurate one for current networks.
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Figure 3.3: General architecture of the considered optical burst switch

However, since wavelength converters usually are electronic systems, or even back-to-
back transponders, they do not enable significant energy savings or cost savings compare
to standard architecture. The other ones may enable substantial power savings, but the
number of extra-channels then is more limited.

Another way to improve the performance, is the use of buffers, just as in the electronic
switches. In practice, a buffer can be directly implemented in the optical field [51] or using
electronic systems. As explained in the introduction, an optical buffer is constructed using
recirculating-loop and fiber-delay-line [52]. This solution has a memory lifetime issue,
and is very cumbersome.

We choose here to consider electronic overflow systems. Although these buffers
consume more energy, they have a lot of advantages: they permit a random-access to
stored bursts, they avoid the life-time issue, and they occupy less space. This buffering
technique has been presented in [59] and implemented in [63, 65], but performance of
the architecture was not studied. We propose here to study that, using metrics and tools
from queuing theory. The overall performance is evaluated using the loss probability, and
we also evaluate the gain offered by this architecture compared to all-optical solutions.
Moreover, we study the gauging of the overflow system (required amount of Random
Access Memory (RAM)), and its influence on the performance (latency, collisions caused
by re-emitting).

3.3.1 System model

Let us consider an optical burst switch, working in asynchronous mode: bursts can arrive
at any instant. Its functional architecture is described in Fig. 3.3: the switch has n, links
to remote switches, called azimuths; each azimuth is supposed to be bidirectional and
support n. independent channels in each direction. Furthermore, we assume that an
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egress burst can indifferently use any channel of an azimuth; although this assumption
is straightforward for multiple fibers or fiber cores per azimuth, it implies a sufficient
number of wavelength converters in the case of WDM channels.

In addition, our switch has a shared electronic buffer as overflow system. Thus, bursts
may be stored, if no channel is available on their egress azimuth. It is accessed through
1, input ports, n, output ports, and has an unlimited amount of RAM.

The switch operates in the following way. When a burst arrives, its egress azimuth
is read from e.g. its header, or its control channel. If a channel is available on the egress
azimuth, the burst is directly sent on its way over it. Otherwise, if an input port is
available on the overflow system, the burst is sent there. Otherwise, the burst is dropped.

We also set the following two rules: first, a burst cannot get back to its incoming
azimuth. Second, bursts which are stored in the electronic buffer, have priority when a
channel for their destination is released.

The traffic of each ingress channel is model as an on-off process, the “on” periods
corresponding to burst transmissions and the “off” periods to idle times between bursts.
The idle times are assumed to have independent, exponentially distributed durations.
But we consider two cases for the burst duration:

e Pure Chance Traffic where the burst durations are independent, exponentially dis-
tributed process. The mean burst duration is denoted ;. This model is considered as
the worst-case scenario [66] but allows tractable derivations for the loss probability.

e Traffic Shaping where the burst duration is fixed to t,. This technique really is
the burst switching. Indeed, it consists in delaying and grouping packets/bursts in
order to build bursts which have almost always the same size. It permits to reduce
the random aspect of the traffic (only the idle time remains random). This regulated
traffic improves performance of the system and is extensively used in practice.

During the simulations, the destinations of each ingress bursts is uniformly chosen
between all other azimuths than the ingress one. Furthermore, we set ty, =10 us. We
choose this value because it represents about 100 kbit for standard 10 Gbit/s systems, and
may correspond in a jumbo Ethernet frame or an aggregation of several standard Ethernet
packets (12.3 kbit). The relationship between the overall system load p, the mean burst
duration t;, and the mean idle time t,, is given by:

fu
_ 31
P+t (3.1)

3.3.2 Loss probability

In order to evaluate the influence of the overflow system on the performance, we fully
simulate the chosen architecture. Simulations were made under the two traffic assump-
tions: pure chance traffic and traffic shaping. Moreover, we have considered two broad
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cases, which seems to us as representative as possible of future optical transport network:
n; = 10 azimuths and n, = 5 azimuths.

