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Abstract

This thesis includes a theoretical study of the performance of an optical network system
with linear impairments: chromatic dispersion (CD), polarization mode dispersion
(PMD), polarization dependent loss (PDL), and amplified spontaneous emission (ASE)
noise. Both the Q-factor and bit error rate (BER) were used as performance parameters

in this study.

First, an analytical optical eye diagram evaluation for a system of highly mode coupled
PMD/PDL fiber and lumped sections (up to fifteen sections) have been presented in this
study. Based on this evaluation we found that with PDL considered as well as PMD, the
Q-factor of the output becomes higher than that of a Maxwellian fiber having the same
total root mean-squared PMD and PDL values, when the mean-square PDL element of
the lumped sections makes up the major portion of the total mean-square of the whole
system. Whereas without considering PDL, the Q-factor becomes higher as the mean-
square PMD element of the Maxwellian fiber takes the major portion of the total mean-
square PMD element of the whole system. Also the worst case for the Q-factor occurred
when the lumped sections were in the middle between two equivalent Maxwellian fibers,
rether than if the lumped sections were followed by Maxwellian fiber or the Maxwellian
fiber is followed by the lumped sections. We also note that two equivalent Maxwellian
fibers connected in series will not give the same Q-factor as a Maxwellian fiber
equivalent calculated by concatenation rules unless they have the same values of PMD,

PDL, and polarization direction correlation elements.

Second, considering ASE-noise besides CD, PMD, and PDL, improved values of bit

error rate (BER) were gotten using the moment generation function for the optical



system in cases of ON-OFF modulation format and DPSK modulation format. We found
that, even when considering the noise only without the signal, the probability density

function of the output current was dependent on the output state of polarization.
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Chapter 1

Introduction

As it is a tradition to start a Ph D thesis with an introduction to the subject under
study, I'll start with a small introduction about this thesis. This introduction is essential to
get a clear idea about the background of the thesis subject, i.e. the system performance

of an optical fiber network, and review information related to this subject.

In the first section | will give an idea about the discovering of fibers that are used in
communication systems, followed by a small section that describes the advantages of
using optical fibers in communication systems. The unwanted errors that result from the
use of fibers in network communication are presented in the third section. The fourth
section shows the objectives of this project. In the last section of this chapter, | present

the organization of the following chapters in this thesis.
1.1 Optical fibers

Optical fibers are extensively used in optical communications since they provide
transmission over long distances at high data rates with less loss. A fiber is used to
carry light along their length with the use of the total internal refraction effect. In fact, the

optical fiber is a cylindrical dielectric waveguide which transmits the light along its axis.

The main structure of a fiber consists of a core surrounded by cladding layer of lower

refractive index, so that light is kept in the core of the fiber.

There are two main types of fibers; fibers that have large diameters and support

many transverse propagating modes are called multi-mode fibers, while those which



have smaller diameters and a single mode are called single-mode fibers. In network
communication where the signal travels over long distance, it is preferred to use the
single mode fiber type. A single-mode fiber is designed to support only one ;mode of
propagation of light; the principal advantage of letting light propagate in only one mode
is that inter-modal dispersion can be avoided. Inter-modal dispersion happens as a
result of the relative delays between light propagation in the various modes in a multi-
mode fiber. In a single-mode fiber, as there is only one mode available for light
propagation (theoretically), inter-modal dispersion is nonexistent. In reality, however,
there are two modes of propagation of light even in a single-mode fiber. A single mode
fiber, thus virtually acts as a’two channel medium with the input data pulses being split
and differentially delayed [1]. The attenuations of these two modes are identical

(normally).

The story of using optic fibers in communications has a deep root that started in the
early 1840s, when Daniel Colladon and Jacques Babinet, in Paris, demonstrated the
guiding of light by refraction which is the principle that makes fiber optics possible. Then
in 1854 the British physicist John Tyndall demonstrated that light signals could be bent.
After passing with all of the scientists’s effort in more than a century, a theoretical
description of using single mode fibers in communications was published in 1961 by
Elias Snitzer. In that description the fiber had a light loss of one decibel per meter,
which is inadequate for the communication devices that need a light loss of no more
than 20 dB/km. Nevertheless, using optical fibers for communication was not proposed
until 1963, when the Japanese scientist Jun-ichi Nishizawa at Tohoku University

proposed it. This invitation was the key to open a wide door in the communications field.



On the other hand, the high attenuation that accompanied the optic fibers in
communication, at that time, was an important issue. Although fibers available during
the 1960s had an attenuation of around 1000 dB/km, this obstacle was soon overcome
by researchers led by Donald Keck at Corning when they fabricated the first low-loss
optical fiber with attenuation around 20dB/km in the wavelength region around 0.63 ym
[2]. In 1965, Charles K. Kao and A. Hockham of the British company Standard
Telephones and Cables (STC) discovered that this attenuation can be reduced below
20 dB/km; the threshold for making fiber optics a viable technology. Moreover, in 1970,
a team of scientists, Robert Maurer, Donald Keck, and Peter Schultz succeeded in
developing a glass fiber that carried a pattern of light waves that could be decoded a
thousand miles away. With the development of fiber modulation over the years, this

attenuation was reduced more and more.

As it is well known, fibers are usually made from plastic, glass or a combination of
both, but those that are made from glass have lower attenuation. Currently a variety of
fibers are used in different industries depending on the applications. In fact fiber-optic

technology has become an iconic word in many branches.
1.2 The advantages of using fibers in communication

The large space that optical fibers have taken today in several fields has come as a
result of a wide collection of advantages they have, each depending on the field of use.

In the field of communications, using optical fibers has several advantages such as:

e Size and weight: an optical fiber has a diameter that ranges between 10 pm

and 50 ym which gives it the advantage of occupying the negligibAIe space



that it occupies. Furthermore, optical fibers are very light in weight, and hence
they are effectively working in many devices.

Flexibility: fiber cables are easy to bend or twist, which makes them easy to
handle, install, store, and transport.

Low cost and reliability: optical fibers are available in abundance because
they are cheap; optical fibers are made from silicon glass. Hence, its quality
is not affected by external radiation.

Enormous bandwidth: optical fibers have enormous transmission bandwidths
and high data transmission rate since the information carrying capacity of a
transmission system is directly proportional to the carrier frequency of the
transmitted signals and the optical carrier frequency is in the range of 10"
Hz.

Low loss: with the development of ultra low loss fibers and the erbium doped
silica fibers that are used as optical amplifiers, it is possible to make low Ioss.
communication fibers for long distance with loss as low as 0.002 dB/km.
Immunity to cross talk: optical fibers are free from any electromagnetic
interference or radio frequency interference because they are working as
dielectric wave guides. Moreover, even when many fibers are cabled together
the cross talk is negligible since optical interference between different fibers
is practically impossible.

Digital signals: optical fibers are ideally suited for carrying digital information,

which is especially useful in computer networks.



e Low power: because signals in optical fibers degrade less, we need lower
power transmitters than those needed in the case of copper wires (high
voltage electrical transmitters)

¢ Information security: unlike the case of the transmitted signal in copper
cables, the transmitted signal through optical fibers cannot be drawn from a
fiber without tampering with it.

o All these advantages give optical fiber systems the leading position in modern
communication systems.

1.3 The impairments of optical fiber communication systems

Even with all of the advantages of fiber optic systems, there are some
impairments that are associated with use of the optical fiber in network and
communication systems. Therefore, it is an important issue to study those
impairments carefully. Because of that, there have been extensive studies to reduce
the effect of these impairments in optic fiber networks, each focusing on one or more
impairments. Because of these impairments there were limitations in the
performance of optic fiber networks. These limitations can be described as follows:
the fundamental limitations of a fiber optic communication system include fiber loss,
chromatic dispersion and some nonlinear effects when the bit rate is relatively low
(2.5 Gbits/second or lower) [3]. With the development of high bit rates (= 10
Gbits/second) and more complex fiber optic communication systems, polarization
mode dispersion (PMD) and polarization dependent loss (PDL) become additional
obstacles in optic fiber communication systems [4-6]. PMD is a random effect

resulting from intrinsic (geometrical birefringence and intrinsic stress) and extrinsic



(lateral stress, bending and twisting) sources and it introduces pulse broadening that

can be up to 20ps in installed fibers. On the other hand, PDL causes power

fluctuation and it can be up to 0.4 dB in fiber components [7-9]. Moreover, the

interaction of PMD and PDL can cause further system impairments [6, 9]. In fact,

due to the stochastic perturbations of environmental factors, such as temperature

and vibration, PMD and PDL can be considered as random effects. Hence, their

effect in optical systems has to be studied statistically. In this manner we can

describe this effect as follows.

1-

PMD is expressed in terms of principal states of polarization (PSP’s) and
differential group delay (DGD), where DGD is the difference of time delays when
a lightwave is transmitted in the two orthogonal PSP’s. Both PSP and DGD are
wavelength and time dependent. The average of DGD over wavelength or time is
PMD [4, 10].

The statistical distribution of DGD is Maxwellian without PDL, and it is a
combination of Gaussian and Maxwellian with high PDL [11, 12].

Due to the interaction of PMD and PDL there are some anomalous phenomena,
such as pulse narrowing with finite DGD and pulse broadening with zero DGD
[13].

The system impact of PMD has been studied both in analog and digital systems.
For analog systems it has been shown that pulse broadening due to PMD follows
a Rayleigh distribution [14]. For digital systems the impact of PMD has been
studied in terms of system outage probability [5] and the statistical distributions of

eye-opening [7] and Q-factor [15].



1.40Objectives of this project

The main objective of this project is to develop a good performance evaluation for
optical fiber systems by developing a theoretical model for measuring the Q-factor (Part
I) and calculating the bit error rate ( Part Il ) for the output current, including almost all
of the impairments inherent in optical systems, including chromatic dispersion,
polarization mode dispersion, polarization dependent loss, and amplified spontaneous

emission (ASE) noise.
1.5 The thesis organization
The rest of the thesis is organized as follows:

Chapter 2 presents the theoretical background of the major fiber characteristics that
affect the pulse evolution in an optical fiber, including the necessary introduction to the
types of lightwave systems in section (2.1). Section (2.2) presents a discription of the
propagation of light in optical fiber, followed by section (2.3) , which gives some
analytical description of wave plate theory, and polarization in Jones and Stokes
spaces. Section (2.4) describes the polarization impairments in optical systems. The
last section (2.5) shows some of the performance parameters in optical communication

systems.
The main work in this thesis comes in two parts:
Part | : In the first part of this thesis we use the Q-factor as a performance parameter.

This part includes Chapter 3 and Chapter 4:



Chapter 3: considers the chromatic dispersion, polarization mode dispersion, and

polarization dependent loss or gain in our highly mode coupled model.

Chapter 4: presents an analyitical model to evaluate the eye diagram for an optical

system of a highly mode coupled PMD/PDL fiber with lumped sections.

Part Il : In the second part, we use the bit error rate as a performance parameter in our

calculations. This part contains Chapter 5 and Chapter 6:

Chapter 5 considers another fiber impairment to our calculation, namely the Amplified
Spontaneous Emission Noise. This chapter demonstrates the effect of noise in our
model. By using the saddle point method, we present in this chapter a clear method that

give the probability of error in optical systems.

Chapter 6 : investigates for the first time (to our knowledge ) how three ASE noises
impact in bit error rate calculations for an optical system dealing with partially polarized

noise in this chapter.

Chapter 7 concludes the dissertation, summarizes the achievements of the research

and gives recommendations for future work.



Chapter 2

Theoretical Background

For a better understanding of high speed optical fiber network systems, it is

necessary to start with background about some related theoretical concepts.
2.1 Types of lightwave systems

Fiber optic systems act as information highways; the information flows through the
fiber and then is distributed and delivered to the customers via access networks. In fact,
fiber-optic communication systems are lightwave systems that employ optical fibers as a

light guiding medium.

The main function of lightwave systems is to transport information at a specified bit
rate and bii error rate (BER) over a specified distance. So the length of the lightwave
systems can be classified in two categories: short-haul and long-haul. In short-haul links
there are no repeaters or amplifiers and typically distances up to many tens of
kilometres. This type is widely used in metropolitan area networks (MANSs) or local area
networks (LANs). On the other hand, long-haul links contain repeaters to compensate
for loss and/or dispersion, and may cover up to several thousand kilometres in length.
They are widely used in large-scale terrestrial networks such as wide area networks
(WANs) and undersea intercontinental networks. Table (2.1) summarizes the

differences between the short-haul and long-haul systems.



Difference Short-haul systems Long-haul systems

Repeaters No repeaters or amplifiers | Contains repeaters and/or amplifiers
Length ~10 Km ~1000 km

Applications | MANs, LANs WANSs, undersea intercontinental networks

Table (2.1) Comparison between short-haul and long-haul systems

2.2 Propagation of light in the optical fiber

In the field of fiber optics it is well known that it is preferred to use monochromatic
light, such as from a laser. However, even a laser radiation is not totally monochromatic,
but it is the best light source now. The polarization of monochromatic light represents
the oscillation direction of the electric field and there are several ways to represent the
polarization of the light. The most famous ones use Stokes vectors ( in Stokes space )

and the Jones vectors ( in Jones space ).

The change of the polarization of light on transmission through a fiber can be
described as the rotation of its Stokes vector §, a 3-D vector of unit length indicating the
polarization of the light with components which are the Stokes parameters. This vector
corresponds to the 2-D complex Jones ket vector |s >. The 3-D space of Stokes
vectors and the 2-D space of Jones vectors are different representations that we can
use to describe the propagation of light in a fiber. To connect these two spaces, we use

the Pauli matrices o, 0,,03; (In Stokes space it is a Pauli spin vector & = (07,0, ,03))
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[16]. The input light passes through the fiber to emerge as the output as shown in figure

2.1).

— —— —n
Input Output il
g, g
> Fiber >
§s,§,|s> 5,8, s>
Fig2.1 Block diagram of optic fiber
system
- - —— - - |

The Fourier transformation of the electric field vector of the input and output light are

E,=¢|s) and E, =¢t), respectively. The phase and polarization information are

included in|s > and ]t > , whereas e indicates the magnitude of the electric field.
2.3 Polarization impairments in optical communication systems
2.3.1 Polarization mode dispersion

It is well known now that PMD is one of the major limiting factors for high-speed
optical communication systems, and because of that it is an important issue to study,
especially with today’s high bit rate. The adverse effects of PMD on system
performance were identified in the early 1990s {17]. Since that time a lot of research has
focused on studying this phenomenon. In this section we present some details about
polarization mode dispersion, and the necessary principles related to it.
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2.3.1.1 Causes of PMD

The main cause of PMD is the asymmetry of the optic fiber. Asymmetry in the core of
the fiber simply means that the core of the fiber is not perfectly round. The core might
be oval or out-of-round as in Figure (2.2); this may be inherent in the fiber

manufacturing process, or may be a result of mechanical stress on the fiber.

Stress

No Birefringence Birefringence Birefringence
il Bi-B, Different material
An=1"2) ;
o density

Fig. 2.2 The Cross-section of
the optical fiber

2.3.1.2 Birefringence

Ideal single mode fibers have perfectly circularly symmetric cross sections; hence the
two polarization modes are degenerate and propagate with the same velocity. However,
in real fibers such degeneracy is broken since the fibers are not perfectly circular and
can also be subjected to local stresses. Consequently, the propagating light is split into
two local polarization modes that travel with different velocities and results in the

rotation of polarization orientation with the distance. The difference in propagation times
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between the two orthogonal polarization modes at a given wavelength results in pulse

spreading.
2.3.1.3 Phase velocity and group velocity

Optical transmission media are characterized by two optical velocities, phase velocity
v, and group velocity v, . Both of them play a role in PMD. A superposition of plane
waves can describe the propagation of light in a homogeneous medium. After traveling

a distance z , the electric field at z is related to the incident field by
E(z,t) = E(0,t) exp(iwo(t—%)) (2.1)

This form describes the electric field as a plane wave at central frequency w, ,
propagating at phase velocity v, - |wg/k(w,)| , modulated by the input signal's
envelope E£(0,t), traveling at the group velocity v, - (alk/dwlwo)"1 with higher orders
revealing chromatic dispersion and its slope. A phase (group) index of refraction is

associated with the phase (group) velocity.
2.3.1.4 Principal states of polarization

To the first order, PMD is the group-velocity difference between two orthogonal states
of polarization; these orthogonal states are the principal states of polarization (PSP) [18,
19]. When the principal state of polarization is excited at the fiber input, impulses will
propagate undistorted and the signal will stay completely polarized because the output
polarization remains constant to first order as a function of optical frequency. On the
other hand, if the signal polarization is a mixture of the PSP’s, impulse broadening
occurs in the time domain, and the signal becomes depolarized in the frequency

13



domain. The input state of polarization (SOP) can be expressed as the vector sum of

two components, each component being aligned with one of the PSPs.

Kogelnik et al [20] describes the PSP in the frequency domain as following. For a
specific length of the fiber, there is a pair of input polarization states at every frequency.
This pair of states is the two PSPs. In other words, a PSP is that input polarization state
for which the output state of polarization is independent of frequency over a small
frequency range. With this definition, PMD can be characterized as a vector

represented as

T=AtP (2.2)
where At is the length of PMD vector (DGD), and P is the direction of PMD vector and it

is along the axis that joins the two output PSP points in Stokes space.

A single-mode fiber can be thought to have a set of two orthogonal principal states of
polarization (PSPs) which have certain properties. A light pulse aligned with one of the
fiber's two input PSPs will emerge out of the fiber end as a single pulse, unchanged in
shape. Along the corresponding output PSP of the fiber, the emerging pulse will be
polarized. On the other hand, if the pulse’s state of polarization (SOP) is aligned
- anywhere between the two input PSPs (but not aligned along either of them), the pulse
will be split into two orthogonal components. Using this concept for PSP, we can use a
concatenation of randomly oriented short sections of birefringent fiber (as we will see
later) to describe any long single-mode fiber. In each section both the degree of
birefringence and the orientation of the principal axes remain constant, but they change

randomly from section to section. Each fiber section can be treated as a phase plate
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using a Jones matrix. Then the propagation of each frequency component associated
with an optical pulse through the entire fiber is governed by a composite Jones matrix

by multiplying individual Jones matrices for each fiber section.
2.3.1.5 The mathematical expressions of the PMD vector

The PMD vector 7 is a Stokes vector pointing in the direction of the slow principal
state of polarization (PSP) with a length equal to the DGD. There are several ways to
describe the PMD vector mathematically, such as the Jones Matrix eigenvector analysis
[3], o-expansion [9], time domain moments [10], and Muller matrix method [21].These
expressions correspond to four different yet closely related views of PMD. On the other

hand, these expressions are the basis for different experimental approaches.

The rotation of the output Stokes vector on the Poincare sphere as w changes is

governed by the law of infinitesimal rotation as [16]

a8 _ o A
3(;—'[)(3. (23)

The combination of the infinitesimal rotation laws for PMD with the birefringence

gives the dynamical PMD equation [16}:

o _0
% =08 XT, (2.4)

where § is the birefringence vector.

This equation describes the evolution of the PMD vector with distance.
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In general, the analytical treatment of PMD is quite complex because of its statistical

nature. Therefore, statistical predictions are needed to account its effects [22, 23].
2.3.1.6 Second order PMD

Second order PMD is the change of the DGD (first order PMD) with changes in
wavelength [24]. When the PMD vector has a nonnegligible dependence on frequency,
higher order distortions take place [25]. Moreover, higher order PMD induces

depolarization and polarization-dependent chromatic dispersion [26].

In modern lightwave systems, that have a bit rate which climbs from 10 to 40 Gb/s
and higher, there were several studies of the high order PMD, especially at the second
order [25, 26, 27]. Hence, it is important to take into account of impairments caused by
the fiber’s polarization mode dispersion including higher orders [28]. As an example, the
second-order effect becomes more important than the first-order effect when the chirp
factor (phase-amplitude coupling factor) is greater than one [29]. (A chirped pulse
means that the frequency of the pulse is changing with time, and the chirp factor of the

pulse is proportional to the rate of change of the pulse frequency with time.)

Mathematically, the PMD vector can be expanded as a Taylor series with w as the

independent variable as
- - = 1 dz - 2
T(w) =T (wy) +Tp(w —wy) + (E)Egz—(‘rw)(w —wp)* + . (2.5)

The second order term in the expansion corresponds to second order PMD (7, =

E%(?)). The physical significance of second-order PMD is that it causes a polarization-
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dependent pulse broadening or compression (termed polarization dependent chromatic

dispersion or PCD) and the rotation of the PSPs with frequency.