3.3.2.1 Performance under the Pure Chance Traffic assumption

We present in this Section, results obtained under the pure chance traffic assumption. In
Fig. 3.4, we plot the burst loss probability versus the switch load for the two broad cases:
n, = 10 azimuths, on the top, n, = 5 azimuths on the bottom. In each case, we consider
n. = 10 channels per azimuth and different number of overflow ports: all-optical burst
switch (n, = 0) and n, = 5,10, 15, 20.
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Figure 3.4: Loss probability vs system load in two cases: n, = 10, n, = 10 (top) and n, =5,
ne = 10 (down)

Simulation results confirm that the burst loss is really significant at low load for the
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all-optical case: the sustainable load for a burst loss probability of 10~ is around 0.1 for
the two broad cases. In contrast, they show that the electronic buffer brings a significant
gain, even for relatively small number of electronic ports: the sustainable load reaches
0.3 for the two broad cases with n, = 5 overflow ports. The sustainable load even exceeds
0.6 for n, = 20 ports for the first broad case and 1, = 15 for the second one. As expected,
the higher the number of port on the overflow system is, the higher is this gain.

In Fig. 3.5, we display the maximum achievable system load with a loss probability
of 1077, versus the number of electronic ports of the overflow system. We consider again
the two broad cases: 1, = 10 azimuths on the top, n, = 5 azimuths on the bottom; and
different number of channels per azimuth in each broad case: n. = 1,5, 10,20, 50, 100.
The target loss probability of 1077 corresponds to a threshold above which any switching
technology would be disregarded as an industrial solution.

First of all, the results confirm that the increase of the number of channels per azimuth
is another way to solve the congestion issue [64]: It is obvious when 7, = 0. In addition,
we notice that, at low values of n,, the sustainable load curves for n, = 5 and n, = 10
are rather similar; then, the sustainable load increases with 7,, as expected, and reaches 1
for n, = n, X n¢, since having as many electronic ports as ingress channels means that all
incoming bursts can always be collected. We also remark that, beyond a certain number
of overflow ports, curves are close, and an equilibrium thus exists between the number
of channels per azimuth and the number of electronic ports. Choosing, as a minimum
acceptable operating point, a target load of 0.6, we observe that n, = 20 overflow ports
are sufficient in the case 1, = 10 azimuths and n, = 15 overflow ports are sufficient in
the case n, = 5. These values of n, will then be used for the performance analysis of the
overflow system.

In order to evaluate the gain offered by the overflow system, we plot in Fig. 3.6
the load gain versus the number of electronic ports. The load gain is defined as the
increase percentage of the sustainable load compared to the buffer-less case. This gain
has been plotted for n, = 1,5, 10, 20,50, 100 channels per azimuth, in the two broad cases
n, = 10 azimuths on the top, and n, = 5 azimuths on the bottom.

The gain is very high, especially for a small number of channels per azimuth: over
4000% for 15 overflow ports with . = 5 and both broad cases. It is even more significant
when n, = 1. In contrast, although this gain grows with the number of overflow ports,
it is much more limited at high numbers of channels per azimuth, where the burst loss
issue is less severe. Therefore, this switch architecture is especially interesting when extra
channels are expensive.

3.3.2.2 Performance under the Traffic Shaping assumption

We performed simulations under the traffic shaping assumption, in order to evaluate its
discrepancy in term of performance with the pure chance traffic model.
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Fig. 3.7 shows the burst loss probability versus the system load for the two broad
cases: 1, = 10 azimuths on the top, and n, = 5 azimuths on the bottom. We plot, on
the same figure, the simulation results under the traffic shaping assumption and under
the pure chance traffic assumption, for n. = 10 channels per azimuth and n, = 0,5, 10,20
overflow ports.

We notice that our hybrid switch has the same behavior whatever the traffic model.
Although we remark that for very high values of the load, the curves for traffic shaping
case are slightly better, pure chance traffic can be considered as a good hypothesis for the
performance evaluation.

Fig. 3.8 and Fig. 3.9 respectively are the same as Fig. 3.5 and Fig. 3.6, but under the
traffic shaping assumption. The first one plots the sustainable system load for a loss
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probability of 1077, versus the number of electronic ports. The evaluation is done in
the two broad cases 1, = 10 azimuths on left, and n, = 5 azimuths on right; and for
n. = 1,5,10,20,50,100 channels per azimuth. The second one presents the load gain, as
previously defined, in the same context than the first curve.

Simulation results obtained with the traffic shaping model, are very similar to the
results obtained under the pure chance traffic assumption. The electronic buffer still offers
a significant gain in term of loss probability, especially when the number of channels per
azimuth is low. These similarities are interesting because, as explained in the system
model, frameworks exist for the derivations of the loss probability under the pure chance

traffic assumption.