Eyal and others [30] have proposed a description of PMD based on an exponential
expansion of the Jones matrix of the transmission medium. With this description
different orders of PMD are treated separately as different subsystems and the overall
behaviour of the transmission medium is obtained from serially concatenating these

systems. In the old fibers PMD had larger values than values in modern fibers; see table

(2.2) [31].
MeanDGD Coefficient
“2)
Fiber Type L Average DGD for L=625km
Modern Fibers (Low PMD) < 0.1ps/VL 2.5ps
Old Fibers(High PMD) ~2ps/VL 50 ps

Table (2.2) Polarization Mode Dispersion in Old and Modern Fibers

2.3.1.7 PMD measurement techniques

As a final point about PMD, | believe that we have mention to the available ways to
measure PMD. To measure PMD there are various measurement techniques. Table
(2.3) summarizes some of the important methods (and some of their characteristics) to

measure PMD. (Full details are in Ref. [18].)
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Type Method Measures | Light Source Analyzer Range
Time Domain | Differential DGD Short  (Unchirped) | High-Speed > 10ps
Mea. Pulse Deiay Laser Pulses Oscilloscope

Time Domain | Modulation DGD Intensity-Modulated | RF-Spectrum = 20ps
Mea. Response (Unchirped) Laser | Analyzer

Time Domain | Interferometric DGD Broad-Band CW | Michelson < 100ps
Mea. LED (or Lamp) Interferometer

Frequency Fixed Analyzer | DGD Narrow-Band Polarizer and | O0.1ps
Domain Mea. Tunable CW Laser || Power Meter —1ns
Frequency Poincare DGD+PSP Narrow-Band Complete 1fs
Domain Mea. | Sphere Tunable CW Laser | Polarimeter —1ns
Frequency . Jones Matrix | DGD+PSP Narrow-Band Complete 1fs
Domain Mea. | Analysis Tunable CW Laser | Polarimeter —1ns

Table (2.3) Measuring Polarization Mode Dispersion in Optical Fibers

2.3.2 Polarization dependent loss and gain

Another polarization sensitive phenomenon that arises because the optical fibers and

optical components absorb power in different amounts along the orthogonal axes is

called polarization dependent loss (PDL). PDL is a varying insertion loss arising from

the dependence of a component’s transmission coefficient on the state of polarization

[32-34].
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2.3.2.1 Definition of the PDL

Polarization dependent loss is defined as the maximum change in the power
transmitted by an optical component as the input state of polarization is varied over all

possible polarization states. On the decibel scale PDL is given as

min

PDL, = lOlog(&‘&J (2.6)

Since the state of polarization of the transmitted light is randomly changing in time,
PDL and PDG may cause the system performance to vary in a random manner as a
function of time. On the other hand, PDL induces additional waveform distortions by

interaction with PMD. This effect is small in real systems [35] but it is still present [36].
2.3.2.2 Sources of the PDL
The major sources for polarization dependent loss are:

1- The unequal spectral absorption of the orthogonal polarization components

(Dichroism). 2- Fiber bending. 3- Angled optical interfaces. 4- Oblique reflections.

In fact, polarization dependent loss was recognized as a critical issue because
various inline optical components (such as isolators, couplers, filters, and switches) may
have nonnegligible PDL values (> 0.2 dB). The total value of PDL for a series of
concatenated elements is usually different from the sum of each single PDL-element
contribution.‘ That is because the resulting total PDL depends on the relative

orientations of the PDL axis at each connection [37].
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2.3.2.3 Combined PDL and PMD

Gisin and Huttner [9] were the first ones to consider the combined effect of PMD and
PDL in their seminal work. They showed that the combination of PMD and PDL will lead
to a complex principal state vector. The autocorrelation function of such a complex

principal state vector has been reported [38].

Due to the interaction of PMD and PDL the amplitude of PMD, its statistics, the two
PSPs, and so on are different from those of null PDL [9, 12]. Furthermore, several
studies have shown that PDL can induce some anomalous phenomena in pulse
transmission, such as pulse narrowing with finite differential group delay (DGD) [13] and

pulse broadening with zero DGD [39].

With assuming negligible values of PDL, the two PSPs are mutually orthogonal
[40].0n the other hand, with considering PDL the two PSPs are no longer orthogonal in
general [41]. Ref. [42] presented some example calculations of PMD and PDL for
various input pulse widths. Due to the effect of higher order PMD and PDL [43], the
effective PDL and the effective PMD for a pulse increased with the input pulse width.
This happens if both PMD and PDL are prc—:*_sigt_irlthe system, but without PMD, the
PDL vector of the fiber is frequency independent [8]. This means that PDL for a pulse is
bandwidth independent [44]. Furthermore, in the presence of PMD, the PDL vector is
frequency dependent (higher order PDL) except when the PMD and PDL vectors are

parallel or antiparallel.

When PDL is not present, the PSPs for a pulse without chirp are coincident with the

SOPs. Hence, a minimum pulse broadening will occur. When considering a system with
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PDL, the distortion is not a minimum when the pulse is launched along either of the two
PSPs. With a complete knowledge of the input and output state of polarization for three
independent polarizations, Heffner [45] gave a correct DGD value for a system having
PDL/G. A more simple method, using the Poincare sphere, was proposed by Chen [42]
to measure the complex principal states of the polarization vector for a system with
PDL/G. The probability density function of PMD without considering PDL is Maxwellian
[9, 10], but when strong PDL fluctuations are taken in to consideration, it deviates from

the Maxwell probability density function [12].

Because of the frequency dependence of the PDL and PMD vectors (the PMD vector
has the orientation of the PSP and length equal to the DGD.) the polarization states for
a pulse that maximize/minimize the power transmission (maximize/minimize the time
delay) cannot be identical for each frequency component in the pulse. Consequently,
the frequency components in the pulse cannot all reach their maximum/minimum power
transmission (maximum/minimum time delay) for a given state of polarization. As a
result, the PDL and PMD values for a pulse are generally less than those for a single

frequency.
2.3.3 Loss and dispersion

For low bit rate fiber optic communication systems (2.5 Gbits/second and below) and
short transmission distance, the main impairments are fiber loss and fiber chromatic

dispersion.
2.3.3.1 Fiber loss

Fiber loss is usually expressed in units of dB as
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a = —10logo [I:fi’:], (2.7)

where P,,; is the optical power at the fiber output end when the optical power P;, is
launched in to the fiber. Sometimes fiber loss is expressed by the loss per kilometre.
Due to the fiber loss, the optical signal is attenuated and the signal to noise ratio (SNR)
at the receiver is decreased, and as a result the BER of the whole system is increased.
Presently the fiber loss is compensated by using optical amplifiers, such as erbium-

doped fiber amplifiers (EDFAs).
2.3.3.2 Dispersion

When an optical pulse propagates in an optical fiber, different frequency components
travel with different velocities. The centre of the pulse travels with a speed called the
group velocity v, = dw/dp where w is the frequency and g here is the propagation
constant. The time delay due to the group velocity is the group delay 1, = L/v, . The

change of the group delay with frequency is the dispersion.
2.3.3.3 Types of dispersion

1) Material dispersion: the index of refraction of the medium changes with wavelength.
Material dispersion is intrinsic to the molecular structure of the material used to fabricate
the fiber. In fact, material dispersion is the dominant factor in chromatic dispersion for
conventional single-mode optical fibers. It occurs due to the response of the bound
electrons of the dielectric medium, which oscillate with different amplitudes depending
on the frequency of the incident electromagnetic wave. Therefore, it causes a

wavelength dependent refractive index n(w) .
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2) Waveguide dispersion: the index change across a waveguide means that different
wavelengths have diffefent delays. Waveguide dispersion is related to the geometry of
the optical fiber, such that the confinement of the mode in an optical fiber causes the
propagation constant to be dependent on the frequency w. Generally, the waveguide
dispersion makes a relatively small contribution to the total dispersion in comparison to
the material dispersion. The waveguide dispersion can be changed by the fiber profile

design and it may have a positive or negative value; see figure (2.3).

Radial Distance

Jacket
Refractive
Index Core
Cladding

____________________________________________________________________

Fig 2.3 The cross section and refractive
index for optical fiber

3) Modal dispersion: different modes propagate at different group velocities.
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4) Polarization mode dispersion: it is a form of modal dispersion where two different
polarizations of light in a waveguide, which normally travel at the same speed, travel at
different speeds due to random imperfections and asymmetries, causing random

spreading of the optical pulses.

Due to the fact that the global chromatic dispersion of a single-mode fiber is a
combined effect of both material dispersion and waveguide dispersion, it is possible to
tailor, under some conditions, the zero-dispersion wavelength of a single-mode fiber by

balancing the material dispersion against the waveguide dispersion.
2.3.3.4 Measurement techniques for chromatic dispersion

Over the past thirty years, there were many techniques developed to measure the
chromatic dispersion of single-mode fiber. Each method had a particular fiber range and
operating conditions in which the measurements would yield good results. Without
going into details for these techniques, we present a summary of some methods in table

(2.4).

The dispersion changes with wavelength of any type of fiber in a transmission

window can be described by Taylor expansion around the center wavelength 1, as
D=D+SA—-2)+C(A—121)*+ .. (2.8)

where S =dD/dA is the dispersion slope and C = (1/2)d?D/dA? is the dispersion
curvature. With a good approximation [45], the first three terms are enough. For most

transmission fibers, the dispersion curvature is small and can be neglected. However,
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when more accurate dispersion compensation is needed it is necessary to consider the

dispersion curvature of the dispersion slope compensation fiber.

Technique Advantages& Disadvantages Resolution (ps) | Sample Length
Indirect method, tunable laser needed,
Time of flight Fast electronics required, long sample
_ 50-100 ps 2 1km
fiber length
Indirect method: modulated phase-shift
Phase-shift Direct method: differential phase-shift
20 ps ~0.5-1 km
method
Utilize frequency modulation
Mode-field Temporal detection not required
Diameter
Determine waveguide, dispersion only
Material dispersion
Nonlinear Ap must be known precisely to see
analysis nonlinear effect
Beam No experimental setup required
Propagation
Did not account for geometry fluctuation
Method Y g y I
White-light High resolution
interferometer
Indirect: central wavelength method
0.1-0.8 ps 0.5-1m

Direct: turning point analysis

Nonlinear fit method

Table (2.4) Some techniques to measure chromatic dispersion
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Practically, this can be accomplished by adding a second compensation fiber to
compensate the dispersion curvature. This type of dispersion compensation fiber is

called a dispersion curvature compensation fiber.

In long haul systems, there are three kinds of fibers that are commonly used. These
are standard single mode fibers (SMF), dispersion shifted fibers (DSF) and nonzero

dispersion shifted fibers (NZDSF).

These fibers have different dispersion and dispersion slope values in the 1550-nm
window. The dispersion values, dispersion slope values and the dispersion/dispersion
slope ratio of the different types of the fibers at 1550nm are listed in table (2.5) [46].
Standard single mode fibers with a dispersion of around 17ps/nm/km at 1550 nm limits

the transmission distance to less than 100km for a system with 10Gbit/s bit rate or

higher [45].
Dispersion
, , , Dispersion Slope
Dispersion Dispersion Slope
Fiber Type | (ps/nm-km) (ps/nm? - km) (nm)

Standard SMF 17 0.058 298

NZDSF Type 1 4.2 0.085 50

NZDSF Type 2 4.5 0.045 100

NZDSF Type 3 8 0.057 140

Table (2.5) Different transmission fiber types
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2.3.3.5 Group Velocity Dispersion

When the light travels in a single mode fiber which has a length L, a specific spectral

component at frequency w would arrive at the end of the fiber after a time delay T = vi
g

where v, is the group velocity, defined as v, = (dB/dw)~' [47]. The frequency
dependence of the group velocity leads to pulse broadening because different spectral
components of the pulse disperse during propagation and do not arrive simultaneously

at the output. The extent of the pulse broadening is given by

dar d (L d?
AT = L pap = E(‘) Ao = LZE Aw = LpAw (2.9)

dw VQ

The parameter B, = % is the group velocity dispersion (GVD) parameter; it
determines how much an optical pulse would broaden on propagation inside the fiber.
The GVD parameter is a function of the wavelength. The frequency spread Aw may
also be determined by the wavelength range A2 emitted by the optical source. On the

other hand, the extent of the pulse broadening can be written using w = 2nc/A and

Aw = (— 2%) AA as:

2 (L —
AT =2 (vg) AA = DL A2, (2.10)
where D = % (vi) = — % B, is the dispersion parameter and it is expressed in units
g

of ps/(km.nm). A fiber will have a zero-dispersion when 2 = A, or B8, =0, where 4, is
the zero-dispersion wavelength. Vanishing of £, (8, = 0) doesn’t mean that the total

dispersion is equal to zero, since the third and higher order terms are still present in the
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fiber at 1,. In fact, as wave propagates through the fiber at A,, the third order
dispersion parameter p; is dominant. For ultra-short optical pulse, the pulse will be

distorted by the third order dispersion and other higher order dispersion parameters.

Pulses experience broadening even when the first order dispersion is zero. This is
because of the higher-order dispersive effects, which are governed by the dispersion
slope [1]. In practise, D cannot be zero at all wavelengths which are contained within
the pulse spectrum centered at zero-wavelength. Hence, the wavelength dependence of
D plays a role in the pulse broadening. The dispersion slope, sometimes called the

differential-dispersion parameter, can be written as
_ 271tc 2 4nc
S= (556 + (55)Bs (2.11)

B

where 3 = e _ d3p/dw?3 is the third order dispersion parameter.The numerical value

dw

of the dispersion slope has an important role in the design of the modern WDM
(wavelength division multiplexing) systems. As a result of the positive value of the
dispersion slope (S > 0) for most fibers, different channels have slightly different GVD
values. Therefore, it is difficult to compensate the dispersion for all channels
simultaneously. Either small or negative dispersion slope has to be produced to solve
this matter. Reduced slope fibers (small S) and reverse-dispersion fibers have been

developed practically [48] and now are used in many applications [49, 50].
2.3.3.6 Dispersion regimes

There are two different dispersion regimes in fibers, normal dispersion regime and

anomalous dispersion regime. A fiber is said to exhibit normal dispersion when 1 <
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Apor B, >0, where 4, is the zero-dispersion wavelength. In the normal dispersion
regime, longer wavelength components in the pulse travel faster than shorter
wavelength components, resulting in different frequency components arriving the
receiver at different times. Similarly, a fiber said to be in the anomalous dispersion

regime when 1 > A, or B, < 0, the opposite case to normal dispersion.

There are several techniques to measure the chromatic dispersion of optical fibers.
Each method has a particular range and operating conditions in which the

measurements would yield good results.
2.3.3.7 PMD and chromatic dispersion

The amount of distortion that the pulse suffers depends on the combined effects of
PMD, chromatic dispersion, and the chirp. The effect of PMD is usually much less than
the chromatic dispersion in ordinary single mode fibers, nevertheless it becomes
significantly irritating for high speed networks transmitting bandwidths of the order of

Gbs and above.

Unlike chromatic dispersion, techniques have not yet matured to eradicate the effect
of PMD by modifying the design of the optical fiber. However its precise measurement is
the key to a successful design of an optical network and its future expansion. A

comparison between CD and PMD is presented in table (2.6).

2.4 The Performance of optical systems
2.4.1 Probability of error:

There are several ways of measuring the rate of error occurrences in a digital data

stream. The most common one is the bit error rate (BER).
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Chromatic Dispersion Polarization Mode Desperation

Rather stable Very stable in components

Linear effect making compensation | Linear effect that is time varying in fiber

relatively easy links making compensation difficult

Independent on the launched polarization | Dependent on the launched polarization

state state.

Table (2.6) Comparison between CD and PMD

To compute the bit error rate at the receiver we have to know the probability
distribution of the signal at the output. At the receiver the decision is made as to
whether a 0 or 1 is sent. The probability that the equalizer output current is less than

I, when a logical 1 pulse is sent can be written as

P(Ue) = [, pGyIDdy (2.12.0)
where p(y|1) is the probability density function when a logical 1 is sent.

The probability that the output current exceeds I,;, when a logical 0 is transmitted

can be written as
Po(l) = J;_ p(v10)dy. (2.12.b)

where p(y|0) is the probability density function when a logical O is transmitted. Then

probability of error for a sequence of logical 0’s and 1’s is

P, = aPy(Is) + bPy(I¢r) (2.13)
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The weighting factors a and b are determined by the a priori distribution of the data.

2.4.2 Bit error rate

Achieving a desired bit-error rate (BER) with a given outage probability, after the
signal is transmitted through an optical system, is a fundamental problem in the design
of the optical fiber transmission systems. The measure of the performance is usually bit-

error-rate (BER). The bit error rate can be written as

BER = Error Bits (2-14)

" Total Number of Bits

Since BER depends on probability, this number represents the actual BER of the link

only if the number of transmitted bits tends to infinity.

With a strong signal and an unperturbed signal path, this number is very small as to
be insignificant. It becomes significant when we wish to maintain a sufficient signal-to-
noise ratio in the presence of imperfect transmission through the parts of the
transmission systems such as the amplifiers, filters, mixers, etc. Any in-depth analyses

of the processes that affect BER require significant mathematical analysis.

The design of optical communication systems relies on the estimation of performance
figure of merits such as the BER and a number of derived quantities. The most
commonly used are the receiver sensitivity (the average received power resulting in a
given BER), the power penalty (the difference between the sensitivity at the output of
the system) or the error free transmission distance. In order to simulate the behaviour of
optical links or sub-systems, it is therefore essential to be able to compute the BER in

an effective and reliable way.
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Shake in 2002 [51] has mentioned several approaches that make it possible to detect
various impairments, including both digital and analog techniques such as bit error rate
estimation [52], optical power measurement , optical SNR evaluation with spectrum
measurement [53], Q-factor monitoring [54], and pseudo BER estimation using two

decision circuits {55].

In order to ensure accurate and reliable transmitted data, persistency and
consistency of the data detector or receiver need to be clearly studied. The
measurement of bit error rate (BER) is a step toward the development of a reliable and

error-free data receiver.
2.4.2.1 Computation of the BER in Digital Systems

There are a number of techniques to compute the bit error rate in digital systems,

such as:

1- Monte Carlo: this method basically relies on error counting over a large number
of simulation runs. A rule of thumb is that the number of bits used in the
simulation should be of the order of (10/P, ), where P, is the error probability [56]
(typical values of which are of order of 107%). This method is not suitable for
practical implementation due to its excessive requirements on computation time.

2- Importance sampling: this method relies on the fact that only a very small fraction
of the samples is required for evaluation of BER using the Monte Carlo method
are actually responsible for errors. By artificially increasing the number of errors
in an invertible way, it is possible to decrease the variance of the Monte Carlo

estimator, and therefore to reduce the number of simulation runs necessary for
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an estimation of BER within a Certain interval [57]. The technique relies on the
choice of a proper biased distribution suitable for a specific problem. In a special
class of biased distributions based on large deviations theory was applied to the
problem of the simulation of optical communication systems [57].

Extreme value theory: it is based on the statistical phenomenon that the extreme
samples taken from groups of samples from a population are governed by a
distribution which is identical in form irrespective of the distribution of the
underlying population, so long as the latter belongs to a broad class. Since it is
the extreme values of the waveform process at the decision-device input that
causes errors, the extreme-value distribution is in principle the only information
necessary to compute the bit error rate [56].

The tail extrapolation technique: this technique assumes that the tails of the
probability density function (pdf) of the decision variable can be described by a
generalised exponential function from which the BER can be calculated [58].
Fitting Gaussian distribution to a noisy waveform at the input of the decision
circuit is a special case of this more general method.

The Quasi-analytical approach: with this approach the propagation of the
deterministic signal is separated from the noise generation processes, such as
when the effects of noise captured by an appropriately defined equivalent noise
source at the receiver input. The sampled noise-free signal is input to the
decision circuit and the pdf from an equivalent noise source is used to compute

the BER analytically. This method is commonly used in a number of simulation
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tools where the pdf of the equivalent noise source is often assumed to be
Gaussian [59].

6- Moment generating functions method: With this method the BER can be
calculated by using the derivation of moment generating function of the decision
variable and then by computing its inverse Laplace transform of it one can obtain

the bit error rate [60].
2.4.3 Q-Factor:

When the system BER is too low to be measured within a reasonable amount of time;
it is useful to adopt the Q-factor measurement as indirect technique to measure the

BER.

Q-factor is a function of the means and the standard deviations of the received
electric currents in the marks and in the spaces. It's a dimensionless parameter widely
used to measure the performance of the optical lightwave systems [59, 60, 62]. In
simulation codés, Q-factor can be calculated based on the split-step method [64]. With

this method we can write Q-factor as

Q=8Ff (2.15)

o1+0g

where u, and u, are the mean values of the decision variable I, obtained by sampling
the current I(t) at the electrical filter output at the instant t;, for the bit “1” and “0”,

respectively. g, and g, are the corresponding standard deviations for u, and y,.

Q-factor can be used to give an approximate value for the bit-error rate under the

assumption that the electric currents in the marks and in the spaces at the receiver are
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both Gaussian distributed [63]. Even though the actual distributions of the marks and
spaces are not Gaussian, considering the distribution of the marks and spaces provide
a good estimate of the bit-error rate (BER) in some cases [61]. On the other hand,
when the bit-error rate can be directly measured in the receiver (BER>10713), the Q
factor can be estimated from the bit-error rate. The Q-factor is analytically related to the

BER on the Gaussian assumption due to the equation [64]
BER = (—;—) erfc (%), : (2.18)
where erfc is the complementary error function defined as
2 [ee] 2
erfc(x) = = J, exp(=y?)dy. (2.17)

When the optical signal is affected by either optical linear effects such as dispersion,
or optical nonlinear effects such as crosstalk, and its histogram is distorted, the
probability density function of the transmitted marks and spaces is no longer a Gaussian
distribution. For that situation equation (2.15) can not be used to estimate the signal’s
BER. However, the statistical properties of the signal can be regarded as the
superposition of two sets of Gaussian random processes [65]. In this case, the BER can
be given as the sum of the probabilities that these Gaussian processes are above or

below the decision threshold respectively.