Since the traffic model seems to have a slight influence on the system performance,
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we can draw a quick summary on energy savings of such a hybrid equipment. We can
compare the number of input/output electronic ports required by the overflow system (,)
to that of a full-up electronic IP router (1, X n.). Assuming a node with 10 azimuths with
10 channels each, a hybrid optical switch with 1, = 20 overflow ports satisfies our target
load and loss probability values (a sustainable load of at least 0.6 for a loss probability of
1077). And it may lead to a five-fold reduction of the energy consumption compared to
the 100 ports of an all-electronic switch. The energy savings are less clear in the case of
WDM channels, where the energetic cost of wavelength converters must be factored in.
There may be an optimum number of wavelength converters and overflow ports to be
found.

3.3.3 Performance of the overflow system

We interest now in gauging of the electronic buffer and in evaluating its influence on the
overall performance. As explained before, we consider that a loss probability of 10~ for a
sustainable system load of 0.6 is acceptable. Therefore, we choose these two cases in next
simulations: 7, = 10 azimuths with n, = 10 channels per azimuth and #n, = 20 ports on the
overflow system, and 7, = 5 azimuths with each n. = 10 channels and n, = 15 ports on
the overflow system. The measurements are made when the system is stationary—that
is, we consider that the transitory regime ends after the first burst loss occurs.

3.3.3.1 Memory consumption

In Fig. 3.10, we plot the mean and the maximum number of bursts stored in the buffer
versus the system load for the two cases: 1, = 10 azimuths on the left, and n, = 5 azimuths
on the right. Since we want to evaluate the amount of memory needed by the switch,
we only take into account the bursts which are waiting to be re-emitted. Notice that
the results obtained for the maximum are preliminary, because they may depend on the
simulation duration. It would be more significant to evaluate the probability distribution
of the number of stored bursts using the percentile for a certain time; further simulations
will be performed to this end. Nevertheless, we believe that this preliminary results are
accurate, as the values do not vary much between different simulation durations.

Simulation results show that the mean number of stored bursts is low, even for high
values of the load. For instance, in the two configurations, for a load of 0.6, there is less
than one burst in memory on average. And the maximum is about tens bursts. When
the system load grows, the mean is about ten bursts in the two configurations, and the
maximum tends toward 50 bursts in the first case and 40 bursts in the second one. The
amount of memory required is also reasonable compare to the number of bursts which
can be simultaneously treated by the switch (1, Xn.). Considering a system with channels
at 10Gbit/s and where the mean burst duration is 10 us, the required quantity of RAM is
about few megabytes for the two configurations.
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3.3.3.2 Latency

Fig.3.11 proposes the mean and the maximum latency experienced by the stored bursts

versus the system load, for the two study cases: n, = 10 azimuths on the left, and n, = 5

azimuths on the right. The latency experienced by a stored burst is defined as the time

that the burst is waiting before being re-emitted.
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Figure 3.11: Latency vs system load in two cases: n, = 10, n, = 10, n, = 20 (Left) and n, =5,
ne =10, n, = 15 (Right)

Simulation results show that even for high system loads, the mean latency is under the

mean burst duration. As in the previous Section, the curves for the maximum presented

here are just preliminary. However, as the values do not vary much between different




88 3. Buffer-Assisted Optical Switching

simulation durations, we believe that these results are enough accurate. Therefore, we
can notice that the maximum latency is not so serious, up to 4 or 5 times the mean burst
duration, in the two configurations. The latency will also not have a great influence on
the global system performance.

3.3.3.3 Second order collision

On the contrary of first order collisions which occur when an incoming burst cannot be
directly routed whatever the reason, a second order collision is defined as a collision
between an incoming bursts and a re-emitted burst. It occurs when an incoming burst
cannot be directly routed because the egress azimuth is full, and at least a stored bursts
is being re-emitted over this azimuth. There are two kinds of second order collisions:
second order collisions which pass through the buffer; and second order collisions which
lead to burst losses.

Such phenomena could be avoided by refraining from re-emitting a stored burst, if
other bursts with the same destination are incoming, and would thus cause a second-
order collision. Detecting incoming bursts in advance would require an “observation
window”: a delay between, on the one hand, burst detection and destination processing;
and, on the other hand, the bursts being actually sent into the switching matrix. Practical
switches need this delay anyway, in order to give time to header-processing electronics
to reconfigure the switching matrix; typically, Fiber Delay Line (FDL) are inserted on the
ingress channel in order to delay bursts.

In the next simulations, we consider all the second-order collisions, and the ones
which could be avoided by two observation durations: 250 ns and 500 ns which corre-
spond respectively to 50 m and 100 m of standard SMF fiber [65]. Fig. 3.12 shows the
three probabilities described above as well as the overall burst loss probability obtained
previously versus the system load for the two study cases : 1, = 10 azimuth on the top
and n, = 5 azimuth on bottom.

First, simulation results show that phenomenon is non-negligible. Second order
collisions exist even for relatively low values of the load (around 0.2). Most of time it
leads to a useless passing through the overflow system. In addition, the second order
collisions are the main issue of the overall system performance: in the two cases, the
overall burst loss probability and the blocked bursts probability due to second order
collisions are very close.

However, the curves obtained taking an “observation window” into account, show
that an “observation window”, before re-emitting stored bursts, will not only improve the
system performance by reducing the burst losses, but also reduce energy consumption of
the overall system by reducing the number of opto-electronic conversions. The gain in
terms of performance is noticeable, even for a relatively small observation duration: about
1/10 of the burst losses can be avoided in the 250 ns case. We also notice that the longer
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the “observation window”, the bigger the performance improvements, as expected. Just
as the number of channels per azimuth, and the number of overflow ports, the duration
of the observation window plays an important role in the hybrid switch’s performance.

3.4 Analytical model for the loss probability

In the previous Section, we analyze by simulation the performance of an optical burst
switch with electronic buffer. However, an analytical model allows us to better under-
stand the overall problem, and the influence of each parameters. Moreover, it gives also
predictions faster than simulations, and then enables a faster gauging of practical systems.
Therefore, we propose here some closed-form expressions for the burst loss probability
of such an equipment: a very tight one for the all-optical OBS System case (1, = 0), and a
very loose upper-bound for the complete system.

3.4.1 All-optical burst switch
3.4.1.1 Model

From a queuing theoretical point-of-view, considering pure chance traffic, two main
frameworks exist for the loss probability: the Erlang one and the Engset one [66]. The
main difference between them comes from how the traffic sources are taken into account.
The Erlang framework is the most used, because it corresponds to a worst case in terms
of traffic intensity. Indeed, the traffic is modeled by a single Poisson process, which
corresponds to an infinite number of traffic sources. The Engset framework is equivalent
to the Erlang one, except that the traffic is offered by a limited number of sources. When
the number of sources is high, the two frameworks give similar results [66]. However, for
a relatively low number of sources, the Erlang framework induces an under-evaluation
of the performance; and some of the cases we simulated, e.g. n, = 5 azimuths and
ne = 1 channels per azimuth, are few-source situations. Therefore, we choose the Engset
framework to build our analytical model. Notice that this framework was also used
in [67, 64] for a similar problematic.

In order to use the Engset formula we have to transpose our architecture in the frame-
work. The all-optical burst switch, as shown in Fig. 3.3, is equivalent to the architecture
proposed in Fig. 3.13. Indeed, each egress azimuth can be considered as an independent
system which receives bursts from (1, — 1)n. sources (because of the non-return rule).
As the burst repartition between the egress azimuths is uniform, all these systems are
equivalent. And the global loss probability is equal to the loss probability of one of them.

An Engset system is defined by three parameters: its number of service channels, its
number of sources, and its calling rate (or traffic intensity) per source. Since we already
have the number of service channels and the number of sources of the equivalent system,
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Figure 3.13: Equivalent architecture of the all-optical burst switch

we need the calling rate per source in order to obtain the loss probability. It can be easily
deduced from the overall system load p defined in Eq. (3.1). We can reason on the offered
load A (total amount of traffic), equal to the product of the number of sources for the
overall switch and the calling rate per source (equal to the load in our case), of the overall
system:

A =p-ngn; (3.2)

This offered load must also be equal to that in the equivalent architecture, that is, the
calling rate per source 2’ multiplied by the number of sources per system, multiplied by
the number of systems:

A=a"-(n,—n.-n, (3.3)

Therefore:

,_ P
a_na—l' (3.4)

This expression is given as a function of the overall system load.
Thus, a closed form expression for the loss probability of an all-optical burst switch is
obtained. The Engset Formula [66] can be written taking system parameters into account:

a—1ne—1
s

¢
Pioss(na, e, p) = (3.5)