As a final point, it's important to say that the design and performance evaluation of
the optical fiber communication systems relies just as much on the accuracy and
efficiency of receiver models as it does on accuracy and efficient modeling of the

transmission line.
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Chapter 3

Polarization Effects in Optical Fiber Communications

3.1 Introduction

The role of polarization effects in telecommunication systems can be detrimental as
it can cause puise broadening and impair system performance. In the past decades
extensive studies of polarization effects in single mode fiber have been done. For

examples see Ref.s [4, 12, 15, 22, 27].
3.1.1 The origin of polarization effects in single mode fibers

The origin of polarization effects in single mode fibers is related to the asymmetry in
~ either the fiber geometry or the stress distribution in the fibers. In practice, it is very
difficult to make fibers with perfect circular symmetry so that the two orthogonal HE,,
[66] modes have the same propagation constant. In fact, the distortion of the geometry
of the fiber core leads directly to different propagation constants or phase velocities in
the two polarization modes. On the other hand, the fiber is formed with different
chemical composition with distinct thermal expansion coefficients at different radial
positions in the fiber. The distortion in geometry can cause the stress field in the core to
become asymmetric as the fiber is drawn and cooled down from a high temperature.
Through the stress-optic effect, the asymmetric stress is translated into an anisotropic
refractive index change across the fiber. Moreover, after the fiber is made, there are

more external factors that may affect the polarization properties of the single mode
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fibers such as bending, twisting, or applying lateral load to the fibers when the fibers are

deployed for actual use.

The birefringence is defined as the difference of the effective refractive indices in the

two polarization modes

The fundamental polarization property of a fiber is characterized by birefringence B.
The birefringence affects the evolution of fields propagating in the fiber, which results in
a periodic evolution of the state of polarization along the fiber. This leads to the
difference of the propagation constants between the two local polarization modes Ap
(AB = (wAn.sf)/c ). The characteristic length or period of the polarization evolution is

usually called beat length. The beat length Lg is directly related to the difference of the

propagation constants as Ly = %;— =1/B.

In telecommunication systems, light is often transmitted in the pulse form. In this case
we can describe the pulse broadening by the local difference of the group velocity.
Therefore, the concept of group birefringence and group beat length are used instead of

the phase birefringence and phase beat length. The group birefringence is defined as:
Ang=B— A% (3.2)

(In conventional fibers including transmission fibers and speciality fibers such as PMFs,

the difference between the phase and the group birefringence is often negligible [67].)
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3.1.2 Polarization evalution in birefringent fibers

It is well known that making fibers with low polarization mode dispersion is a critical
issue [68].To understand the polarization evolution in birefringent fibers we need a
detailed mathematical description. The Jones matrix formalism [4, 44] can be used to
describe various effects in polarization evolutions. It describes the full details of the
polarization evolution. In fact, the usual formalism to analyze polarization effects in

optical fibers is the Jones formalism.

Maintaining the state of polarization in single mode fibers can be achieved by making
fibers with very high birefringence or very low birefringence. In a fiber with very low
birefringence, the polarization state is very sensitive to external perturbation. A slight
perturbation, such as bending or pressing the fiber, will induce sufficient birefringence to
alter the state of the polarization. In practice, fibers with very high birefringence (on
order of 10 are typically utilized. Moreover, the linear input state of polarization is
typically aligned with one of the birefringence axes of the polarization maintaining fiber

to achieve a polarization maintaining operation.
3.2 Fundamental mathematical tools

In our work we have used some fundamental tools to evaluate the performance of the
optical fiber system in presence of chromatic dispersion and polarization effects:
polarization mode dispersion and polarization dependent loss/gain. Hence, we need to

recall some properties of these tools.
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3.2.1 Pauli spin matrices and spin vector

Spin vector and Pauli spin matrices are used widely in the main parts in this thesis.
Because of that, we review their properties here. The analysis of lightwave transmission
systems is dealing with a complex 2x2 matrices when we used the matrix analysis. One
of the convenient ways to treat these matrices is to use the spin vector notation. The
spin vector notation consists of treating the three spin matrices of Jones space as the

three components of a vector in Stokes space. The spin matrices have the properties:

1- They are Hermitian (g; = d"),

1.

2- They are Unitary (o, = g;),

3

They have zero trace (Tr (o;) = 0),
4- They obey the multiplication rules (of =1; 0y0; = —gjo; = ioy), Where

(i,j, k) any cyclic permutation.
3.2.2 State of polarization of a lightwave on the Poincare sphere

The electric field of a light wave propagates in the z-direction and has the

components E, and E, in x and y directions, respectively. The state of polarization of a
lightwave on the Poincare sphere can be represented with the vector s, where their

components (s, ,s, ,s;) are related to electric field's components [22].
By using Jones space, polarization states are described by two dimensional complex

e
column vector, the so-called ket vector |s >= *). The corresponding conjugate row
ey

vector is a row vector called bra and it is defined as < s| = (ex €;). For any complex

multiplier q the states of polarization (SOP), |s> and gq|s> are same. The

39



corresponding Stokes vector § = (s, ,Sy,S;) is defined by § = (s|dls)/(s|s), where &

is the Pauli matrix vector.
3.2.3 PMD vector

The PMD vector T(z, w) is a three component polarization vector in Stokes space.
Due to the external mechanical stresses and environmental conditions the PMD vector
varies in random fashion with fiber length, and the optical frequency. Each of the three
components of the PMD vector is a superposition of many small random variables
which, according to the central limit theorem, would give them a Gaussian distribution.
Moreover, if the PMD vector is isotropic, then the three components would have
identical Gaussian probability distribution functions. In some situations, the fiber length
is constant, then only the drift and frequency variation of the PMD vector are of interest.
The magnitude of the PMD vector equal to the differential group delay time between the
fast and slow principal states of polarization, i.e.,At = |T]. In the case of negligible

polarization dependent loss PDL, the PMD vector T(z,w) is related the output

polarization Stokes vector § (at a constant input polarization to the fiber) via eq. (2.13).
This equation forms the basis for most of the known statistical properties of PMD, and it
provides a very elegant concatenation rule for the PMD vector of a sequence of

birefringent elements. The PMD vector
T = AtS§ (3.3)

defines the polarization of the slow PSP via the unit Stokes vector § and the

differential group delay At of pulses launched with the two PSPs. Recall equation (2.2),
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which gives the relation between the input and output Jones vectors [s>, |t >,

respectively as:
[t>=T|s> (3.4)

We can write the frequency dependent part of the Jones matrix that contained in the
fiber's transmission matrix T as U(w ), which is related to the PMD vector in equation

(3.4) using the relation [16]:
/)@ - )= ivtu, (3.5)
where ¢ is the Pauli spin vector.

3.2.4 The statistics of polarization dependent loss

Using single mode fibers in telecommunications produces an attenuation which
depends on the polarization of the propagating light. This attenuation is extremely small
for standard telecom fibers [8]. On the other hand, for combination of several optical
elements, such as in optical systems, the global polarization dependent loss has an
effective value which can affect the performance of the system. In general, the global
polarization dependent loss can not be determined by the sum of the individual values

of the polarization dependent loss of each element.
Polarization dependent loss (PDL) is defined using the maximum and minimum

T, -T,,.
transmissionsT,,,,, T, respectively [8] as 1“=—-M“"—+Mi . With N elements, the
Max Min

maximum  transmissionis Tyax1. N = Twmaxi Tmaxz - Tmaxy, @Nd  the  minimum

transmission is Tyini. N = Twini Tminz - Tuinn. FOF two passive elements
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I
PDL, =10log[ IM“"* 1, (3.6.a)

Miny

PDL, = 101og[%] , (3.6.b)

Min,
where I, , and I, ,are the maximum and the minimum intensities for the first and second
PDL sections, respectively. If the horizontal polarization axes of both elements are aligned
with one another, then the polarization dependent loss of the two combined elements

can be added (or subtracted) as

1, -1
PDL, + PDL, =10log[-2& &2 (3.7)

Minl "4 Min2

Practical optical systems may contain N polarization elements. In this case it is
impossible to align their axes. In reality, the first PDL element will partially polarize the
light and the next one will attenuate the light. The degree of this attenuation depends on
the relative orientation of the two PDL elements. Moreover, due to the effect of the
connecting fibers, the intrinsic PDL of the elements will fluctuate with the time.

Consequently, statistical methods have to be used in order to obtain the global' PDL.
3.2.5 The interplay between PDL and PMD

The interplay between PDL and PMD is often present and it causes more impairment
that is because the combined presence of PMD and PDL may introduce fluctuations
larger than those estimated by the mean square rules. Moreover, the coupling between
PMD and PDL is randomly distributed along the link and only a statistical description of

the total accumulated PDL can be given.
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There were several publications which have shown theoretical analyzes that PDL can

enhance the pulse broadening that caused by PMD [6,74,75].

Another important result, based on the study of the combination of PDL and PMD, that
is the differential group delay, without considering PDL, is Maxwellian distributed, and
the two principal states of polarization are orthogonal. With taking PDL in the
consideration, the interaction between PMD and PDL makes the DGD distribution
deviate from Maxwellian and the two principal states of polarization are not orthogonal
any more. Moreover, it has been shown that, for optical systems, the presence of PDL

might reduce the efficiency of some PMD compensators [76].
3.2.6 Chromatic dispersion

Chromatic dispersion is one of the major sources of transmission degradation in high
speed optical communication systems. With neglecting the higher order CD affect in a
dispersive fiber (single mode fiber), the low-pass transfer function of the fiber has the

form
Hep (f) = e~i2mhaf2L (3.8)

with B, = —A2D(1)/(2rc). Here D(A) is the fiber CD parameter at wavelength 1, L the

fiber length, and f the frequency deviation with respect to the carrier frequency.
3.2.7 Modeling a single-mode fiber:

Gisin and Huttner [9] presented a nice description for a standard single-mode
telecom fiber. We will use this model as a start point in our work. Considering a

concatenation of optical fibers, each of them is supporting two polarization modes. The
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birefringence g; is equal to the differential group delay (DGD) between the two modes.

The PDL of the | trunk can be expressed (in dB) as 10log(e?%), where e%% =

Imax/ Imin- FOr N trunks, the complex Jones vector is

=

Eoue = [exp (_“0 - 29’:1 %)] Tn(@)Ep , (3.9)

where q, is the polarization independent overall loss, exp (—ao — Z?Ll %’i)describes the

global attenuation,and
Ty(w) = exp [(—iﬁNa) +ay)- g] .. EXP [(—iﬁzw +d,) g—] exp [(—iﬁlw +a): g] ,  (3.10)

here o = (oy, 0, ,0;) is the Pauli matrix vector whose three components are the Pauli

matrices which defined as:

ax=(‘1) 3) ay=(‘i) Bi), az=((1) _01) (3.11)

The Pauli matrices are used widely in many mathematical and physical applications;
they have useful proprieties, a good review of the properties of Pauli matrices can be

found in ref. (16).
3.2.8 The waveplate model:

It is well accepted that the PMD in a fiber transmission link can be modeled as a
concatenation of many birefringence sections with random birefringence axes. This
model has been known as a waveplate model. This model contains all PMD orders.
Hence, it is called an all-order PMD model. An all-order model is a concatenation of

many birefringence sections U; (w) with random orientations, Figure (3.1). The
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magnitude of the birefringence of each section may be equal or not equal to each

others.

Since the autocorrelation function of the PMD vector is a periodic function of

frequency, it is important to make sure that the period of the PMD autocorrelation

function is much larger than the signal bandwidth. The relation between the total DGD

and the DGD for each section is given as [69]: (1?) = 3V ,(At?) . Furthermore, there are

two types of the waveplate models:

1-

The conventional waveplate model:

In his model, the fiber is treated as a concatenation of N polarization
maintaining fiber segments and every segment has DGD and PDL values
uniformly distributed within certain ranges. The maximum DGD and PDL of each
segment are Lqx » and ap,q, , respectively.

The maximum DGD and PDL values generated by this model are N - 8,,,,, and
N - anq, respectively. With a large enough number of birefringence sections (
large than 15 [67]), this model yields a distribution for the differential group delay
(DGD) close to a Maxwellian function [70].

The disadvantage of this model is that it produces zero DGD or PDL
probability density when the DGD or PDL is larger than N - B0, OF N * @y -
This would introduce errors in modeling of the PMD and PDL-induced system
degradation because high BER usually occurs at large DGD and PDL.

The new waveplate model:
In order to overcome the limitation of the conventional waveplate model, a new

waveplate model has been introduced by Lu and others [76]. With this new
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waveplate model, the DGD and PDL in each fiber segment do not havé an upper
limit. The new waveplate model rapidly converges towards a Maxwellian DGD

distribution even at DGD probability densities as low as 1073° (N=15).
3.2.9 System of highly mode coupled PMD/PDL fiber:

PMD has been treated analytically by assuming that the fiber consists of many

sections, each having a small value of PMD, and each is coupled randomly to the

Total Jones Matrix

U(w) =U y (@)U y_ (@)..U, (@)U, (@)

Fig. 3.1 The Waveplate Model

adjacent sections. This statistical treatment was shown to lead to a Maxwellian

probability density function [4, 10].

The differential group delay is assumed to follow a Maxwellian distribution since this
distribution is a very good approximation to the exact distribution. However, the number
of birefringent elements in a link is usually unknown, and the Maxwellian distribution is

only exact for an infinite number of concatenated birefringent elements.

In standard optical transmission fibers, the DGD is a random variable with a
Maxwellian probability density function (PDF) [1, 26, 70]. However, system components

like isolators, couplers, rotators, etc, have birefringence that is usually deterministic,
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which means that the PMD vector of the component is more or less constant with
wavelength and does not drift with time. The PDF of the DGD of such an element is a
delta function. Hence we expect a combination of random and deterministic PMD
throughout the link. Furthermore, PMD emulators consisting of a finite number of
concatenated birefringent elements will usually deviate from a Maxwellian in having a
maximum attainable DGD [73] (mathematically, the PDF of the DGD is identically zero

above a certain maximum value).
3.3 System model

The system under the study is shown in figure (3.2) in its simple description. In fact, we
will focus, here, on part of the optical system, that summarizes the idea of considering
some lumped sections, which denoted the optical devices in the real situation, beside
the whole fiber as a high mode coupling PMD and PDL (or as it is called Maxwellian

fiber).

Maxwellian Fiber

Figure (3.2) System modeling
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3.4 The analytical model
The output light intensity as a function of time can be written as
I(t) = Egur (8) - Eour (©) | (3.12)
the output electric field itself is related to the input electric field with the relation:
Epur (@) = AT(@)Ep, (@) (3.13)

parameter A , as well as T(w) , in the last equation depends on the system under the

study.
3.4.1 Q-factor of the output intensity

To calculate the Q-factor of the output intensity we need to find the mean intensity at
the maximum and minimum points, we will call them {I(t))max , {{(t))min, respectively.
Furthermore, we need to calculate the standard deviation at the maximum and minimum
points, we will call them ¢ (t),,4x » @and o (t),.in, respectively. Then we can use the well

known definition of Q-factor, which is given as

Q — (I(t))max_(l(t))min (314)

o ®max+9 Omin

3.4.2 The output intensity

With the help of the standard wave plate model, we can consider the fiber in our
system as containing N sections and then we take the limit at the end [45].In this case

we can rewrite the output electric field as

Eyue (@) = A y(e92@) Ty (w) By, (). (3.15)
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The Jones matrix Ty(w) contains the information about the PMD and PDL in the
system, while ei¥c0(@) s related to the chromatic dispersion (CD). On the other hand,
A y is related to overall polarization-independent attenuation a,, and the polarization
dependent loss/gain (PDL/G) «;.Since we are following Ref. [41] in this chapter and the
next one, we preferred to use the same notation in that reference for both of these
chapters. The parameter A explicitly written as Ay = exp[—a, — X-4|a;|/2]. While the

explict form of the Ty(w) is the transform matrix propagation

B1d @13 _f27 @@ By dy? .. ' _
2 e 'zez2 ..e 'z e 2 ,wheredisthe standard Pauli matrices,

B; = B;B;.represents the j** PMD wave plate that has DGD B; and the fast-axis
polarization is expressed by the unit vector Bj in the Stokes space. Similarly, & = a;@&;
represents the j'* PDL/G wave plate with the PDL value expressed in decibels by
20 |a;|logso e and the maximum transmission is expressed by the unit vector &; in the

Stokes space. In Jones space we can write the input electric field as
- X
B (@) = fin (@) [}, (3.16)

X
Here f;, (w)is the Fourier transform of the input pulse sequence, [y] is a unit vector in

Jones space. Hence the output intensity can be written as
00 00 : . X
I(t) = (lizl‘;—lz.) f_oo dw f_oo do {et[wcn(w)—wcn(w)]}{[x* y*] TJ(d))TN(a)) [y]}

x {e! @Dt £ (D) f;n (@)} (3.17)

In the last equation the term T,J; (0)Ty(w) has the form
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T3 () Ty (w) = Ton (@, w)I + Ty(d,w) - &, (3.18)

and the term [x*  ¥*] ¥ (&) Ty (w) [;] has the form

[ YITH@OTy @[] = Ton@ o) +fy(6,0) -2, (3.19)

where I is a 2 x 2 unity matrix, 7 is a unit Stokes vector representing the input state of

X
polarization and i = [x* y*] & [y]

At this point let us consider just one added lumped section L, in this case our

previous equations still apply by switching the notation of N to L.
2 Ey S , i - 1 * * , X
I(t) = (L%) f_oo dw J'—oo do {ez[ch(w) “’CD(“’)]}{[X y*] TLT(CU)TL(Q)) [y]}

x {eH@=O) £ (D) f;, (w)}. (3.20)

Moreover, for a system contains both the high mode coupling and one lumped

section, the output intensity is
|Ayil?\ [ o ilwep(@)-wep(@)] « a1yt o x
19 = (=) | do | dofeler@ ool y]T, (@) T[]}

x ('@ £ () fim (@)} (3.21)

3.4.3 The statistical average of the intensity:

o~

To calculate the output light intensity averaged over the input state of polarization
as well as PMD and PDL/G, we will use the method first introduced by Karlsson and

Brentel [74]. Using the last equation, the averaged intensity can be written as
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A 2 g * ) ) o
(I()) = (I ;;LI )f dw f da {el[wCD(w)_wCD(w)]}{<F0,N+L(d). w)I + Iy (0, w) - M)}

x {" @~ f2 (&) fm (@)} (3.22)
where
Ton+r (@, w) =
(cosh ay cos(ByAw) Ton—y + i coshay sin(ByAw)(fy - In-1) + sinhay cos(By@)(ay -
fy_1) + sinhay sin(By@)[ay - (Tx-1 % Bx)] + (& - B ){i sinhay sin(ByAw)Toyn-q +
(By * Tn-1) sinhay[cos(ByAw) — cos(By®)]})(cosh a; cos(BiAw) Toy— +
i cosha; sin(B,Aw)(B; - [j-1) + sinhay cos(B@)(&; - [j-,) + sinha, sin(B,@)[&; -
Ty x B)] + (& - B)(i sinha, sin(BAw)To)—1 + (B, - [i-1) sinha[cos(BAw) —

cos(B,@)1}), (3.23.a) |

Byan (@, @) = (Bu{l sin(ByAw)Tn-1 + [cos(ByAw) — cos(By@) By - Tn-1)]} +
cos(By@)(Tn—1) + sin(By@)(Tx_1 X Bx) + @y (sinhay cos(ByAw)Ton_y +

i sinhay sin(ByAw)(By - Tn_1) + (coshay — 1){i (@ - fy)sin(ByAw)Ton-1 + (ay -
B)lcos(Byhw) — cos(By@)](By - Tn-1) + cos(By@) (@ - Tn-1) + sin(By@)[ay - (Ty-1 X
BID) x (Bl sin(BAw)Toy_y + [cos(Biaw) — cos(B@) (B - Ti-1)]} + cos(B@) (Ti-1) +
sin(B,@)(Ti-1 X B)) + & (sinha, cos(BAw)Ty_y + i sinhay sin(BAw)(B; - Ti—y) +
(cosha, — 1){i (&, - B)sin(BAw)To)_1 + (@ - B1)[cos(BiAw) — cos(Bi@)] (B, - Ti-1) +

cos(Bi@) (@, - Ti-1) + sin(B@)[&, - (T1-1 x B)IN)

(3.23.b) where Aw = (w—w)/2and @ = (w+ 0)/2.