1+ ?:61[ (na—l?nc—l ]ﬁi

1

-1
with g = (251 -1) .
In the case of a hybrid switch, this expression no longer represents the blocking

probability, but will be used in Section 3.4.2.1 as the part of the ingress traffic directed into
the buffer.
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3.4.1.2 Numerical illustrations

In aim to evaluate the accuracy of the closed-form expression, we compare it with simu-
lations of the all-optical burst switch (without electronic ports) as the ones presented in
previous Section. Fig. 3.14 shows the theoretical and the simulated burst loss probabil-
ity versus the system load for different configurations: n, = 5 azimuths on the top and
n, = 10 azimuths on the bottom; and n. = 5,10, 50, 100 channels per azimuth.

Apart from a slight deviation between theory and simulation for high values of the
load, we notice that theoretical curves fit well with simulated one. This deviation comes
from simulation, where the respect of pure chance traffic assumption becomes question-
able at high load value. Nevertheless, the closed-form expression presented here offers a
good evaluation of the loss probability of the all-optical burst switch, or of the probability
that an incoming burst tries to go in the buffer.

3.4.2 OBS with overflow system
3.4.2.1 Model

Although the Engset framework offers an expression of the loss probability of a system if
the ingress traffic is pure chance, it does not give any further information about statistics
of the blocked or overflowed traffic. Sadly, these inputs are required to evaluate the
blocking probability of the complete system. [51, 68] work on the blocking probability
of optical switch with optical buffer, but they do not take the number of channels per
azimuth into account.

In [69], a framework was developed in order to compute the loss probability of several
Engset systems which have a common overflow system. It corresponds to the general
architecture of our optical switch, except that re-sending of bursts is not taken into account.

A primary group is defined as an Engset system equivalent to an egress azimuth.
Considering a single primary group, the complete system is equivalent to an Engset
system, where the number of sources and their calling rate are the ones from primary
group; and where the number of channels is equal to the sum of channels from the primary
group with the number of channels of the overflow system.

If there are several primary groups, a method gives an equivalent primary group.
This method is similar to the standard Equivalent Random Theory (ERT) method from
the Erlang framework [70].

Fig. 3.15 sums up the problem for our architecture. We thus have to evaluate the
number of sources g, their traffic intensity 4*, and the number of channels n of the
equivalent primary group. However, we notice that this equivalent primary group has
been evaluated in the previous Section. The parameters thus are: q° = (n, — 1)n. sources,
with a traffic intensity a* = nap—_l, and a number of channels n. = n.. Thanks to these
equivalent parameters, we obtain the following closed-form expression for the blocking
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Figure 3.15: Equivalent architecture of the optical burst switch
probability of the complete system:
(Tlu - 1)nc -1 ﬁ(”c‘”%)
(nc +ne)
Poss(1a, e, 1e, P) = ’ (3.6)

L+ T ( o= e )ﬁf

n,

-1
again with p = ( “p_l - 1) as in equation (3.5), to which equation (3.6) is manifestly

equivalent when n, = 0.

3.4.2.2 Numerical illustrations

Once again, we evaluate the accuracy of our closed-form expression by comparing it to
simulations proposed in Section 3.3. In Fig. 3.16, we plot the theoretical and the simulated
burst loss probability versus the system load for different configurations: n, = 5 azimuths
on the bottom or n, = 10 azimuths on the top. We also consider n, = 10 channels per
azimuth, and n, = 5,10, 15, 20 ports on the overflow system.

We remark that a large gap exists between the analytical results and the simulated
one. Moreover, it grows with the system load and with the number of electronic ports. It
can be explained by the second order collisions in the simulation which are not taken into
account in the theoretical model. In other words, the analysis considers that our hybrid
switch is able to predict them and so to avoid them. Therefore, it is of interest to add an
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anti-collision system in the re-sending process, in order to further improve performance
of the hybrid switch.

3.5 Conclusion

Since it decreases global cost and improves the flexibility, optical packet/burst switching
is a key enabling technique for the future transport network. Sadly, the lack of all-optical
buffers results in these techniques having a big packet/burst loss issue, especially when
few channels are available per azimuth. As multiplying these channels may not be
economically feasible, it seems better to look into buffering solutions.