51



With the help of the mathematical properties of averaging over a random unit vector

fifor given constant vectors 4 and B; (A-A)=(A-B)=0,((n- A)@ - B)=

G) (4 -B), and (@; - A)(@; - B)) = (%) (A - B), with the use of all these assistants,

we can calculate the averaged intensity of the output light to get:
2 o oo , . _ . , oo - .
@) = (D) 1% dw 7, da {elloc@-wco@INT, ) (6, )P fr (6)fim (@)},

(3.24)

here (I, o(w, w)) = 1. The last step is to take the limit such that when N - oo, both

ay,fy vanish (ay = 0,and By » 0 ), while Na? = (»?) and NB? = (At?) are kept

constant. This gives

lim (T vy (0, w)) = {cosh a, cos(B,Aw) + i(@, - B)sinha; sin(ﬁLAa))}

x exp((2) %) - () (ae)(8w)? + 1@, - TP B} (3.25)

3.8.4 The variation of the light intensity

The variation of output light intensity due to PMD and PDL/G ([I(t)]?)can be

calculated using the equation ( 3.21 ) as

(11

4
_ (IAN“' ) f do, f das, f dw, f dcs; {ellwen(@D-wen (@] gilwopw-wen(ws))

X ([Fo v+ {6y, wq) + I11v+1, (1, wq) - n’i] [FO,N+L(“52; w,) + ﬁN+L (W, w3) - m])

(3.26)

x {el@1-w0lt giWamwdt £r (5 )f (w1) iy (W) fin (02)}
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In this equation we will use the average over a random unit vector i , that defined as

(@ - T - B)) = G) (F, - T,), with this assistant we get that

(H®P

4 [o] [o%e} co [e)
- ('ﬁéﬂ) f dw, f dds, f dw, f 46, {ellweo@D-wep @l glluco(@-vep()l)
n -0 —oo —0 ~00

X {(FO,N+L((‘51' w)Ton+L (02, w2)) + (1/3)(1::N+L(051' wq) - I_!‘N+L (b2, wz))}

x {el@1mb0t gllwz=0It 2 (65))f (01) fin (W2)fin (@2)} (3.27)
The second order correlation functions can be calculated as following

<FO,N+L((U1;ajl)FO,N+L(w2;(152)) _ [Lu le] M, M1z] (ro,N—1(w1.ﬂ51)ro,N—1(wz:052))

(f‘N+L((‘)1' Wy) - l:)'1\/+L(0)2,(452)> Lz Lppl M Mg, (fN—1(w1,051) : I:N—1((U2.052)>
_[L11 L12] [Mn M12]N 1
T ULy Lyl IMpy My, [0] (3.28)

With the use of the notations Aw; = w; — @4, Aw; = Wy, — Wy, @7 = wq + @, and
W; = w, + ,, the explicit form of the elements L,,, Ly;, Lyy, Laz, M1, M12, M4, and My,
are given in the Appendix B. Then we take the continuum limit, and with using the

approximation of ignoring all orders higher than the second order of ay and fy.

3.9 The computational method
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In order to obtain Q-factor using the analytical model above, a matlab code was used

to calculate the values of Q-factor. The main code is provided in the Appendix B.
3.10 Results and Discussion
3.10.1 Points to be considered in the results

The results that presented here were taken with some considered points, which need

to be explained to get a clear view about our model, those points are:
3.10.1.1The input pulse shape

The input pulse, that is considered in our results was a Gaussian pulse (usually
created by a Mach-Zehnder interferometer modulator). The shape of such pulse is given
as fin(t) = Aexp[—t?(1 + iC)/(2D?T?)], where C is the chirp factor, D is the duty cycle
of the pulses, T the pulse width. Our results, here, were taken with pulse width = 25ps
and duty cycle D < 1 for return to zero pulses. Also, we consider a pulse sequence of

...00 11 00 ... as input sequence.
3.10.1.2 CD, PMD, and PDL values

The chromatic dispersion CD value is 2ps/nm and its dispersion slope S =

0.01 ps/nm? for a carrier wavelength at 1550 nm. Moreover, we used the function

- 2 - 3
op = ”2(“’2“"’) + b3(“’6“’°) to describe the chromatic dispersion, here w, is the carrier

frequency, and b, = d*b/dw? and b; = d*b/dw> are related to the slope S by S =

(/)04b3 20)Q3b2

aroz T Gnoy b is the propagation constant. The values of PMD for lumped sections

were taken as average At , i.e. (At), where as for the Maxwellian fiber a Maxwellian
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distribution has been considered as (At?) = 3w (Ar)?/8. Also, the PDL values for
Maxwellian fiber were considered as a Maxwellian distribution given as (n?)=

37 (n)2/8 Moreover, we corvert the decibel values for PDL to dimensionless units by

using the relation (n ) = (n)45/ (20 log, 10).
3.10.1.3 PMD and PDL polarization directional correlation

The local PMD and PDL polarization directional correlation (@ - # ) can be measured
with the autocorrelation of the complex principal state of polarization (PSP) vectors. This
means that -1 <{(&@-f )< 1, the strong correlation between PMD and PDL
| polarization direction corresponding to the case when (& - B ) = +1. On the other hand
the complete random correlation between the PMD and PDL polarization direction
corresponds to the case (@-f ) =0, this situation could be realized in ultra-long-haul
links where many components are interleaved. In our results, from this chapter, we
considered the case when the PMD and PDL polarization directional correlation is
neither strong nor random. Specifically we consider the case when (&- 8 ) = 0.15 [75]
as a case in between the strong and the random correlation between the PMD and PDL
polarization direction. This situation was considered for both the lumped section and the

Maxwellian fiber.
3.9.2 The main results:
3.10.2.1 The position of the lumped sections

To see if there is any effect of the position of the lumped section in the whole system,
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we did consider different cases; lumped sections followed by Maxwellian fiber,
Maxwellian fiber followed by lumped sections, and lumped sections in between two

equivalent Maxwellian fibers.

Figure (3.3) presenté the input and output for these three situations, with a conclusion
that the system with lumped sections followed by Maxwellian fiber, and the system with
Maxwellian fiber followed by lumped sections give same average current output to each
other, while the situation is different when we consider a system of lumped sections in
between two equivalent Maxwellian fibers that is because of the relative orientation
between PMD and PDL vectors, (PMD value was 2.5ps, and PDL value was 0.1 dB in
all cases for the Maxwellian fiber. For the lumped sections, PMD= 15 x 0.1 = 1.5 ps and

PDL=15 x 0.1 dB).

A more clear view is presenied in figure (3.4) for the three situations. This figure
presented Q-factor as a function of the total squared PMD ( the total squared PMD for
the whole system is the sum PMD squared for the Maxwellian fiber and PMD squared
for the lumped system) for a system of fifteen lumped sections in the three situations
with PDL equal to 0.5dB for the Maxwellain fiber and 15 x 0.1 dB for the lumped
sections. The circle curve is for a system with equivalent Méxwellian fiber only, it is clear
that Q-factor is overestimated ( after 10 ps® for the whole system, which is the
considered values in real systems) by viewing Maxwellian distribution for the whole
system instead of considering it as lumped sections with Maxwellian. This show even a
highly coupled PMD and PDL fiber linked with a lumped section is not equivalent to

another highly coupled PMD/PDL fiber.
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3.10.2.2 Constant value of PMD or PDL

For constant values of PMD, we studied the effect of changing the PDL values in
several examples of the systems using our model. Figure (3.5.a) shows the case when
all five sections have same values of PMD that is given as Aty,,,, = ZleArj and same
value of PDL, that is given as n;y;m = Z,S-=177 i » whereas, figure (3.5.b) presents the case
when the five lumped sections having different values of PMD and PDL. The PMD
values for the lumped sections are given as Aty,, = Zj?:l jAT;, and the PDL values
given as nym = Zle jn;j. From these two sub-figures we can see that it is important to

consider the detailed make-up of the lumped sections.

3.10.2.3 The PMD and PDL portions between Maxwellian fiber and lumped

sections

The total PMD in the system is given by the equation (At?),pta = 6{AT*) pax + (1 —
& {(At*)m, Where &is a parameter describes the portion that is taken by the
Maxwellian fiber from the total PMD value in the whole system. Similarly, the total PDL
in the whole system can be given as (0*)totar = EM*max + (1 — M) um, €is a
parameter that describes the portion of PDL that is taken by the Maxwellian fiber from
the total PDL in the whole system. Figure (3.6) presents a sample of an eye diagram for
a system of three Maxwellian fibers contained lumped sections in between them. The
Q-factor of this system as a function the parameters §, and ¢ are given in figure (3.7).

It is clear from this figure that these parameters play an important role in the Q-factor of
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the output. This means that the distribution of the total PMD and PDL values has a

maijor effect on the output performance of the system.
3.10.3 Some side effects

To work with high accuracy, we tried to get converged values of Q-factor that related

to number of points, duty cycle, and chirp value. We discuss them is the following.
3.10.3.1 Number of points

By number of points, we mean the points that are calculated in each period when we
draw the curves of the output Q-factor. Figure (3.8) present Q-factor as a function of the
inverse the number of points that is considered in one period for a system of three
Maxwellian fibers connected with two lumped section in between them, the total PMD
value is 2.8 ps, and total PDL values is 0.5dB. The Q-factor was calculated for this
system (as example) at number of points n = 11,16, 32, 64,128. The converged result
was obtained at n = 64. Hence we considered 64 points in each period for our

calculations.
3.10.3.2 Duty cycle

The duty cycle means the ratio of the time interval where light is not zero within an
existing pulse to bit period. Figure (3.9) presents Q-factor against the duty cycle of
system of three Maxwellian fibers connected with two lumped sections in between them,
the total PMD value is 2.8ps, and total PDL values is 0.5dB. The best Q-factor value

was found at duty cycle D = 0.24 — 0.25.
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3.10.3.3 Chirp value

We consider a Gaussian pulse shape created by Mach-Zehnder interferometer
modulator, and it is well known that such a modulator is not chirp free. Hence, we

calculated the Q-factor for several values of the chirp C.

Figure (3.10) shows that Q-factor decreases with increasing the chirp value ( as
expected ).This figure is for a system of Maxwellian fiber followed by fifteen lumped
sections. The PMD and PDL values are: PMD(M)=2.5ps, PMD(L)=15x0.1ps,

PDL(M)=0.5dB,and PDL(L)=15x% 0.01dB
3.11 Conclusion

-With considering PDL in a system consists from Maxwellian fiber and lumped sections,
the Q-factor of the output will decrease which means that the output signal has more
broadening. This is because of the interaction between PMD and PDL. As an example

figure (3.11) present the effect of introducing PDL to the system

-For constant PDL, when the polarization mode dispersion of the Maxwellian fiber is of
the same order or smaller than the polarization mode desperation of the lumped part,
the outage probability will be overestimated by the use of an equivalent Maxwellian

distribution.

-For constant PMD, Q-factor of the system consists from Maxwellian fiber and lumped
sections will decrease uniformly as the ratio between the polarization dependent loss of

the Maxwellian part and the lumped sections is increased.
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-Putting lumped sections in the middle between two Maxwellian fibers makes Q-factor of
the output intensity less than the situation if they were putting at the beginning or at the
end of Maxwellian fiber. We have studied: Maxwellian fiber followed by lumped
sections, lumped sections followed by Maxwellian fiber, lumped section in between two

Maxwellian fibers.

The Q-factor of the output intensity is the same in the two first cases, but it become less

if the lumped sections are sandwiched in between two Maxwellian fibers.
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Figure (3.3) Input and average output current as a function of time
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Figure (3.4) Q-factor against PMD for a system of Maxwellian fiber only and Maxwellian

fiber+ fifteen lumped sections, (PDL (M)=0.5 dB, PDL(L)=15"0.1 dB)
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Figure (3.6) Sample of eye diagram for a system of three Maxwellian fibers contains

lumped sections in between them (a) <Az’ >,,,=30ps’, <n*> > =25dB* ,(b)<A7®>,,,=40ps?,
<n’ >,.=30dB’
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Figure (3.7) the effect of the partition parameters on Q-factor for a system of three
Maxwellian fibers contained lumped sections in between them (a)

. (b)
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The Accuracy of the calculations

1

Number of points

Figure (3.8) Q-factor as a function of the number of points for a system of three
Maxwellian fibers contains a lumped sections in between them, total PMD=2.8ps, total
PDL=0.5dB
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Figure (3.9) Q-factor as a function of the duty cycle for a system of
Three Maxwellian fibers containing lumped sections in between them; the total

PMD is 2.8 ps, the total PDL is 0.5dB.

67



Chirp Values

sectionsMaxwellian fiber followed by fivteen Lumped

16-5 T T T T T T T T T
an“-\%\
16+ ., -
‘-.‘\ <A1>M=2.5ps
<At>L=1.2ps
5.5 “‘\\. <n2>=5dB 7
‘-..\ D=0.22
- 15+ * e
(=]
i3]
R
C 145} \ ]
14} .
13.5} 4
13 ] I | I | ] | ! 1
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

Chip

Figure (3.10) Q-factor as a function of chirp value for a system of Maxwellian fiber
followed by fifteen lumped sections, PMD(M)=2.5ps, PMD(L)=15x 0.1ps,
PDL(M)=0.5dB,and PDL(L)=15x 0.01dB
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Chapter 4

Analytic Optical Eye Diagram Evaluation for a System of Highly Mode
Coupled PMD/PDL Fiber and Lumped Sections

This chapter has been published in the proceedings of the Photonic North
Conference (2006). In this chapter, we give an analytical expression to evaluate the
optical eye diagram due to polarization-mode dispersion (PMD), polarization-dependent
loss (PDL), and chromatic dispersion (CD) for a system of highly mode coupled fiber
with lumped sections at any given optical pulse sequence. We found that by considering
PDL and the polarization direction correlation between PMD and PDL, a system with
highly mode coupled fiber with lumped sections can have either higher or lower Q-factor
than a highly mode coupled system with same root mean square PDL/PMD values. Also
we noticed that a system of two highly mode coupled fibers connected together is not

equivalent to a system of highly mode coupled fiber when fluctuations are considered.

4.1 Introduction

Polarization effects are one of the important impairments in optical fiber communication
systems, especially when these systems operate beyond 10 Gb/s/channel [4,12].
Polarization mode dispersion (PMD), as one of polarization effects, is recognized by
many researchers as one of the significant factors that limits the long-haul links [4, 5, 12,
15, 31, 40, 41]. Polarization dependent loss or gain (PDLG) is another important

polarization effect that needs to be considered with PMD as the network complexity
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increases. The combined effect of PMD and PDL was considered for the first time by
Gisin and Huttner [9] when they have shown that the combination of PMD and PDL will
lead to a complex principal state vector. Therefore, it is not sufficient to analyze PMD and
PDL. separately [76], for example with effective zero differential group delay (DGD), PMD
and PDL interaction still induced pulse spreading [39]. As it is well-known for a highly
mode coupled PMD system, its DGD obeys Maxwellian statistical distribution [22], so we
will call the fiber with Maxwellian statistical distribution of DGD as Maxwellian PMD fiber,
as well as the fiber with a Maxwellian distribution for both PMD and PDL as Maxwellian
PMD and PDL fiber. On the other hand, communication networks are complex , they
include highly mode coupled PMD, PDL, and lumped sections like couplers, isolators,
filters, multiplexers, demultiplexers, combiner/splitters, variable optical attenuators
(VOAs), Erbium doped optical amplifiers (EDFA) and optical add/drop multiplexing

switches (OADMS).

There were few theoretical works which had studied the communication systems with
these lumped sections. One of these works was the work of C. Antonelli and A. Mecozzi
[77], they gave an analytical expression for the probability density function of the
differential group delay for a concatenation of PMD fiber and an arbitrary number of
lumped elements. However they didn’t consider PDL in their work. Since the combined
effect of PMD and PDL leads to more accurate understanding of the fiber communication
system, we extended the work of Antonelli and Mecozzi to include both PMD and PDL. In
this work, we are following the previous work in Ref.[42], with an extension to a system

consists of Maxwellian PMD and PDL fibers and lumped sections.
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4.2 The concept of principal states of polarization

The properties of PMD can be described and understood with the concept of principal

states of polarization (PSPs). In our work it was one of the parameters which we have to
set, the local correlation (&; - #;) between the PMD unit vector $; and the PDL unit
vector @; Hence, its important for us to get a clear idea about the autocorrelation

function related to the subject.

Writing the complex PSP vector explicitly in its real and imaginary parts as:
Wy (@) = Gy (@) + i Ay (), (4.1)

The autocorrelation functions are (Gy (w) - Gy (@) , {0y (@) * Ay (@)), and

(KN (w) -KN (w)), where (---) is the average over statistical fluctuations of the PMD and
PDL element. These autocorrelation functions have been investigated by Chen and

others [37]. On the other hand, the local correlation (&; - Bj) between the PMD unit

vector ,éj and the PDL unit vector &; could be neither zero [1] nor +1 [38].

Here it's convenient to recall some mathematical properties for averaging over a

random unit vector 7

(A -4 =0= (7 -B), (4.2.a)

(a-A)@-By= () B). (4.2.b)
Furthermore, considering the local correlation between &; and B;, we also have:

((a;-A)B;- By = (5)¢a; - B; )4 - B). (4.3)
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Here the generic expression (&; -B,-) is used to represent the local PMD and PDL

directional correlation.

Using the strategy that is introduced by Karlsson and Brentel [74], Chen and others
[42] were able to get the continuum limit for the whole fiber (N — o) . The continuum

limit is taken in such a way that N - o0, a = 0,8 - 0 while keeping Na? = (n?),Np? =
(At?) constants. Because of the frequency dependence of the PDL and DGD vectors,
the polarization states for a pulse that maximize/minimize the power transmission
(maximize/minimize the time delay) cannot be identical for each frequency component
in the pulse. Consequently, the frequency components in the pulse cannot all reach
their maximum/minimum power transmission (maximum/minimum time delay) for a
given state of polarization. As a result, the PDL and PMD values for a pulse are

generally less than those for a single frequency.
. 4.3 The analytical model

Our model consists of Maxwellian PMD and PDL fibers connected with lumped
sections. By Maxwellian PMD and PDL fiber we mean the continuum limit of highly

mode coupled PMD, PDL fibers. This is achieved by considering a series of N PMD

element ,Bj each followed by a PDLG elementé;. Then at the end we take a continuum
limit in such a way that N — e,z —0,and f — 0 while Na? =<772> and N§* =<Arz>

are kept constant. For the lumped sections each PMD element ﬁ, is followed by a
PDLG element¢,. Our goal is to treat the statistics of PMD and PDLG analytically such

that the statistical average of the time-dependent output light intensity as well as its
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variation can be evaluated exactly for a given input pulse sequence. Thus one can
accurately evaluate the optical eye diagram resulting from all the polarization

impairments in the system. Using the standard wave plate model, we can write the

output electric field E_(w) related to the input electric field Em (w) for a system that

out

consists of highly mode coupled (Maxwellian) fibers My, M, and lumped sections L;,

Lo... with Jones matrix as

Eout (@)= Ay, sn,+1 EXPLEPH (DT, y, 1 (w)Ein (@) (4.4)

n Ny N,
where AN1+N2+L=exp(—a'0—Z|aLk|/2—Z|aj|/2—2|aill2), o, describes the overall
j=l i=1

K=l
polarization-independent attenuation, ¢.,(w) stands for the CD of the system.

Ty,.y,. (@) 8@ 2x2 transformation matrix . It is related to the transformation matrix of
the Maxwellian fiber Ty(w) as
Ty, (@) = exp(—iwp, - 512)exp(d - 6/2)....exp(~iwf,, -F/2)exp(d, -6/2), (4.5.a)

and the lumped sectionsT, (w). Where
T, (w)= exp(—ia),B,, -0/2)exp(@, - &/ 2)....exp(—ia),Bln -0/2)exp(, - G/2). (4.5.b)

Here, Bj = f, ,Bj represents the j* PMD wave plate that has differential group delay

(DGD), A, and the fast-axis polarization is expressed by the unit vector ,B]. in the Stokes

space, @, =a,a, stands for the /7 PDLG wave plate with the value expressed in

A

decibels by anj|logloe, and unit vector &, in the Stokes space, Where & is the
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standard Pauli matrices. T, , .,(w) can be defined as7, , ., (®) =T, , ()T, (w) forthe

case of Ilumped sections followed by Maxwelian PMD and PDL fiber,

Ty, y,o (@) =T, (DT, y, (@) for the case of Maxwellian fiber followed by lumped sections,
and 7,,, () = T, (@)T,(®)T,, () in case of lumped sections in between two Maxwellian

fibers. The input light electric field is written as
- X
E (o= f, (a)){y] (4.6)

X
The column matrix [ ] is a unit vector in the Jones space representing the input

y

state of polarization and f, (w) is the Fourier transform of the input pulse sequence

determined by the modulation format E,, (¢):

1

fun(@)= Ton

°j[exp(i wt)E, (t)dt. (4.7)

Therefore, the output light intensity can be written as (neglecting an obvious constant)

I(O=Eu@®)-E, @

2

Ayl 7. 7 ;
=l v [do [do' explilgcy (@)~ pcp ()]}
2r L
><[)C’k y* 1:1+N2+L (w)TN1+N2+L(a)/ )|:;:| expli(w— a)/)t]fi: (@) f ((0/)- (48)

Using the transmission matrix T, ., ., (w) for our system, we can write
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TI;I+N2+L (a))TN|+N2+L (@)= FO,N,+N2+L (@, @'+ 1-:‘1\11+1\/2+L (w,0') &, (4.9)

where | is a 2x2 unity matrix. Therefore, the intensity is

2

AN1+N2 +L

@) = | [ [da explilpey (@) = Pep(@HTy powr (@,0) + Ty o1 (@,0) - ]

—co

xexpli(w— &' )l fi (@) f,, (@), (4.10)

X

where m= [x* y]&[ j] is a unit vector representing the input state of polarization in
y

Stokes space. Then we can derive the following relations:

The statistical average of the intensity can be written as

2

ANl+N2+L

<I(t)>= ' j do jda)’ exp{il@cp (@) = Ocp (D]} < Ty sn, o1 (@, 0") + Ty oy, (@, 0) - 1>

—~00 —o0

X expli(@— &' )t1 f (@) f,, (@). (4.11)

Using the properties for averaging over a random unit vector 7 for given constant

vectors Aand B [41] as ineq.s (4.2.a), (4.2.b).

A A N A
Introducing the local correlation between &, and f,, where< (& - §) >= Zo?j -B,/Nis
i=1

a generic expression representing the local PMD and PDLG polarization directional

correlation [93].After averaging the input state of polarizationm , we get
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2

jda) j da' exp{i{@ep (@) =~ @op (D} < Ty ony s >

—o0

AN1+N2+L

()=

xexpli(w — @ )t1f (@) f, (@) (4.12)

The variation of the light intensity due to PMD and PDLG is

4

AN1+N2 +L

<UOP >=% [doy [do [do, [de] explilpey (@) - 0cp (@) + Pop (@) - pop (@)1}

. / / / /
xexpli(ay —ay + @, — W) I[< Ty onyut (@, DD y sy, i (@, 05) > =

1 = = * *
+5 < T @,0)T, | (@,0)) >Df @) fu@ ) fr @) fu (@), (4.19)

N +Ng+l

To go to the continuum limit for the Maxwillian fiber, we adopt the strategy first
introduced by Karlsson and Brentel [74], which was used by several researchers [42,

77]. Using the recursion relationship with definition, Aw, = (w, — @])/2 and

o, =(w,+w)/2 for ie{1,2},we get
< Ty pur (@,@') >=[cosha, cos(B,Aw) +i < &, - B, >sinh @, sin(B,Aw)]
X< Ty o (@,0") >, (4.14)
where <T, , (w,@") >was given in Ref.[42].

Now we will see the effect of the position of the lumped sections on the output intensity,

we consider three cases:
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(a)Maxwellian fiber followed by lumped sections, (b) lumped sections followed by

Maxwellian fiber, and (c) the lumped sections is between two fibers. From eq. (4.8) we

can see that (I()) in the three cases are the same. But the difference between these

three cases come from the <I 2(t)) .

The second order correlation function is given by

|:< I (wpw{)ro(wzswé) >:' - {Mu Mu}'ilﬂ ln}[l] (415a)

<1‘“(a)1,a){)-f“(w2,w§)> My, My,|L, L,|O0

for the case (a),

[< ro(wxaa)xl)ro(wz,wé)>:l __{lﬂ le][Mu Mu}{l} (415b)
<T(@,w{)-f(w2,w§)> L, L,|M, My,]|0

for the case (b), and

<Fo<w1,w{-)ro<w2,w£>>}{M“ Mﬂ}{lﬂ lﬂ}[M“ M“}H (4.15.0)
<Nw,0)) Tw,, &) > My, My|L, L,|M, M,]O0

for the case (c).

where M matrix denotes the effect describing Maxwellian PMD and PDL fiber, and L
matrix describes the lumped section, and it depends on the number of the lumped

sectionsk, and k =1,...,n. We assume that the lumped sections are connected together.

So we can write

[Ln Lu}:[zﬂ(n) Lu<n)} [lﬂo) Iﬂz(l)} (4.16)

Ly Lp| [Ly(m) Lym|[ L, 1) L)
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with gy matrix denotes the first lumped section, and () denotes the n™ lumped

section. The elements of Land M matrixes are given in the Appendix (A).

As can be seen the different location of the lumped sections doesn't affect(I(z)).

However it does affect(l 2(t)> . Therefore it affects the Q-factor.

From the above calculation, it is not obvious if two Maxwellian fibers linked together

would be equivalent to a new Maxwellian fiber. Consider two Maxwellian fibers My and

M. connected in serial fashion. Assume they have <A7f> and <Ar,2,> as a mean-square

pristine DGD, <77,2>and <77,2,>for pristine PDL element, and<d, B,> <&,, -,5’,,) for the

polarization direction correlation respectively, we can write from the average current

(I(+)) expression

<T,y(@a)>= exp[%(< n’>+<n,’ >)—é(< At >+ <A, SXo-0')?

+%i(< &, B, >\<n’><Ar > +<a, B, >J< N, ><At,’ > o-o')] (4.17)

To view it as one equivalent Maxwellian fiber we require the following concatenation

rules: <At >*=<At, >* +< A7, >* ,<n, >*=<n, >* +<n, >*, and

(1) AN - o

dm : ,Bm
JAad)+(az2 (nz)y+(n3 )

We have
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<Iin(@, w')>= eXP[% < 771112 > "% < A"'m2 >(@-a')?

1. . s
+Ei<a,,, Bu >J< N’ ><AT,’ >(0-0")) (4.18)

However this concatenation rule formed by demanding the same average current

wouldn’t give the same equivalent current variation <I 2(t)> in general.

4.4 Results and discussion

To study the effect of the interaction between PMD and PDLG on the eye diagram for
our system, we will look at the effect of introducing PDL in the system. For a Gaussian
input pulse created by Mach-Zehnder interferometer modulator, its shape can be written

as

f(t) =Aexp [— %%‘—f—)] where ¢ is the chirp factor and D denotes the duty cycle of the

pulses forD<1. To get an optimum performance on the optical eye diagram we used the
duty cycle (the ratio of the time interval where light is not zero within an existing pulse to
the bit period) D=0.24, for a pulse of sequence of ...001100... for a pulse width 7 = 25ps.

Also we choosecp =0.1ps/nm, and its dispersion slopes =-3.3x10"ps/nm* for a carrier
wavelength of1530nm where @cp(w) = by(w — w()?/2 + bs(w — wg)3/6, where @, is the
carrier frequency andb, (= dzb/dwz),b3 (=d’b/dw®) are related to CD and S by a CD of
— b, I(2c) and S =a@jb, /[(27mc)’ + 2a5b, /(27c)*. Here brefers to the propagation
constant in fiber and ¢ is the speed of light. For the Maxwellian fiber we used
Maxwellian distribution to find <az?> and <p?>, i.e., <Az?> >, =37 <AT>"yanm /8

and <7’>, =37 <7n>wma /8.FOr a different values of DGD for the lumped sections we

Maxwil

choose the same values as those which was used in Ref. [77] ,they were related by the
relationaz, =iaz,. For PDLG element we used the same relation which was 7, =in, .

Moreover, we use <p>=<7>,/(20loge) to convert decibels to the dimensionless unit.
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Note that, the local PMD and PDLG polarization directional correlation is<4- 4>, and its
value varies from -1 to +1 [42]. When< 4. >=+1 , it corresponds to the strong correlation

between PMD and PDLG polarization directions, i.e., the local fast axis is always
parallel or antiparallel to the local maximum attenuation axis. This could be potentially
realized when the fiber links are made of only single-mode fibers. On the other hand
<a-fB>=0 corresponds to the complete random correlation between the PMD and PDLG

polarization direction, which could be realized in ultra-long-haul links where many

components are interleaved. In our calculations we choose<g. 4>, =<a-f>,, =0.15

Maxwil .

which seemed to be a typical value for field fiber [42].

Figure (4.2) shows the effect of varying of (a) <aAr>2, considering <>, to be

total total

constant, (b) < >2  at constant value of<ar>2  on the Q-factor of the output intensity

total total

for a system of Maxwellian fiber followed by fifteen lumped sections. The Q factor is
calculated from [3]

_<I@®)>_, —<I@®)>
T o), +00®

min

min (4. 1 9)

where < j¢t) > refers to the mean intensity at maximum (minimum) point, ()

max{min) max({min)

refers to the standard deviation at the maximum (minimum) point, and

1§
o(t) = (<[I®F > - < I() >*}2 .In experiment, usually the total mean-square DGD of the whole

system is taken as a Maxwellian, which is easy to measure, but in realty it is not exactly
Maxwellian. It contains a portion for the lumped sections. So it was taken as

=0<AT>

<AT >, .= vaor, TA—8) <A >, @nd the total mean-square of PDL element was

<N > =E<N? >, H1—E)<n* >, , Where g, are constants varying from 0 (lumped

sections) to 1 (Maxwellian fiber). In figure (4.2.a) the middle curve corresponds to the
case of equally distributing the mean-square DGD between the Maxwellian fiber and the
lumped sections. The upper curve corresponds to case ofs=1, and the lower curve

corresponds to §=0.The value of <5>2 ~was taken such that <5>, =148 and

total Maxwel .

<7’ >,,,m,,.=im’<ﬂ§>’ <n,>=0.148. One can conclude from the figure that Q-factor is

m=] &
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overestimated if we were to use a Maxwellian distribution for the whole system
composed by Maxwellian and lumped fiber sections. In figure (4.2.b) the total mean-

square DGD was taken as<aAz>, ,=25ps, and _ ;2 >,,m,p‘=im2 <Az} >» <A7;>=0.lps. It

m=1

appeared from the figure that we would underestimate in Q-factor by considering the
PDL of the whole system as Maxwellian distribution of the same value with the total
mean-square PDL of the system. It is clear from those two cases in Fig. (4.2), that there
will be situations that one could be either overestimate or underestimate system’s Q-
factor if one treated the system as Maxwellian only when in fact the link is involving
lumped PMD and PDL sections.

Figure (4.3) shows the effect of changing s,cfrom 0 to1, for the system in figure (4.2),

on the Q-factor of the output intensity. In figure (4.3.a) <»>2 =048, itis clear that the

total

Q-factor increases as ¢ increases from 0 ( lumped sections) to 1 (Maxwellian fiber),and

it is stable for increasing ¢ from O to 1 since <p»>2 =048>. On the other hand, in figure

total

(4.3.b) when <752 _=104B> (<> =3.164B) for increasing ¢ from 0 to 1

tot1al

=2.9dB Of<n>

Maxwel. Lump.

Q-factor decreases i.e. Q-factor increases as the lumped sections take on the major
portion of total PDL. With the interaction of PMD and PDL (figure (4.3.b)) there is a new
region (ade) appeared in addition to the original one (abcd) in figure (4.3.a) when
<n>2 =04B.In the original region (abcd) we would overestimate the Q-factor by

considering the DGD of the whole system as Maxwellian distribution. With considering

somewhat unphysical value of PDL<y>2 =100dB (<7 >,,,.,=92dB Of<p>,, =10dB) in

figure (4.3.c), it appeared that we even have bigger (ade) region. In (ade) region we
would underestimate the Q-factor by considering Maxwellian distribution for the whole

system.

From other point of view, we want to see the effect of the position of the lumped
sections, in the whole system, on the Q-factor. For a system of Maxwellian fiber with 5
lumped sections we studied the three cases: (a) lumped sections followed by
Maxwellian fiber, (b) Maxwellian fiber followed by lumped sections, (c) lumped sections
in between two equal Maxwellian fibers. By equal we mean that the two Maxwellian
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fibers have the same DGD, and PDL elements, and their summation equal to PMD,
PDL elements for the Maxwellian fiber in case (a) and case (b). Figure (4.4) shows that
effect when<ar>?

=30ps*s <7 >2,=16dB (<7 >0 =3.69dBOT<7 >, =4dB),D=024,C=0.1,

total total

<A B> . =< C B> umpea = 015 -From figure (4.4) we can conclude that the worst situation
for the lumped sections is when they are in between the Maxwellian fibers, and if they
are followed by Maxwellian fiber or Maxwellian fiber was followed by them gives the

same Q-factor for the output intensity.

As a side note we found that for a system of two Maxwellian fibers connected
together their Q-factor is not the same ,in general, to a third equivalent Maxwellian fiber.
When the two Maxwellian fibers M;, M, defined in the appendix A have

<At, ><Ar, > for PMD, and<n, ><n, > for PDL elements, respectively, and

<o7, : B,>, <07,, . 5,,) for the polarization direction correlation respectively.

The third Maxwellian fiber My has< Az, >,<n,, > for PMD and PDL elements

respectively, Where< A7’ > =< A7? >+ < A7} >, <n} > =<n’>+<n.>and

<& _ B,>=<d' /?,> (ATIX e <a,, ﬂ,,)\/ Aty )\mi)  for the polarization direction correlation. The
wen \/( ATI AT” ) ( 771) <77u>)

>average output intensity is the same in both cases. However their variations are not.

Figure (4.5) shows the output intensity and its variation in both cases as a function of
the time when C=0.1 and D=0.24.This result might be explained by the non commuting
nature of PMD and PDL interaction, especially when PMD and PDL directional
correlation is considered leading to non linear PMD and PDL interaction.

4.5 Conclusion

Using the parameters DGD(A7*), PDLG (), CD, and PMD PDLG polarization

direction correlation <07- ,B> we have obtained an analytical expression to evaluate the

optical eye diagram for a system contains of Maxwellian fibers and lumped sections. We
found that, considering PDL as well as PMD, the Q-factor of the output becomes higher
than that of the Maxwellian fiber having the same total root mean square PMD and PDL
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values , when the mean-square PDL element of the lumped sections takes the major
portion from the total mean-square of the whole system. Whereas without considering
PDL, Q-factor becomes higher as the mean-square PMD element of the Maxwellian
fiber takes the major portion of the total mean-square PMD element of the whole
system. Also the worst case for the Q-factor occurred when the lumped sections were in
the middie between two equal equivalent Maxwellian fibers rather than the case lumped
sections were followed by Maxwellian fiber or the Maxwellian fiber was followed by the
lumped sections. We also note that two equivalent Maxwellian fibers connected in
series will not give the same Q-factor as a Maxwellian fiber equivalent by concatenation
rule unless they have the same values of PMD, PDL, and polarization direction

correlation elements.
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Lumped sections at the begining of Maxwellian
fiber

Lumped Sections

Tow

&

Maxwellian fiber

(Tonm (@, )y =(T, y (@, w’))lcosh a,cos B, Aw+ i(&" . ,3,,>sinh a, sinﬁ,,Aa)jx...
cosh e, cos S A+ i(a“q -ﬂ)sinh a, sin ,B,Aa)J

(Towt@.a) ==XP|:%(7I:)-%(Ar’)(w-w)’+%i(a?ﬁ)((ﬂ’)(Ar’)(w—af))%}

(@)

Lumped Sections In The Middle Between Two Maxwelliuan Fibers

input

Loutpu
Nz

Max. fiber

Lumped Sections
(Tomaim.ahl) = (Tonl@, )| cosha, cos faa+id, - B)sinn e sin fanlx..

lcosha, cos Bam+ i(dr,, . ,Bn) sinh &, sin 4,0, (@, )

(Ton(@.an)= exp[% () —%(A o )w- o)’ +%i(a By st )a- w’))%jl

Lumped sections at the end of Maxwellian fiber

Lumped Sections

A Maxwellian fiber

Tow

(Tonuilana))= l cosh &, cos ,B,Am+i<ti', -ﬁ,)sinha, sinﬂ,Ame...

lcosh a,cos BLA0+ i(c‘z,, - ﬁ,)sinh a, sin ,BnAa)kI‘(,_,, (@,a)

Ty (@.a)) = exp[%(n’)-%(A Y-y +%i(é-ﬁ)((r]’)(At’)(m— n)’))%]

(c)

Figure (4.1) A system consists of (a) two lumped sections followed by Maxweliian fiber
(b) two lumped sections separated by Maxwellian fiber and all of these in between two
Maxwellian fibers.( ¢) Maxwellian fiber followed by lumped sections
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12

15 lumped sections followed by Maxwellian fiber

Maxwel. <yp>=1dB
Lump. <n>=1.5dB

10
<AP>(ps?)

15 Lumped section followed by Maxwelliasn fiber

Maxwel. <A¢>=2.5ps
Lump. <A7>=1.5ps

PDL (dB)

Figure (4.2) Q-factor of the output intensity varies with the mean-square of (a) total

(b)

DGD, (b) total PDL for a system of Maxwellian fiber followed by fifteen lumped sections.

When s, =0(the short dashed curves i.e. lumped sections only), 5, =0.5 (The solid
curves), and s,¢ =1(the long dashed curves i.e. the Maxwellian fiber only).
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b)

(

<1]2>= 10dB?
<A12>=30ps2

(a)

=100dB?

2
<n >

2

<A12>=30ps

Figure (4.3). The effect of the partition parameters 5, on the Q-factor for

system of Maxwellian fiber followed by 5 lumped sections.

04B, (b), and (c) PDL+04B.

0.24 for (a) PDL=

D=

C=0.1

=30ps?,

total

2

<AT>
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<n?>=16 dB?
<At?>=30ps?

o

Figure (4.4) Q-factor for a system of 5 lumped sections followed by Maxwellian fiber

5 Lumped sections+ Maxwellian fibers

€

(open circled line mesh), Maxwellian fiber followed by 5 lumped sections (dotted line
mesh), and 5 lumped sections in between two equivalent Maxwellian fibers (solid line

mesh).
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0.6

Intensity

o
'S

Time (ps)

Figure (4.5) Optical eye diagram for wavelength 1530 nm,D=0.24, C=0.1. The dotted-
solid curve is the output intensity< I(z) > varies as a function of the time, the dashed

and the dashed-dotted curves are <1¢)>+0 and < ;¢ >-o, respectively, in the case of
one fiber with <Az, >=2ps, <n,, >=+2aBand (4, .3, )=0.15. The solid and dotted

curves are the < 1) > +o and < ¢ > —o,respectively. In the case of two Maxwellian fibers

M, (<Az, >=lps,<n, >=1dB {a,-p,)=015 » andM,(< Az, >=1ps,<n, >= 1dB,<d" -/?,,>=0.15.) are

connected together
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Chapter 5
Bit Error Rate Calculation for Optical System

with CD, PMD, PDL, and ASE Noise

This chapter presents one of the primary contributions of this dissertation; a
mathematical model fo evaluate the bit error rate for the optical transmission systems is
presented. This chapter is organized as: section 5.1 is an introduction to the
performance of the optical communication systems. Section 5.2 gives an overview to
some important concepts in our calculation in this chapter such as amplified
spontaneous emission (ASE) noise, probability of error, and moment generation
function. In section 5.3 we will explain our system modeling under the study. The
analytical treatment of the system is presented in section 5.4. Our results and their

discussion are presented in section 5.5.
5.1 Introduction

To evaluate the performance of a linear optical communication system, one
conceptually simple way is the Monte-Carlo method. However, this method is
computationally inefficient when dealing with rare but physically important events, e.g.,
the BER in an all-optical transmission channel, where the error probability is usually less
than 10° . To improve the simulation efficiency one needs advanced simulation

techniques.
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Due to the effective way of using moment generation function (MGF) to evaluate the
bit error rate [78, 79], it has attracted a lot of attention in recent years. Providing a
complete description for the signal and noise processes encountered in an optical
system, the MGF can be used to evaluate BER, Q-factor, and SNR for many cases with
various PMD and PDL effects and using different modulations, as we will discusse in

this chapter.
5.2 Overview

In this chapter we introduce impairment to our calculation that is the noise. In fact we
consider only the amplified spontaneous emission noise and we didn’t consider the

transmitter noise or the receiver noise.

5.2.1 Amplified spontaneous emission as another impairment in the optical

systems

Detection of signal is typically affected by attenuation and dispersion. Furthermore,
with the use of a'mplifiers, there is an additional impairment because of noise that may
appear in the receiver due to the presence of amplified spontaneous emission (ASE). In
practice, using amplifiers helps to improve the signal propagation span. That is because
the increase in the signal amplitude will help overcome noise generated in the receiver's
front end. However, the optical background noise, which accompanies the desired
optical signal, will also be amplified along with the signal. Consequently, the optical
signal-to-noise ratio (OSNR) will tend to degrade as it passes through the transmission

system.
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Optical signal to noise ratio (OSNR) is the measure of the ratio of signal power to noise
power in an optical channel. Hence, OSNR is important because it suggests a degree of
impairment when the optical signal is carried by an optical transmission system that

includes optical amplifiers [80].

The dominant noise source, usually, is the thermal noise. By using high gain, low
noise optical amplifier we can increase the signal level incident on a detector. Hence,
the thermal noise is rendered insignificant. Therefore, the amplifier noise contributions
dominate, and their effect can be minimized by using an additional optical filter. In such

preamplifier receivers, high sensitivities have been obtained [81, 82].

The development of preamplifier receivers requires an investigation of the noise

sources; there were several studies in this subject.
5.2.2 The origin of amplified spontaneous emission noise

Due to the low propagation loss of optical fibers, data signals can travel many
kilometres before amplification is needed. Nevertheless, when the distance between

transmitter and receiver approaches and goes beyond 100km, amplifiers are necessary.

Optical amplifiers have replaced the rather involved process of the fiber optic
repeater station. It created a revolution in long distance optical communication systems.
In fact, simplicity and reliability of the repeater compartment are especially important
when the optical fiber cable is used as a submarine cable. Since its invention in 1986,
the Erbium-doped fiber amplifier (EDFA) has made tremendous progress. In these

days, it is well known that using EDFA as optical preamplifiers improves the receiver
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sensitivity of the detection systems. Due to the importance of optical amplifiers there

have been many papers analyzing such systems [83].

Optical amplifiers employ the mechanism of stimulated emission to amplify the
incident optical power. The main ingredients of such amplifiers include a gain medium,
which exhibits photon emission in the wavelength range of interest, and a pumping
mechanism (optical or electrical) which is used to create population inversion and
increase the number of excited state electrons. Some of the high speed fiber
communication systems have used optical amplifiers which are fabricated with

semiconductor materials; figure (5.1) presents that.