In this chapter, we consider an optical burst switch assisted by an electronic buffer.
We analyze, by simulation, the performance in term of burst loss probability of such
an equipment. Simulation results lead to the identification of three key parameters for
the performance improvement: the number of channels per azimuth, the number of
electronics ports of the buffer, and the observation duration of the system against second
order collisions.

The electronic buffer enables a great increase of the sustainable load even with a
small number of overflow ports. Its combination with extra-channels on egress azimuth
improves even more the performance.

In addition, we shown that the second order collisions are responsible of the main
part of burst losses. Therefore, a well designed observation window before burst re-
emitting, will significantly improves the overall system performance, and the closed-form
expressions show us the maximum gain we can expect.

Finally, such a hybrid equipment may enable significant energy savings. Indeed,
an network of hybrid switches is less energy consuming than a standard two-layered
network. And a system which limits the second order collisions, may even more decrease
this consumption. Main issue of hybrid techniques also remains the financial and/or
energetic cost of extra-channels per azimuth.
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The work carried out in this thesis deals with the analysis of coherent optical transmission
systems, which will be one of the key techniques for future high data-rate networks. Since
commercial systems able to transmit 100 Gbit/s over thousands of kilometers now exist,
the main objective of the work was to find theoretical insights for the design of future
systems. Indeed, the use of more powerful modulation schemes, and digital signal
processing techniques, forces system suppliers to improve their theoretical knowledge of
the optical channel. But, the need of energy-efficient, transparent and flexible systems also
obliges them to combine these techniques with cross-layer solutions, in order to improve
the efficiency of networks. That is the reason why we have proposed in the thesis, not
only theoretical analysis of the propagation impairments in fiber, but also detailed studies
of hybrid switching techniques.

Chapter 1 has been dedicated to the study using the Shannon capacity of the main non-
linear impairment in optical fiber transmissions: the Kerr Effect. The data-rate increase
often induces an increase of the input power per channel. Therefore non-linearities, which
could be neglected until now, have to be considered. Moreover, the guard band between
channels is reduced in order to improve the overall spectral efficiency, and it seems to us
that studying its impact on system performance is relevant. The first part of the chapter
was dedicated to an extended state-of-the-art about non-linear Shannon capacity. It led to
the choice of a framework used for derivations of closed-form expressions of the optical
channel capacity taking guard-band into account. The second part of this Chapter has
been devoted to express the capacity in closed-form. Numerical illustrations of these
expressions have shown that guard-band has a slight influence on the capacity.

Since another way to improve the achievable data-rate is to use all the freedom de-
grees of fibers, the impairments related to the polarization such as PMD and PDL, have
now to be taken into account in the design. In the same spirit as previously, after a gen-
eral overview of the PDL impaired channel model, Chapter 2 focused on the derivations
of the outage probability due to PDL for different PDL models. Notice that the model
chosen in the derivations only takes the polarization mismatch into account, since the
other issues due to PDL can firstly be neglected, as shown in the chapter. Comparisons
of the closed-form expressions with phenomenological simulations shows that a model
(the Maxwellian one) is especially relevant with this respect. In addition, comparisons
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between the theoretical results and simulated systems have been also achieved. Indeed,
the outage probability is a bound of the achievable BER of practical transmission systems.
Simulations of practical systems have been done with a powerful FEC, several modula-
tions schemes and Polarization-Time codes. Simulation results confirm that PT codes are
essential for the PDL mitigation. However, their combination with a well-designed FEC
improves significantly the performance. At standard values of the mean PDL, the com-
bination of a PT code with a powerful soft-decoded FEC is only 1.5 or 2 dB of the outage
probability. Unfortunately, this powerful combination induces a high computational load
which still prevents its use to practical systems.

Another way to improve the performance of optical transmission systems has been
proposed in Chapter 3 with cross-layer techniques: the separation between the transport
layer, and the network layer was a good idea when the network layer was heteroge-
neous. However, IP traffic nowadays is the main user of the transport network and,
will eventually become the only one. Therefore, real synergies exist between the IP net-
work layer and the optical transport layer. However all-optical techniques have many
drawbacks. Therefore, the general architecture of a cross-layer equipment, also called
optical burst switch with electronic buffer, has been proposed and studied. Numerical
evaluations show the interest of such an equipment, because it significantly improves the
performance in term of bursts loss probability, even for a small number of access ports
on the buffer. Comparisons between simulations and the analytic model show that the
performance can still be improved by the implementation of a system which reduces the
number of collisions between re-sent bursts and ingress bursts (also called second-order
collisions). Finally, this kind of solutions not only improves the network transparency
and flexibility but also may allow significant energy savings by reducing the number of

opto-electronic conversions.