Some Spontaneous
Spontaneous Emission in All Directions

Emitted Photon
: .. Jlome Spontaneous Emission

Capture% and Amplified

N

Fiber Core o—Pp O O-Pp 0P

Cladding

VAR 2R

Some Spontaneous
Emission in All Directions

Figure 5.1 Generation of the ASE noise

Recently, fiber amplifiers employ rare-earth ions, such as erbium, neodymium, and

ytterbium, as the gain medium to realize fiber amplifiers operating at different
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wavelengths covering the visible to the infrared region. Because of the ability of
operating at 1.55um ( the wavelength region in which fiber loss is minimum), a particular
interest was given to Erbium-doped fiber amplifiers (EDFAs). Furthermore, EDFAs
provides a broadband, relatively flat, gain spectrum which makes it possible to use
multiple wavelengths. Each wavelength acts as an autonomous lightpath and can carry
different forms of voice, video, and data traffic. On the other hand, with the ability of
producing extremely high optical gain levels, EDFAs can be used with large spacing
between consecutive optical amplifier repeaters in the long-haul transmission system.
Moreover, due to the large bandwidth and slow gain dynamics of ampilification, the
amplifier is virtually transparent to the data rate or format. Hence the installed system

may be upgraded without changing the intermediate repeater equipment.

Erbium-doped fiber amplifiers (EDFA): Erbium-doped fiber amplifiers are optical
fibers of which the cores are doped with the rare-earth element Erbium. By exciting the
Erbium ions to higher energy levels, one can achieve amplification of signals at
wavelengths interesting for optical communication (~ 1550 nm). In this case, the energy

levels are not very sharp, which leads to a relatively large gain bandwidth.

By sending a beam of light in to the fiber (the pump process), we can excite the
Er3* —ions. With operating the pump at wavelength 980nm, Er3* will rise from the
ground state L, to higher state L;, as illustrated in figure (5.2). However, the ions will
rapidly decay to energy level L, ( the lifetime in L; is ~ 1us) . On the other hand,
operating the pump at 1480 nm excites the ions to level L, directly. Then a relaxation to
level L; will happen ( relaxation from L, to L, will occur after ~ 10ms) . This relaxation
will produce photons in the wavelength band 1520-1570nm ([84]. This is called
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spontaneous emission. Spontaneous emission will experience amplification as it

propagates through the fiber. This is termed amplified spontaneous emission (ASE).

L

Excited

state Fast Decay l

Pumping at L
980nm Meta stable
> State Spontaneous Emission
Input Punping at — 1520—-1570nm

signal 1480nm —_— A;ri’g:lif;ed

Ground
state

Figure ( 5.2) Energy levels of Erbium ions in EDFA

One important point to reduce the amplified spontaneous emission (ASE) power at
the detector is the bandpass filter always had to be taken much broader than the
bandwidth of the data signal [85]. Moreover, optical filtering has some major effects; it
can close the eye diagram by introducing intersymbol interference (ISI) [86], and it
affects the signal-amplified spontaneous emission (ASE) beat noise by distorting the

signal and by filtering ASE noise [87], Kuznetsov [88] studied the both effects.
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5.2.3 Probability of error

Achieving a desired bit-error rate (BER) with a given outage probability, after the
signal is transmitted through an optical system, is a fundamental problem in the design

of the optical fiber transmission systems. BER can also be defined ( in some range of
applications ) in terms of the probability of error (POE) as POE = G) erf ( %) [87]
[}

where erf is the error function, E, is the energy in one bit and N, is the noise power
spectral density (noise power in a 1Hz bandwidth). The error function is different for
each of various modulation methods. The energy per bit E, can be determined by
dividing the carrier power by the bit rate. As an energy measure it has the unit of Joules.
N, is in power (Joules per second) per Hz , this identified that E,/ N, is a

dimensionless numerical ratio.

Consider that x(t) to take two possible values x, (t) and x, (t). Attime t =t,, we
have x, = x,(ty) and x; = x,(t,) . Conditional probability for symbol x, and x; can be
represented by P, (v) and Py, (y), respectively. If the probability for both symbols

is equal then P(xy) = P(x;) = 1/2 .The probability of error and it can be calculated as

P = [Py P(x0) dy + [T Py, (0)P(x;) dy (5.1)

One way to lower the spectral noise density is to reduce the bandwidth, but the
bandwidth which required for transmitting the desired bit rate is limited. Also, we can
increase the energy per bit by using higher power transmission, but interference with

other systems can limit that option. A lower bit rate can increase the energy per bit, but
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that may creates loss in the capacity. Ultimately, optimizing E,/ N, is a balancing act

among these factors.

Another factor is PDL. In fact the accumulated PDL caused by various optical
components can result in partially polarized ASE noise before the receiver. Lima and
others [89] have studied this for on-off shift keying format, with considering both PMD
and PDL, to evaluate the bit error rate (BER). On the other hand, Zhang and others [90]
have used DPSK (and OOK) modulation format for the same purpose ( considering the

influences of the filter and pulse shaping)
5.2.4 Moment generation function

Bit error rates for optical systems are in the range 107°-10"%> typically. In this
range, the usual Gaussian fitting Q-factor approximation does not work well. Instead
using the characteristic function, or equivalently the moment-generating function solved
the problem here; moment-generating function can be used to obtain BER values as
small as ~ 1072% in specific cases. As example, Forestieri [91] had reached values of

10~18 for the BER at signal-to-noise ratio amount ~ 19 dB using a computationally
efficient approach to accurately evaluate BER via MGF. Zhang and others [90] have
reached a value of 10725 at signal to noise ratio ~18dB ( for DPSK modulation

format ) by extending Forestieri’'s method to include PMD and PDL effects.

The moment generation function (MGF) or equivalently the characteristic function
method was originally proposed in the 1990’s to evaluate the BERs of some simplified
direct-detection lightwave communication systems [60, 91]. Decomposing electrically

filtered noise as uncorrelated components [91] successfully gave an accurate MGF and
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therefore the BER of a one dimensional (1D) model with CD, arbitrary signal pulse
shape and pre-and post-detection filtering. Later research showed that this MGF
method could be extended to cases consisting of various linear effects ( ASE noise, CD,
PMD, and PDL) and using different modulation formats (OOK, DPSK, and optical

duobinary) [90, 92, 93].
5.3 The system modeling

In our modeling system, figure (5.3.a) for OOK and figure (5.3.b) for DPSK, the
optical signal §;,(t)is launched into the fiber system with two lumped chromatic
dispersion (CD; and CD,), lumped PMD (PMD,and PMD,), and Ilumped PDL
(PDL, and PDL,) sections in the linear regime. Then it is amplified by a flat gain
amplifier G. This amplifier added amplified spontaneous emission (ASE) noise. The
normalized ASE noise is considered as additive white Gaussian noise 17i;,(t) with a two-

G-1

sided power spectral density Ny =ng, — hv , where ng, =1 is the spontaneous-

emission or population inversion parameter and hv is the photon energy. We consider
that G » 1 so that N, = ng, hv [91]. ASE noise from the flat gain amplifier G is partially
polarized due to the PDL [89] and then the signal is optically filtered. The optical filter is
followed by a photodetector. Finally the detected current is electrically filtered by the
postdetection filter and sampled at the time ¢,.

5.4 The analytical treatment
5.4.1 Characteristic function of the detected current

The instantaneous current at the decision circuit can be written as
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Y(t,E) = {< Epue (6, B)|Epue(t) > +< Egue (D|E e (8. D) >}/2,

f=0 (00K),t=T, (DPSK).

(5.2)

Using Fourier transform E(t) = % [ dw e~** E(w) , the instantaneous current is

y(t,0) =L [dw [ deo e @=0) [¢i0f 4 e~ 4 (& — w) Hy (&) Hy(w)

X< —ﬁout(d)) |Eout (w) >
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Fig (5.3) Equivalent low-pass system model for
(a) OOK, (b) DPSK

(5.3)
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In this chapter we are dealing with two sections of PMD, two sections of PDL and two

noises, so the output field has the form
- ; cD cD -
| (@) >= & VE@HE@) 13,)T (2, )T (@)T F, ) |Ein(@) > +

el(YE2@) 7(3,) T, w)

&™) > +[6," () > (5.4)

(m

where €, and é’z(”) represent ASE noise optical fields.

The PMD Jones matrix has the form T(%, w) = exp(=i(})w 7; - &), PDL Jones matrix
is T(d;) = exp(—a;/2) exp( & - &)/2 and the chromatic dispersion up to the 3™ order
is WP = L; [(2)B.w? + B)B3w?] , | denoted to the number of the section( j = 1,2 ). For

simplicity we will rewrite equation (5.4) as following

|E ue(w) >=S; + S, + S5, (5.5)
5, = e (YE@HE®) 16,37 (7,, 0)T(@)T 7y, )| Em(w) >, (5.6.2)
5, = ¢ (YE@) 1@)T (1, 0) |8, () >, (5.6.b)
and S; =8, (w) >. (5.6.¢)

For the critical expression < Eq,; (@) |E,.: (@) > we have nine distinct terms as
< Eout (0)|Eput (@) > = S;S; + S3S; + 5383 + S;S; + S3S1 + S1S3 + 351 + 355 + 535,
(5.7)

The explicit forms of these nine terms are giving in the appendix C.
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In order to proceed with the noise fields averaging, we introduce the following short
hand notation f(&,w,t,f) = (&) e'@=@)X [eif 4 ¢~ |l (& — w) H (&) H,(w). Also,
we introduce a super noise field vector (depending on the noise fields dimensions)

Iél(")(w) >

. 5.8
&, (w) > (5.8)

|N(w) >=

Furthermore, by discarding the noise expressions in the last eight terms of <

E,ut(8)|E,ut (@) > we can introduce a ket-vector

[dw f(®,w,t,)S3S,

[dw f(d,w,t,E)S35: | (5.9.a)

|b(@) >=

On the other hand we will combine the terms S;S, and S;S; to introduce the bra-

vector
<B(w)| = [f dw f(@,w,t,DSiS; [ do f(&,w,tDS{S]. (5.9.0)

Finally, we introduce the square block matrix @ containing the terms S,S,, 5353, 5553,

and S3S, as

_[fdw f(d, 0,t,)83S, [dw f(d,w,t,)S55;

Cfdw @, 0,6D83S;, [dof(@,wt E)SiS;s (5.10)

With the new vectors; the ket-vector |[N(w) >, the bra-vector < b(w)|, the ket-vector

|B(a’)) > and the square matrix Q, we can rewrite the instantaneous detecting current at

the decision circuit as
y(t,B) =< N[QIN > +<b|N > +<N|b > +[dd [ dw f(d, w,t,E)SiS; . (5.11)
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In fact, this equation is just another view to equation (5.2). Mathematically, y(¢,f)is a
physical variable which is a function of complex Gaussian variable, in this case we can
get the moment generation function as following: for a physical variable ¢ which is
defined in a quadraticformas ¢{=c+Aw'w+b'w+bw and w=x+iyisa
complex Gaussian variable. Then & = ¢ + A(x2 + y?) + 2xRe(b) + 2y Im(b) and its

characteristic function is

02|E|252

€5y = [T dxpg (x) [7 dy pe(y) e =—— el*amil, (5.12)

1—-02lis
5.4.2 Probability density function of the modeling system:

Using inverse Fourier transform, from the characteristic function we can get the

probability density function as
p© = (%) [ dse <ett>

dz|5|252

= () [, ds emisE0 L el iom, | (5.13)

1—02is

For M complex random independent and identical distributed ( i.i.d. ) Gaussian variable
we have ¢ =c+ XL, [diag(4;)w/w; + biw; + w/b;] . The moment generation function

is

o2|B |52

[ 1-04Ajis
W, ) =i ¢ (5.14)

leis

where t, is the sampling time, and the probability density function is
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0215]252
1

p(&) = () [ ds e SO, — e T (5.15)

g2
1 azl,ts

Now if compare ¢ with our current y we find that

c= ySS = fdd)fd(l) f((b, w, t: f)S;SL: (5.16)
M

E—c=1I,= Z diag(A;)w;w; + bfw; + w/'b;
j=1

=< N|Q|N > +<b|N > +< N|p > (5.17)

With the known 4; and by replacing is » § and using the inverse Laplace transform

we have
[ 2|55
1 Ugtioo ,. _=& M 1 T1-621,%
PUss + 1) = G Jypieo A8 €W [Ny @ 777, (5.18)
1 1

< up <

oZmax {|A;7|} o2max {7}

Here A,-*,Aj"stands for the positive and negative A; , respectively.Therefore, to
evaluate the probability density function as a function of the whole detecting current
(y = ys + I,) we need to get the values of the integration as a function of the part

related to noise (I,,) ;the noise-noise beating and the signal-noise beating.
5.4.3 Probability of error occurrence:

For moment generation function given in equation (5.14), we can rewrite the

probability density function as
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[ 45w, (8)e~5), (5.19)

uo—ioo

Py (©) = (ﬁ')

1 1
o2max {|A;7|} < Uo < oZmax {4;7})

The left hand tail probability:
P{yss < Yen} = [2% 0y (©ds = [ by ©Qu¥en — ) dg (5.20)

where y,, is the detection threshold, and u(x) is a unit step function. Using the inverse

Laplace transform we get

1 Ugt+ico N o ) _
P{yss < yen} = (ﬁ) f R AON f U —¢) e *9dg )ds
Uug—Iico —c0

P{yss <y} = (—'L')

L) ol 2ul o-syigs (5.21)
2im S

Ug—ico

1
o2max |47

<u0<0

where the restriction on the uyrange is necessary for the convergence of the inner
integral in the last two equations.

The right-hand tail probability:

The right-hand tail probability can be evaluated in a similar manner

PUss > Y} = [, Pyen ) ds = [ 0y ©uls = yen) ds (5.22)

1 Ug+ico ~ s8] ) _
Pow>yod=(5) | ¥a® (| u-yw) e~ Ods )3
Ug—L0 —00
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1
o2 max{lf}

P{yss > yen} = (- =)

jco W, (S x
L) (ot Tl o symge 0< up < (5.23)
2im 5

Ug—ioco
5.4.4 The saddle point approximation:

Since the line integral of an analytic function and the integration path are

independent, we can rewrite both the left-hand tail and the right-hand tail as

PO <y = (~) ), e mds, (5.24.a)

2im

P{yss > yen} = (L)

2im

[ 2uD syags (5.24.b)

Ct s

The integration contours c4 are conveniently chosen to closely approximate the

paths of steepest descent passing through the saddle points u% of the integrands on

the real x-axis.
Let us take a look to the integrands in the last two equations; we can

‘ptk(g)

write e~V = ¢®5® | taking the logarithmic function of the both sides gives

@y, (5) = log (¥4, (3)) — 10g(8) — $yn (5.25)
Substitute the value of ¥, (t) from equation (5.14) gives

2|5 |°s?

—g21.8
g22;3

@', (5) = T[] - Tog [1 - 02431} — 0g(8) — Sy (5.26.2)

differentiate this equation with respect to 5'gives

202|5,)*s (1-0%1,35/2) 024

"oorEy — 1
", (8) = Zj-”:l{[ R + o) T Yen (5.26.b)
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The roots of this equation are the saddle points u; and u} . These two roots (saddle

points) can be found by using a numerical method.
Using Newton’s method we can get the saddle points, details are in the appendix D
5.4.5 The paths of steepest descent c..

The paths of steepest descent c,. are well approximated by parabolas of the form:
§ = uf + (Dkv? + iv, (5.27)

_ q)”,tk (uoi)
30"y, (u5)

where &, (u¥) is the third derivative of @  (u), it has the form:

B;°4)) | 2(%4))? _(24a2|’b”,|2)(202/1,-)2[1—a2;1,-
st [1-o2ag8] (102281

" ~ (6 (6%)? §/2
o', (8) = ?i1{2?4=1{ [16_62 > ]}}—'('5333 (5.28)

5.4.6 Evaluation of the integrals by using the parabola contours:

In order to evaluate the probabilities given in equations (5.24.a.), (5.24.b), we rewrite

those two equations as

P{ss <y} = (3) [ Re( P+ @R (1 _ ey, (5.29.a)
P{yss > yan} = (—2) [ Re{ e kv +iv) g _ ikv)}. (5.29.b)
These two integrations are evaluated by the trapezoidal rule to get

P{yss > yen} = () [QF(0) + Ziy f(nay)] (5.30.a)
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for the Zero bit, and for the One bit we have

P{yes < yend = (= L) [DF(0) + Ty £ (nAY)] (5.30.b)

1

'2¢”tk(u§)

The sum of f(nAy) can be stopped when f(nAy) becomes negligible and halving the

where f(y) = Re{e®ux5+*GF7"+2) (1 _ k1)) and the initial step size is Ay =

step size until the result is stabilized in desired accuracy.
5.4.7 The final bit error rate:

The bit error rate can be obtained using the form [90, 91]

BER,,, (ty) = (&) fc+ “Pt,;(s) e—SYthds (5.31)

27ti

where + and c, correspond for y, <y , While — and c_ for y, > y.. Averaging

BERs over all bits in the De Bruijn sequence gives

BER = YRZ3BER.(ty)/N, (5.32)
and t, =ty + kT),.

5.5 The computational method

In order to obtain the final bit error rate a matlab code was used to calculate the

values of the bit error rate. The main code is provided in the appendix E.
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5.6 Results and discussions:

In this section, we first give some details about the system we consider, then we

present some of the results we had achieved.
5.6.1 Points to be considered in our code

1- The intersymbol interference
To include the intersymbol interference, we used a 32-bit sequence (16-Zeros

and 16-Ones) as in figure (5.4). Hence, the probability of error in Zeros bits is
— E}tio PO (tk) . . ™ . « . _
P, = BETra— . Similarly, the probability of error in Ones bits is P, =

15
g’-‘—“{;ﬂ)—.The total probability of error (assuming bits One and Zero are sent

with equal probability) is BER = 5%51-. When the system input has a on-off

keying (OOK) modulation format, the sequence {a,} has taken 25-bit de Bruijn
sequence [90, 91, 94, 95], i.e., 0000 0111 0111 1100 1011 0101 0011 0001.
Repetition of this sequence yields all possible configurations of a 5-bit strihg
from 00000 to 11111 [90, 91]. For the system with a balanced DPSK receiver
shown in Figure (5.4.b), a; = (€ {€!°,e™}) is determined by requiring the
received codes at sampling instants t, (t, =ty + kT, k=0,..,N — 1),

normalized as “0” or “1” with no signal distortion, form a de Bruijn sequence.
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Figure (5.4) (a) Input, output intensity versus time for OOK (b) Input electric field versus

the time for DPSK. In both cases PMD=PDL=0
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2- The input signal

Different signal pulse shapes mean different spectral bandwidth, while
different modulations can result in different correlations between adjacent
signal bits and thus leads to different signal spectral distributions. The first-
order PMD (i.e., DGD) causes the difference in arrival times of the two
orthogonal modes of optical signal and leads to pulse broadening in time
domain. Thus the RZ signal should be more tolerant to the PMD-induced
intersymbol interference (I1Sl) than the NRZ signal, because the PMD effect
on the RZ signal can be viewed as the increment of its duty cycle.

RZ-DPSK modulation format gives 3dB improvement in the receiver
sensitivity due to the balanced detection scheme, which gives an increase in
the system margin (reduced input power or increase the transmission length
of the fiber). Furthermore, RZ-DPSK has lower peak power and constant
pulse amplitude which reduces the effect of fiber nonlinearity. Therefore, we
used RZ-DPSK as input signal.

The amplitude of the input signal §;,(t) can be assumed to be a periodic
repetition of signal d(t) = XX ta;p(t —iT,) with period NT,, [5,(t)|=
Sin(t) = Ym=— d(t — nNT},) . Here p(t) determines the elementary input pulse
shape and a; determines the logic value of the i** bit. When N is large
enough s(t) is a pseudorandom signal. In this case we can use a
mathematical tractability with physical properties close to the real situations.

This amplitude is s(t) = 3% _d(t — nNTp) = X2 _, 5, 2™t/ (NTo) where s, =

1:\/(;1) Al: Al —_ %—:%) Am e—2i1rml/N ’ with P(fl) — foTb dt p(t) e—zinflt , fl —
b
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[/NT, .In the low-pass configuration, p(t) is the elementary input pulse

shape. We consider a raised cosine as input pulse. The raised cosine pulse
[90] is given as p(t) = +/2E,/T, cos E cosz(-;'-;-)],where E, is the optical

energy per transmitted bit. Due to its periodicity, the input signal §;,,(t) can be

27t

expanded in Fourier series as §;,,(t) = s;,(t)|8s >= Zf;_m(sin),e_i(N_Tb) |Bs >.
For simplicity, we assumed that all Fourier components of input signal are
polarized in the same direction represented by a constant unit vector |g; >=
[x,y]" in 2D Jones space.

3- The description of the noise expansion

When the overall impulse response of the pre- and postdetection filters at
the receiver has finite time duration T, then the value of the sample y(ty) is
solely determined by thé values that the input waveform of the optical filter
takes on in the time interval (t;, — Ty, ty).

Real filters, practically, have finite impulse responses. However,
theoretical filters may not have finite duration impulse responses. Therefore,
from practical point of view, with the overall impulse response duration T, we
could replace their input waveform with another one which coincides only in
the time interval (t, — Ty, t;). This leaves the value of the sample y(t;)
unchanged.

The above discussion means that an exact description of the input noise
wave in the aforementioned time interval has a sufficient statistics. Hence, we
can write a Karhunen-Loéve [90, 91] expansion for 7;,(t) in the interval
ty — Ty <t < t; only.
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The noise 7i;,(t) is an additive white Gaussian noise (AWGN) which allows

us to choose any orthonormal base for the expansion [90, 91]. For a Fourier

base {@n,(t) = (J—%_o—) gZitm(t-ti+To)/Toye__ ' the relevant noise process is

n(t) = Yoo oNidm 0m(t), tpx —To <t < t,.Here the expansion coefficients
(N;,)n are treated as complex independent and identically distributed (i.i.d)
random variables (r.v.) with Gaussian PDFs of zero mean and variance
g% = No/(2T,) [90, 91]. The value of T, depends upon the optical and
postdetection filters.
4- The optical and electrical filters
The optical filter we have used in our code was assumed to be Fabry-

Perot. The low-pass transfer function of the Fabry-Perot optical function is

[92] H, = ;1—f , where B, is the 3-dB bandwidth ( full-width at half-maximum)
Bo

of the optical filter.