This thesis has raised several issues which deserve to be treated in the future. These
problems are listed below:

o The closed-form expressions in Chapter 1 have been established under the single po-
larization and the single span assumptions. Further works may focus on extending
the expressions in a more general setting.

e The general PDL model used for the derivations in Chapter 2 takes only the po-
larization mismatch into account. Although this model is accurate for standard
values of the mean PDL, a more advanced model, which considers the SNR com-
pression and/or the noise correlation, needs to be develop, and then to be applied
for the outage probability derivations in order to have a global view of the PDL

phenomenon.

e Moreover, numerical illustrations in Chapter 2 show a gap of about 1.5 even 2 dB
between the simulated BER and the outage probability. Further works should be to
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find better coding techniques in order to reduce this gap.

e The analytic model of Chapter 3 can be improved in order to take the second-order
collisions into account. It will enable a faster gauging of the whole equipment.

e The study about the hybrid switch and the related energy savings can be extended
by e.g. taking interest in the A converters issue in the case of WDM channels.
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Appendix A

Proofs of Results 1, 2, and 3

A.1 Proof for Result 1

We consider X(t) a Gaussian distributed random variable which has a PSD denoted Sx(f)
and an auto-correlation function denoted Rx(t). X(f) denotes the Fourier transform of
X(t). Let us derive E [X(/)X*(f")].

E [X(f)X*(f/)] _E [Iw X(t)e_zinftdt IOO X*(t/)eZiT(f't'dt/] )

By permuting the expectatino and the integrals and then by applying the expectatino only

on the random variables, we have

E [X(f)X*(fl)] = ff]E [X(t)X*(t/)] e—ZiTlfteZinf’t’dtdt;

and so

E [X()X'(f)] = f f Rx(t — t")e 2t f't grdy .
We will first integrate with respect to t. We thus have
E [X()X'(f)] = f ( f Rx(t — t')e—zi”fdt) 2 gy
which simplifies as follows
EXOX ()] = [ Su(pe 2 e ar.
According to the property of the Dirac distribution, we obtain

E[X(NX'(f)] = o(f = f)Sx(f),

where x — (x) is the Dirac delta distribution.
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A.2 Proof for Result 2

Let us denote
R, p(t) = E[b(t + T)a*(t)].

As

ot = [ Aperias
and

o) = [ BN,
we have

Ro® = [ [ ELAG BN
Moreover, since A(f) = Ha(/)X(f) and B(f) = Hy(f), we obtain
Roo) = [ [ Y B X (e 2703
Thanks to Result 1, we simplify as follows
Rool) = [ Hf H(SK(NEdf

which implies that
Sap(f) = Ha(f) Hp(f)Sx(f)-

A.3 Proof for Result 3

It is easy to check that
Rap(7) = Rpa(=1)".

As a consequence, we obtain that

Sa,h(f) = Sb,a(f)*-
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Definition of Signal-to-Noise Ratio

In digital communication [31], the signal to noise ratio (SNR) is defined as

_E
SNR = N (B.1)

where
e E, represents the consumed energy (at the carrier level) per information bit,
e N is the noise variance per real dimension.

Notice that we consider that if x(¢) is the signal at the carrier and x,(t) is its corresponding
complex envelope, then x(t) = R[x,(t)e?™!] with fy the carrier frequency.

According to the used practical transmission scheme, the term E; can be expressed in
different way.

Let E be the energy needed for transmitting one symbol (in baseband). We obviously

have that
Es

" 2m

where m is the average number of bits per symbol.

Eyp

Now, it is easy to check that

m = kcerppc(rpr/ne)
where

e k. = log,(M) is the number of bits per symbol when a constellation of size M is
employed

o rpec the FEC coding rate.

e rpr/n; corresponds to the number of symbols per polarization and per channel use
where rpt is the PT code rate and n; the number of inputs in the considered MIMO
system.
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Finally, we have

TltES
SNR= ——M—. B.2
2k.rrecrpTNo .2
and in our case (since n; = 2),
E
SNR= ————. B.3
kereecrprNo B3

Notice that in the expression of the outage probability, the term p is actually equal to

P~ 2N,
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