A fifth-order Bessel type was used as a low-pass electrical filter in the
code, its transfer function is [92] H,(f) = 945/(iF> + 15F* — i105F3 —
420F? + i945F + 945), where F = 2.43f/B,and B, is the bandwidth of the
electrical filter.

Both B, and B, are defined in terms of the bit rate R,which is the
reciprocal of the bit duration T, (R = 1/T}).

5- Aligned the signal and the noise in the same direction
By introducing a polarizer before or after the optical filter, the signal and the

noise can be aligned in the same direction. Figure (5.5.a ) and Figure (5.5.b)
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describe our system in OOK and DPSK cases. These two figures are
equivalent to those in figures (5.3) with an additional polarizer located before
(or after) the optical filter. In this case we can rewrite the vector forms of the
input signal and noise as

Sin(t) = LR —wlsin()] = X1 Sind1 €™ 2™V, 1 () = Zine-wo[Min(O)]m =

¥ (Nip) € 12—tk To)/To respectively. Here in both
[sin () = (Sin)1e™ 2™V and [0 (D)]m = (Nip)m e~ 27mEHT)/To, due to
the optical filter response hy(t) [or Hy(f) 1, only those components with
frequencies within the filter bandwidth B, need to be considered. According to

this, we can introduce Dirac bra-ket notations for the input signal as

[ iZTI'Ltk —iZﬂ.’Ltk 1T
|3in(tk) > = (Sin)—L e Nv ..., (Sin)L e NTp ’
[ —iZTtLtk iZTtLtk h
< st =|Si)ie "o, ., (Sip)p e Mo ,Where L is defined as

L=nN ByT, , nis adimensionless parameter must be determined iteratively.

Similarly, the Dirac bra-ket notations for the input noise are
[N () > = INiy > = [(Nin) g oo, Nidue 17,

< nin(tk)l =< Ninl = [(Nin):M ’ ---r(Nin);\(/I ] ’
M has the definiton M =uByT, , u a dimensionless parameter can be

determined iteratively.
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(a) OOK, (v) DPSK

6- The CD index ¢
The CD index ¢ defined as & = 107*D(A)LR?> [92] in the unit of 10*(Gb/

s)? ps/nm, where R is the bit rate in Gb/s, L the fiber length which was
considered, and D is the fiber CD parameter ( at A = 1.55um, D(A) = 1717—::/km).

Some of the considered values are given in table (5.1).

L (km)

29.4

58.8

88.24

117.7 | 147

§

5

10

15

20 25




‘Table (5.1) some values of the fiber length and related CD indexes.
5.6.1 The main results
5.6.2.1 CD, PMD, PDL, and ASE noise impacts on optical systems:
1-Pure CD:
The effects of CD on optical performance are closely related with how signal

spectrum is distributed near the carrier frequency, since the signal is distorted by CD

according to Hcp (f) = e 2B 1L To increase the CD limited transmission, the phase
effect in the modulation cah be used. The optical and electrical filters are used to limit
the spectral bandwidths of the signal and ASE noise.

As a start point for our work to get the best values of BER, we compared our system
with the work in Ref. 90. Figure (5.6) present our results (figure (5.6. a)), and the work
that have done in Ref. 90 (figure (5.6. b)). It is clear that there is an excellent agreement
between our work and the work in Ref. [90] for OOK modulation format. For DPSK
modulation format, also there where an excellent agreement between our work and Ref
[90] up to SNR=18, since Ref. [90] has considered the SNR up to 18 and we considered

this value up to 20.
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TWO PMD, TWO PDL, TWO NOISE

[1: = S |

log10(BER)
~
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T
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PDL=0dB

Figuer (5.6) (a) Log BER versus — ( ) in our work, (b) BER versus — [90] . Both

(a) and (b) has — — for OOK and — — for DPSK. The system
has no PMD, PDL ( ) in both (a) and (b).

To see how CD can affect our model performance, we consider its effect on the BER.

Therefore, the bit error rate as a function of CD index was considered at
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specified signal to noise ratio (SNR). The CD index ( as we mentioned before ) is
defined as & = 107*D(A)LR? in the unit of 10* (Gb/s)? ps/nm, where R = 1/T, is the
bit rate in Gb/s. We considered a 10 Gb/s as the bit rate and 2 = 1550 nm which
yieldsD(1) ~ 17 ps nm/km. Alternatively, the CD impact can be studied by considering
a value of SNR. Here the required SNR is defined to be E,/N,, with N; the two-sided
power spectral density of ASE noise [90-92] and E,is the optical energy per
transmitted bit. Figure (5.7) shows the effect of CD index ¢ on log(BER) at SNR = 18 for
OOK (a) and DPSK (b) in a pure CD effect (PMD = PDL = 0). In both cases, as
expected, increasing the CD index induced a higher BER . Comparing curves in Fig
(5.7.a) and (5.7.b), one can see that the BER for OOK is always higher than its values in
DPSK. This is due the fact that, in the case of DPSK, any two adjacent signal bits are
correlated with each other, which leads to more concentrated signal spectra than OOK
case. Usually, for DPSK the two adjacent bits are correlated in the receiver pant. The
bandwidth of the optical and electrical filters for both OOK and DPSK case are given in

the table (5.2) [92] .

Modulation format type 00K DPSK
B, Ty 1.8 2.2
B, Ty 0.65 0.65

Table (5.2) the optimum values of B, T, ,and B, T, for OOK and DPSK
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2-Pure noise impact on BER
Noise as another impairment in our optical system, gives some penalty to the output
system. Figure (5.8.a) shows that considering noise only as the only impairment in
optical system produces a very low BER (which is true in reality). Furthermore, as it is

well known increasing SNR gives better BER.

3-CD and noise impact on BER
With considering both CD and ASE noise in our calculation as in figure (5.8.b), a

higher BER values will show up.

4-CD, noise, and PDL impact on BER

We had considered PDL beside the first two impairments (CD and the noisé) to get,
as expected, an increase in the bit error rate. Figure (5.8.c) present this with PDL=0.5dB
for each sections, and CD=20 equally distributed between the two sections. The total

noise, also, considered to be equally distributed between the two sections.
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Fig (5.8) Log(BER) versus SNR for DPSK (B, = % B, = %).(a)Two equal ASE noises are

considered (a =t = CD = 0) (b) Two equal ASE noises and CD indexes are considered

(a=1=0,D; =CD, =1 (c¢)Two equal noises, CD indexes and PDL values(t = 0,CD; =
CDZ = 10, al - az = O.SdB
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5.6.2.2 Effect of CD’s spatial distribution
1- Without considering PMD and PDL:

Even if it is not the real situation to consider these cases, but it is useful to see
the effect of inversing the higher value of CD between the two sections without
considering any other effects. Figure (5.9.a) presents this case, and it shows
that a small improvement happen when the first section has the small CD value (
5) than the second one who has the big CD value ( 10 ). With inversing the two
values, the first section takes 10 as CD value and the second section takes 5 as
CD value, a higher BER values will arise. Perhaps, this improvement in the BER
of the output when the signal faced first a small CD value then it passes through
the amplifier G, and the third stage is the lager CD value, whereas when the
signal faced the larger CD first as the first stage then the ampilifier followed by
the small CD value will present a higher BER of the output.

2- With considering PMD and PDL.: |

With considering PMD and PDL we are getting closer to the real system.
Figure (5.9.b) shows that there was no noticeable difference on the output (
same log BER) if we exchange the lower and higher CD values between the two
sections, with the same PMD and PDL values. This result is in agreement with

the work in Ref. [90].
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Figure ( 5.9 ) The effect of CD index on BER (a) without PMD & PDL
( b)) with PMD & PDL
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5.6.3 The optimum values of the bandwidth of the optical and electrical
filters

a) The optical filter

We used Fabry-Perot (FP) type as optical filter in our calculation. To get an
optimum value of the bandwidth of this optical filter we plot log BER as a function
of SNR for several values of the optical filter bandwidth, and we found that the
best output BER can be gotten when B, T =1.2, as shown in figure
(5.10.a).PMD has a values of 20ps in each section, PDL has 0.5dB in each
section, and CD=17 in each section.
b) The electrical filter

The electrical filter which we had used was the fifth order Bessel type, as we
had done with the optical filter; we did with the electrical filter to get a best output.
The best BER is found at B, T = 0.65 . Also, here, PMD has a values of 20ps in
each section, PDL has 0.5dB in each section, and CD=17 in each section. This is
presented in figure (5.10.b).
5.6.4 All the impairments together |

Now we will consider all the impairments together; PMD, PDL, CD, and noise.
Considering CD, PMD, PDL and the ASE noise make a difference on the output
even for small PMD values. Figure (5.11) shows that even increasing the values
of PMD by small amount result a rise to the values of BER. The PDL values were
0.25dB in each section, CD=17 in each section and the ASE noise are equally

distributed in both sections.
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Figure (5.10) Log (BER) versus SNR for several values of

(a) The optical filter (b) The electrical filter.
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Fig (6.11) Log(BER) as a function of SNR With PMD, PDL, CD and noise

5.6.5 Improvement for DPSK decoding receiver :

In the real operating systems, the time delay between the two arms in the DPSK
decoding receiver is not exactly one bit period, for this reason we consider this delay as
a portion of one bit period. Figure (5.12) present this case, and it is clear from this figure
that better values of the BER can be gotten when we consider this situation. For my
information, it's the first time to consider this factor (the delay between the two arms in

the receiver in DPSK case) which gives a big improvement to the BER for DPSK

system.
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Chapter 6

Partially Polarized Noise

In this chapter we will work on the noise characteristics; we will focus on the study of
an optical system with three noise sources while ignoring the signal. This chapter is
organized as follows. Section 6.1 gives an introduction to our subject, in Section 6.2 we
present the theoretical description of the problem. Our results and a physical discussion

are presented in Section 6.3.
6.1 Introduction

Optical transmission systems suffer from various limiting factors, especially when
increasing bit rates are considered. The dispersion limit decreases with the square of
the bit rate. At 2.5 Gb/s, optical signals can travel well beyond 1000 km on standard
single-mode fiber before the signal degrades significantly, while for 40Gb/s signals the
same effect will occur after only 2-4km [96].The transmission distance of any fiber-optic

communication system is limited by fiber loss and dispersion.

The rapid progress of the technology of the amplifiers has made possible long-haul
transmission, in which the unavoidable attenuation of the lossy fiber segments is
compensated by the action of in-line amplifiers without electronic regeneration. For
long-haul lightwave systems, this limitation is overcome using optical amplifiers.

Nevertheless, using optical amplifiers also contributes to performance degradation [97].

With the increasing importance of the optical communications, getting a clear signal

at the receiver became an important issue. It was an essential goal to get better signals.
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Hence, several approaches have been used to study the optical system performance. In
the transmission stage, optical signal inevitably suffers from impairments. Noise and
distortion-based physical effects are the major categories in the impairments which lead
to system performance degradation. The noise may include amplifier spontaneous

emission ASE, receiver noise, laser noise... etc.

The primary sources of distortion are due to fiber components, chromatic dispersion
(CD), polarization mode dispersion (PMD), polarization dependent loss (PDL), and non-
linearties. Particularly, during the propagation of the optical wave along the fiber, the

birefringence properties of optical fiber systems change its state of polarization.

A tremendous efforts has been made to study PMD, PDL and their combined effects
[6,98-102]. Focusing on the first category, for optical preamplifier direct detection
systems, the signal-independent amplified spontaneous emission self-beat noise (ASE-
ASE) constitutes the dominant noise source [103]. The signal is accompanied by the
amplified spontaneous emission (ASE) noise generated in the amplifier. The noise is
partitioned into two polarization modes. The first mode has the same polarization as the
signal, and the second mode has the orthogonal polarization. In the absence of PDL
there is an equal amount of noise in the two modes, the noise is unpolarized. However,
PDL modifies the amount of noise in the two modes, so that the noise becomes partially
polarized. The two noise modes are coupled through polarization-mode dispersion
(PMD) and through polarization changes induced by PDL [104].0n the other hand, the
evaluation of the state of polarization (SOP) is an important issue for the optical

communications [105, 106].
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The statistical evolution of ASE in fibers is of practical importance, since knowledge
of the output statistics of the ASE is, for example, necessary to accurately estimate bit
error rate (BER) in fiber links. To achieve accurate estimates of the BER the
polarization state of the ASE must also be known [107]. For the first time to our
knowledge, in this work we found that, even without considering the signal itself, the
output state of polarization from the ASE noises is polarization dependent. We found
that the probabilty density function of the ASE-ASE beating is clearly affected by

changing the output state of polarization.

6.2 Theoretical description
1- ASE Noise

The primary source of additive noise in optically amplified systems is due to
the amplified spontaneous emissions (ASE) produced by the optical amplifiers
used as intermediate repeaters and as preamplifiers at the receiver end. The
ASE noise mixes with the signal and produces beat noise components at the
square-law receiver. The ASE noise is very broadband (~40 nm) and needs to be
carefully analyzed to evaluate its degrading effect on system performance.

To represent the ASE noise we can’t use Fourier series directly since the ASE
noise is random and nonperiodic, in this case we have to find an orthonormal
series where the coefficients are independent, but identically distributed random
variables. This form of a series, termed the Karhunen-Loeve expansion [91], it is
really an extension of the more general Fourier series, but with the basis

functions defined so as to satisfy the uncorrelated coefficients condition.
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Hence the objective is to find the orthonormal basis set. Following Ref. [91], if we
consider the fact that in practics all filters have finite impulse responses, and then we
can replace their input waveform with another one which coincides only in the time
interval (t, — Ty, tx) , Wwhere T, is the impulse response of the pre- and post-detection
filters at the receiver. So in this interval we can choose any orthonormal base for the
expansion w(t) where t, — T, <t < t, , taking into account that w(t) is Additive White

Gaussian noise (AWGN) [95, 96]. Using Fourier base we can write w(t) as
w(t) =YM__,n, e?mmt-ttTo)/T e =Ty <t <ty (6.1)
ny = ‘UMHo(?M;)' M =1 BTy (6.2)

where w,, are complex i.i.d. Gaussian r.v. with zero mean and in-phase and quadrature
components of variance % = N, /ZTO, Hy(f) is transfer function of the optical filter,  is
a dimensionless parameter , B, is the noise equivalent bandwidth of optical filter. Here
we assumed that the overall duration of the impulse response of the optical bandwidth

B, and electrical bandwidth B, filters is T, = li(glg+ Bie). The dimensionless fitting
parameter u must be determined iteratively [91].
2. The system modeling
To see the polarization effect on the performance of the optical systems, we

will consider its effect on ASE noise itself even without the signal. For this

purpose, as we will see, we ignore the signal part in our work.
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Figure (6.1) shows the considered part of an optical system. We will consider this

part as our system under the study.

Optical

PMD,,PDL,,CD, G, PMD,,PDL,,CD,

Decision Circuit Electrical
filter

-

Figure (6.1) System Modeling

The model system started with an ampilifier G, introduced ASE noise n(1) , followed
by a lumped PMD,,PDL,,CD; . Another amplifier G, introduced another ASE noise
n(2) , this one is also followed by the second lumped PMD,,PDL,, CD, . The last
amplifier G; gives the third ASE noise n(3). The ASE noises are considered as
additive Gaussian noises with two-sided power spectral density N, = nsp%ihv , Where
nsp = 1 is the spontaneous-emission or population-inversion parameter and hv is the
photon energy. We assume that G > 1 so that N, = ng,nv. An optical filter, photo-
detector, and electrical filter add after that to the complete system. At the end a
decision circuit is presented to sample the current at the time t, . At the decision

circuit, the instantaneous current can be written as
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1) = {(Eoue ®)|Eoue () + (Eour ()| Eoue ())}/2 (OOK) (6.3.2)

1(8) = {(Eout(t + Tp)|Eoue () + (Eoue(®)|Eoue ¢ + Tp))}/2  (DPSK) (6.3.b)

In more clear equation:
I1(t,t) =
— [ do [ dd e" @~ [e10F + e 0¥ Hp (6 — w)H, () Hy (@) (Eoue (@) | Epue (@)
(6.4)
Here Hg is the transfer function of the low-pass electrical filter. In our study we used a

945
iF5+15F4—i105F3—420F2+i945F+945

fifth-order Bessel type, i.e.Hg(f) = with = 2.43f /B, , B, is

the 3-dB cut-off frequency [74]. The transfers function of the low-pass optical filter is H,,.
In this work the optical filter is a Fabry-Perot (FP) filter, its transfer function is given
under the Lorentzian approximation as [108] H,(f) = 1/(1 + 2if/B,) where B, is the 3-
dB bandwidth (full-width at half-maximum) of the optical filter. In general, eq.(6.4) can

be written as

I(t,t) = yss + Usn + Yns) + Yan (6.5)
Where yss stands for the signal-signal beating, yyy is noise-noise beating and ( ysy +
Yns) represents the noise-signal beating. The details are in the appendix A. For the
noise-noise beating  yyy = (N|N), we can study its polarization dependence by
projection to a specific output state |€)(¢] and rewrite as yyy = (N|&)(¢|N), where £ is
the analysing output state of polarization unit vector in Stokes space and |&){&]| =

Za+#@) [16], ¢ is Pauli spin matrices vector, then
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yin = (N|N) + & (N|G|N)} (6.6)

In eq. (6.6) the noise-noise beating has two terms, the first one is related to
unpolarized noise and the second one is related to the polarized noise. In our system

the noise vector can be written as :

|N) = TIR(D) + T2|A(2)) + |7(3)) (6.7)
where
r= exp(—i‘}’frD) TppL, (@) Tpup, (Tr, @); r=12 (6.8)

where exp(—i¥(P) is the transfer function of the chromatic dispersion given by [ 90] as

WEP(f) = 2m? B,f2L, (6.9)

Tppr, (@) Tpmp, (Tr, ) is the transmission Jones matrix [9, 16, 35, 95] given as

Tppy, (@) = Z(1+e~9)+3(1-e~%) (& - G), (6.10)

Toup, (tr, @) = cos (%2) = isin (%2) 7, - 6) (6.11)

Using egs. ((6.8), (6.9)) we can rewrite the instantaneous detection current as
I(t,£) = c + (N|b) + (b|N) + (N|Q|N) (6.12)

The square matrix Q is Hermitian, and we can diagonalize it with unitary

transformation U, such that UTQU = diag [4;].

The moment generation function of I [91] is
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. ~12 R
(e®h) = 1—2(A12)/1isexP[isc‘i(—Azz()zlxgl)asi:] (6.13)
where (A?%) is the variance of the noise distribution. The probability density function of
lis

-2
— 1 (o —is(-c)qM 1 m2a?)B]Ts?
p(I) = /% as e™SU=ImL, 1—z0ais P T ] (6.14)

As we mentioned before, we will consider the noise only (ignore the signal), in this

case|b;| = ¢ = 0. The probability density function now becomes
p(l) = ﬁf_mwds e-ist Ii'z'fz'\%ilj_is (6.15)

= ——Li
here the poles are at s; = a7y

Using the residue theorem, the probability density function can be written as

1

—is “2(a%)ia
p(I,) =ixje i Hq;t]m}l; (6.16)

s; is in the lower complex plane 4; > 0.

Using the definition of 2; the probability density function of I is

p(In) Z;(l—lq:;t])L “iq ) e 1X/4 ) X = 2(22) (617)

6.3 Results and discussions

Since return to zero (RZ) modulation format has an improved sensitivity than

nonreturn to zero (NRZ) modulation format [103,109], in this chapter, we used RZ
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modulation format in all of our results. Also, our values of PMD and PDL are close to

those in the real systems.
6.3.1 Several cases of output state of polarization

In this subsection we will try to see if there is any change in the probability density
function itself when we change the output state of polarization. If so, we will try also to
investigate the range of the change in it. Figures (6.2) presents the probability density
function of the output noise current as a function of the output current for system
contains a three noises ( equally distributed ; i.e., n(1)=n(2)=n(3)=(1/3)Nttas ) and two
sections of fiber, that is have two PMD, PDL, CD sections, in-between the ASE noise
sources. The total PMD value is 40ps ( 20ps in each section), total PDL value is 1dB (
0.5dB in each section), and total CD index value is 20 (10 for each section). In both
figures (6.2.a), and (6.2.b), we present the six output state of polarizations; linear
horizontal polarization (LHP), linear vertical polarization (LVP), linear +45° Polarization
(L+45° P), linear -45° polarization (L-45° P), right circular polarization (RCP), and left
circular polarization (LCP). Figure (6.2.a) presents the case when we used OOK
modulation format as detection system for our output noise current, while figure (6.2.b)
presents our output noise current with DPSK modulation format. It is clear that in both
cases the analysing output state of polarization creates change in the probability density

function of the output current, which will affect the bit error rate of the system.
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Figure (6.2) The output current probability density function against the output current at
a given polarization for (a) OOK system with (b) DPSK system with. For both case the
value of, PMD is 40ps, PDL =1 dB, CD=20
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6.3.2 The impact of the optical filter

In the previous subsection, we had gotten an important result saying that the
analysing output state of polarization can significantly affect the probability density
function of the noise output current, in this subsection, for the same system that we had
considered in the previous section we will try to see if that effect has the same
behaviour if we consider different values of the bandwidth of the optical filter. Figure
(6.3), and figure (6.4), present the probability density function of the noise output current
against the output current , for the six cases of the output state of polarization LHP,
LVP, L+45° P, L-45° P, RCP, and LCP, when we consider several values of the
bandwidth of the optical filter (B, T = 2.2,1.8, and 1.4 ) . As before the total PMD value
is 40ps (20ps in each section), total PDL value is 1dB (0.5dB in each section), and total
CD index value is 20 (10 for each section). The six figures that presented in ‘figure (6.3),
and figure (6.4), show the six output state of polarization, each figure presents one
case. All the results in figure (6.3) belonged to OOK modulation format, while figure
(6.4) belonged to DPSK modulation format. In all figures, the optical filter's bandwidth
has the same values (B, T = 2.2,1.8,and 1.4). Those figures show that the choice of
the optical filter's bandwidth, also will affect the bit error rate via the probability density
function of the output current. Moreover, the parameter n we had considered in our

calculation as a dimensionless parameter [90, 91] depending on the optical filter shape.

when n =1 then M = B, T,, and this gives H, (Tﬂ) = H, (B, ) ,i.e. the transfer function of
0

the optical filter at the 3-dB bandwidth (full-width at half-maximum) of the optical filter.
Hence, for a better accuracy we need to increase the values of n even higher than one
(n = 1) so that we are sure that all the frequency components in the spectrum are
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included, but not so large than one since that is not useful to get better accuracy . As an
example figure (6.5) present our previous system with the same values of PMD, PDL,
and CD for OOK modulation format. Those figures show that this parameter has effect

with all states of polarization that we had considered.

6.3.3 The ASE noise distribution in optical system

Now we will turn to see the ASE noise more closely. For the same system that we
considered in this chapter, and also with the same values of PMD, PDL, and CD index
values; our goal in this subsection is to see if there is any effect of the strength distribution
of the noises. For this propose, figure (6.6) are working with OOK modulation format and
with optical filter that has a bandwidth of B,T = 1.8 while the electrical filter's bandwidth
takes the value that satisfied the relation B,T = 0.65. As before, in figure (6.6) we
consider the six cases of the output state of polarization; LHP, LVP, L+45°P, L-45°P,
RCP, and LCP. In all cases we ignored the first noise in the system n(1) first and then
we did the same thing for the third noise n(3) , in both cases we evaluated the
probability density function of the output. As it is shown in figure (6.6), the probability
density function in the two situations are different, that is because partially polarized noise
is due to the PDL distribution, and the first noise is followed (in our system under the
study) with PDL element, whereas the third one is not.

6.4Conclusion

We quantitatively showed that PDL in optical systems can make unpolarized optical
ASE noises to become patrtially polarized. This indicated that overall system performance

must be polarization dependent when PDL exists.
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Figure (6.5)The probability density function of the output current against the output current for
OOK system at different values of n.PMD=40ps, PDL=1dB, CD=20. This is for each output
state of polarization
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Figure (6.6) The probability density function of the output current against the output current in
the cases of finishing the first noise and finishing the last noise (B, T = 1.8, BT =
0.65).PMD=40ps, PDL=1dB, CD=20, for each output state of polarization.
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Chapter 7

Conclusion

An analytical expression to evaluate the optical eye diagram for a system consists of
Maxwellian fibers and lumped sections had been presented in the first part of this thesis.
With considering the chromatic dispersion (CD), polarization mode dispersion (PMD),
and polarization dependent loss (PDL), we used (in the first three chapters) Q-factor as
a performance parameter. We found that with considering PDL as well as PMD, the Q-
factor of the output becomes higher than that of the Maxwellian fiber having the same
total root mean- square PMD and PDL values , when the mean-square PDL element of
the lumped sections takes the major portion from the total mean-square of the whole
system. Whereas without considering PDL, Q-factor becomes higher as the mean-square
PMD element of the Maxwellian fiber takes the major portion of the total mean-square
PMD element of the whole system. Also the worst case ( in the considered cases) for the
Q-factor occurred when the lumped sections is in between two equal equivalent
Maxwellian fibers than if the lumped section are followed by Maxwellian fiber or the
Maxwellian fiber is followed by the lumped sections. We also note that two equivalent
Maxwellian fibers connected in series will not give the same Q-factor as a single
Maxwellian fiber equivalent by concatenation rule unless they have the same values of
PMD, PDL, and polarization direction correlation elements.

Bit error rate was used ,in the second part of this thesis, as a performance parameter
for optical systems that contained the impairments chromatic dispersion (CD),
polarization mode dispersion (PMD), polarization dependent loss (PDL), and the
amplified spontaneous emission ( ASE ) noise simultaneously using both Off-On
Keying (OOK) modulation format, and differential phase-shift keying (DPSK) modulation
format. We evaluated the error probability in lightwave systems, we had gotten an

excellent values for bit error rates for both OOK ( 107* at SNR 20), and DPSK
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(10725 at SNR 20) by using the momentﬁ generation function method. It is found that
moment generation function is the most efficient method to predict the bit error rate, with
considering almost all the impairment (except the nonlinear impairments) in the optical

fiber systems.

An analytical evaluation of the bit error probability of a preamplifier direct detection
system has been presented. Moreover, by comparing the bit error rate of different
polarization systems, the effect of partially polarized noise on the optical system is

studied.

With the help of Dirac bra-ket notations, the probability density function for an optical
system with three unpolarized ASE noises had been studied ( for the first time to our

knowledge ) using different values of optical and electrical filter's bandwidths.
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Future Work

Future work may study the same impairments in optical fiber communication systems;
chromatic dispersion, polarization mode dispersion, polarization dependent loss, and the
noise that we had studied beside the last impairment, which are the nonlinear effects in

optical systems.
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Appendix (A)

The elements of the L matrix in chapter 4 are given as:

L,,(n) = cosh® &, cos(f,Am) cos(f,Am,) +é <@, f, >sinh 2a, sin[ 8, (Ao, + Aw, )]
—<(&,-B,)* > sinh® @, sin(B,A@) sin(B,Aw,),

Ly(n) = %(sinhz @, [cos(B,A,) cos( B,Am,) +sin( 4,8, sin( B,3,)]

+é <@, B, > sinh 2a,{sin] B,(Aw, + Aw,)] +sin( B,A@,)[cos( B,Aw,) — cos(B,,)]

+sin(8,Am,)lcos(B,Aa) - cos(BAD)} +< (&, B)* > sinh® &, { cos(B,Am)[cos(B,Am,) — cos(B,@,)]
+cos(B,Am,)cos(B,Am) — cos(B,@,) - sin(B,@,) sin(B,8))}),
L,,(n) = sinh’ &, cos(B,Am) cos(B,Am,) —sin(f,Am) sin(B,Aaw,)
+< & - B, >(isinhe, coshe, sin[B, (Aw, +Aw,)] -sinh® &, sin(8,Aa) sin(B,,)},
L) = 5 (205 f,@, =@, 1+ cos(, A cos(, A,)
+sinh® @, {cos[B,(@, +@,)]-sin(B,Am)sin(B,Aw,))
+é <@, - B, >sinh2a, sin[ B, (Ao, + Aw,)]
+<(&,-B,)* > sinh® a, {cos(B,A@) cos(B,Aw,) —cos[ B, (@ —@,)])).

The M matrix has the elements
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— s,
(f*+ ’
3

2
M,, = ef[cosh(f? +—}3—)}é +

M, = et sinh(f? +%)y21,
342

2
M, = ef[— " sinh(? +%)/V2],

2, 5
(f"+ 3)
M., = e*[cosh(f> +f’3—')}/2 S S— ——sinh(/? +%y"5],
(45"

where

1

1
3
+%i< v B)(m*Xa7* ) (Ao + Awy),

3 (nz)——;—(mz)[ma)l)z +(A®,)? +%(w, -,)*]
+ %( ; -,B>(<772><A12>)%(Aw1 +Aw,),

1

h=(n*)-(a7*)AmAw, +i(a- B)(n*)Ar? ) (Ao, +b,).

(16-a)

(16-b)

(16-c)

(16-d)
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Appendix (B)

%%%% EVALUATION OF EYE DIAGRAM USING Fast Fourier Transform

% Ten lumped sections with Maxwellian fiber

clear;
format long;

tic;

%rand('state',sum(100*clock));

Y% %o %o %o %o Vo %o Yo %o % %o %o e %% %

Input data

D=0.24; %Duty cycle=in [0,1]

D2=D*D;

rho=0.15;  %local corr. of <\alpha.\beta> ( Maxwellian fiber)
rho_1=0.15; %local corr. of <\alpha.\beta> ( Lumped section 1)
rho_2=0.15; %local corr. of <\alpha.\beta> ( Lumped section 2)
rho_3=0.15; %local corr. of <\alpha.\beta> ( Lumped section 3)
rho_4=0.15; %local corr. of <\alpha.\beta> ( Lumped section 4)
rho_5=0.15; %local corr. of <\alpha.\beta> ( Lumped section 5)
rho_6=0.15; %local corr. of <\alpha.\beta> ( Lumped section 6)
rho_7=0.15; %local corr. of <\alpha.\beta> ( Lumped section 7)
rho_8=0.15; %local corr. of <\alpha.\beta> ( Lumped section 8)
rho_9=0.15; %local corr. of <\alpha.\beta> ( Lumped section 9)

rho_10=0.15; %local corr. of <\alpha.\beta> ( Lumped section 10)

Y% %o %o %o %o %o %o oo % %%

ch=0.1;

cLV=3*1018;
cc=2"pi*cLV*107-3;

%Chirp value

%light velocity

%nm/ps



lambda_0=1530;

omega_0=cc/lambda_0; %Carrier frequency

Disp=0.1;

%Chromatic disperssion (ps/nm) @ Carrier wavelength=1530 nm

%Carrier wavelength

bet2=-cc*Disp/(omega_0*omega_0);

Disp_Slope=-3.3e-3; %Disperssion slope
bet3=(Disp_Slope+2*omega_0*Disp/cc)/(omega_0*omega_0/cc)y2;
%% %% %% %% %Yo YooY Yo

A=1; %amplitude of the pulse

T=25;%100; % Pulse width

A2=A*A;
T2=T*T;
chp=1+i*ch;

sq_chp=sqrt(chp);

chm=1-i*ch;

sq_chm=sqgrt(chm);

ch2=ch*ch;
chpm=1+ch2;

chmm=1-ch2;

%% %% % %o %00 %o %o Yo% %o

pdl_dB=1; %PDL (Maxwellian fiber)

%Pulse shape parameters:

ta_dB1=0.1; %PDL (Lumped sec. 1)

ta_dB2=0.1;
ta_dB3=0.1;
ta_dB4=0.1;
ta_dB5=0.1;
ta_dB6=0.1;
ta_dB7=0.1;
ta_dB8=0.1;
ta_dB9=0.1;

%PDL (Lumped sec.
%PDL (Lumped sec.
%PDL (Lumped sec.
%PDL (Lumped sec.
%PDL (Lumped sec.
%PDL (Lumped sec.
%PDL (Lumped sec.
%PDL (Lumped sec.

2)
3)
4)
5)
6)
7)
8)
9)

PDL values
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ta_dB10=0.1; %PDL (Lumped sec. 10)
dum11=3"pi/8;
temp11=1/(20*log10(exp(1)));
eta_ave=pdl_dB*temp11; %PDL (Maxwellian fiber)
eta2_ave=dum11*eta_ave*eta_ave; %<\eta’2> (Maxwellian fiber)
ta_1=ta_dB1*temp11; %PDL in dB (Lumped sec. 1)
ta_2=ta_dB2*temp11; %PDL in dB (Lumped sec. 2)
ta_3=ta_dB3*temp11; %PDL in dB (Lumped sec. 3)
ta_4=ta_dB4*temp11; %PDL in dB (Lumped sec. 4)
ta_5=ta_dB5*temp11; %PDL in dB (Lumped sec. 5)
ta_6=ta_dB6*temp11; %PDL in dB (Lumped sec. 6)
ta_7=ta_dB7*temp11; %PDL in dB (Lumped sec. 7)
ta_8=ta_dB8*temp11; %PDL in dB (Lumped sec. 8)
ta_9=ta_dB9*temp11; %PDL in dB (Lumped sec. 9)
ta_10=ta_dB10*temp11; %PDL in dB (Lumped sec. 10)
A_nd=exp(-eta2_ave-ta_1/2-ta_2/2-ta_3/2-ta_4/2-...
ta_5"2-ta_6/2-ta_7/2-ta_8"2-ta_9/2-ta_10/2);
A_n2=sqrt(A_n4);
A_n=sqrt(A_n2);
tem1=T2*(1-ch2)/4;
cT=ch*T;
D2T2=D2*T2;
p4=4"pi”pi;
%% % %% % % %% %Yo %e %% %% %% % %% PMD (ps)
start_ntau=1; %starting the loop; and one means ntau=0
for ntau=start_ntau:31;%floor(sqrt(Dtau_tot/dum11)*10)
ntau
Delta_tau=(ntau-1)/10;

Delta_tau_M2=dum11*Delta_tau*Delta_tau; %<Deita Taur2> in ps~2
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suu=Delta_tau_M2;%Delta_tau_lu2=Delta_tau_M2;

x=sqrt(suu/10);

su_1=x; % PMD in Lum. 1
su_2=X; % PMD in Lum. 2
su_3=Xx; % PMD in Lum. 3
su_4=x; % PMD in Lum. 4
su_5=x; % PMD in Lum. 5
su_6=x; % PMD in Lum. 6
su_7=x; % PMD in Lum. 7
su_8=x; % PMD in Lum. 8
su_9=x; % PMD in Lum. 9

su_10=x; % PMD in Lum. 10

% %% % % Yo %o %o %o %o % Yo %o %o Yo% Yo

srt=rho*sqrt(eta2_ave*Delta_tau_M2);

ex1=exp(eta2_ave/2);

ex12=exp(2*eta2_ave/3);

n=64; %Number of the points

tt_max=1*T+6.25; %Time axes in ps

%% %% % %o %o %o %o Yo Yo %o %o Yo %% Yo Yoo Yo Yo Yo Yo Ve Yo Yo Yo Yo e Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo Yo Yo
% FFT

limit_time=tt_max;

t=linspace(-limit_time,limit_time,n);

fm=exp(-(t+T/2).*(t+T/2)/(2*D2T2)*(1+i*ch)); %Gaussian pulse shape

fp=exp(-(t-T/2).*(t-T/2)/(2*D2T2)*(1+i*ch));

ftt=A*(fm+fp);

fwp=fft(ftt);

fw=conj(fwp)/n;%

[B1,B2]=meshgrid(fwp,fw);

z=B1."B2;
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Ts=(1(2)-t(1));
Ws=2*pi/Ts;
ww=Ws*(-n/2:(n/2)-1)/n;
[wp,w]l=meshgrid(ww);
CD_w=exp(-i*(bet2*w.*w/2+bet3*w.A3/6));
CD_wp=exp(i*(bet2*wp.*wp/2+bet3*wp.A3/6));
CD=CD_w.*CD_wp;
WMWpP=w-wp;
Gamma_0n1=exp(-Delta_tau_M2*(w-wp).A2/8)*ex1.*exp(i*(w-wp)*srt/2);
II_1=cosh(ta_1)*cos(su_1*wmwp)+i*(rho_1)*sinh(ta_1)*sin(su_1*wmwp);
lI_2=cosh(ta_2)*cos(su_2*wmwp)+i*(rho_2)*sinh(ta_2)*sin(su_2*wmwp);
lI_3=cosh(ta_3)*cos(su_3*wmwp)+i*(rho_3)*sinh(ta_3)*sin(su_3*wmwp);
li_4=cosh(ta_4)*cos(su_4*wmwp)+i*(rho_4)*sinh(ta_4)*sin(su_4*wmwp);
l_5=cosh(ta_5)*cos(su_5*wmwp)+i*(rho_5)*sinh(ta_5)"sin(su_5*wmwp);
II_6=cosh(ta_6)*cos(su_6*wmwp)+i*(rho_6)*sinh(ta_6)*sin(su_6*wmwp);
Il_7=cosh(ta_7)*cos(su_7*wmwp)+i*(rho_7)*sinh(ta_7)*sin(su_7*wmwp);
Il_8=cosh(ta_8)*cos(su_8*wmwp)+i*(rho_8)*sinh(ta_8)*sin(su_8*wmwp);
lI_9=cosh(ta_9)*cos(su_9*wmwp)+i*(rho_9)*sinh(ta_9)*sin(su_9*wmwp);
lI_10=cosh(ta_10)*cos(su_10*"wmwp)+i*(rho_10)*sinh(ta_10)*sin(su_10*"wmwp);
Gamma_0=Gamma_0n1;
H=N_1.*1_2.41_3.1_4.*1_5.41_6.*_7."1_8.%...

I1_9.*1_10;
gg=CD.*Gamma_0."ll;%exp(i*(w1-w2));
g_sh=fftshift(gg); %.*cstt;%.*
g=g_sh;
zg=z."g;
% %% %o %% %o %o Yo %o %o Yo% Yo Yo Yo Yo Yo %o Yo Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

% Intensity

| =2z
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Ig=2g;%ones(n,n);

for p = 1:2:length(size(z))
| = fft(L[1,p);

| = ifft(l,[],p+1);

ig= fft(lg,(1.p);
Ig=ifft(lg,(l.p+1);

end

I_i=real(diag(l));
I_o=A_n2*real(diag(lg));

%figure;plot(t,l_i,".-',t,I_o,-0"
I_in=Il_i;
I_out=l_o;

clear Gamma_0;

% %% %o % %% Yo% %o %o %o %o %o Yo %o Yo Yo Yo Yo Yo Yo %o Yo Yo Yo Yo Yo %o Yo %o Yoo Yo Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Y Yo

g_var=g; clear g;
CD_sh=fftshift(CD);
q1=(w-wp);
q1_sh=fftshift(q1);
q3=w+wp;
q3_sh=fitshift(q3);

clear m;

for k=1:n

K;

for m=1:n
t1=(q1./2+q1_sh(m,k)"2)/4,
t2=((g3-g3_sh(m k))."2)/4;
t3=srt*(q1+q1_sh(m,k))/2;
t4=q1*q1_sh(m,k)/4;

% Variance
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hp=2*eta2_ave/3-Delta_tau_M2*(t1+t2/2)/3+2**t3/3;
f=eta2_ave/3-Delta_tau_M2*(t1-t2)/6+i*t3/3;
d=eta2_ave-Delta_tau_M2*t4+i*t3;
g=sqrt(f.*f+d.*d/3);
ex3=exp(hp);
if abs(g)<10/(-9)

sh=1;
else

sh=sinh(g)./qg;
end
%Lumped section No.1
sul_1=su_17q3;
su1_sh_1=su_1*q3_sh(m,k);
su2_1=su_1*qt;
su2_sh_1=su_1*q1_sh(m,k);
su3_1=su_1*(q1+q1_sh(m,k));
su4_1=su_1*(q3-q3_sh(m,k));
Hw1_1=cos(su2_1).*cos(su2_sh_1);
Hw2_1=sin(su3_1);
Hw3_1=sin(su2_1).*sin(su2_sh_1);
Hw4_1=sin(su1_1).*sin(su1_sh_1);
Hw5_1=cos(su2_1)-cos(sul_1);
Hw6_1=cos(su2_sh_1)-cos(sul_sh_1);
chta_1=cosh(ta_1),
shta_1=sinh(ta_1);
ch2ta_1=cosh(2*ta_1);
sh2ta_1=sinh(2*ta_1);
F11=chta_1.*chta_1."Hw1_1+...
+(i/2)*sh2ta_1.*Hw2_1*rho_1-...

154



shta_1.*shta_1*"Hw3_1*rho_1*rho_1;
F12=shta_1.*shta_1*(Hw1_1+Hw4_1)/3-chta_1.*chta_1*Hw3_1/3+...
(i/2)*rho_1*sh2ta_1*(Hw2_1+sin(su2_1)*"Hw6_1+...
sin(su2_sh_1).*Hw5_1)/3+...
rho_1*rho_1*shta_1.*shta_1*(cos(su2_1)*Hw6_1+...
cos(su2_sh_1).*Hw5_1-Hw4_1)/3;
F21=shta_1."shta_1*Hw1_1-Hw3_1+rho_1*(i*shta_1*chta_1*Hw2_1-...
shta_1.*shta_1*Hw3_1);

F22= (2/3)*cos(su4_1)+Hw1_1/3+...
shta_1.*shta_1*(cos(su4_1)-Hw3_1)/3+...
(i/2)*rho_1*sh2ta_1*Hw2_1/3+...
rho_1*rho_1*shta_1.*shta_1*(Hw1_1-cos(su4_1))/3;
%Lumped section No.2

sul_2=su_2%q3;

sui_sh_2=su_2*q3_sh(m,k);

su2_2=su_2%q1;

su2_sh_2=su_2*q1_sh(m,k);
su3_2=su_2*(q1+q1_sh(m,k));
su4_2=su_2*(q3-q3_sh(m,k));
Hw1_2=cos(su2_2).*cos(su2_sh_2);
Hw2_2=sin(su3_2);
Hw3_2=sin(su2_2).*sin(su2_sh_2);
Hw4_2=sin(su1_2).*sin(su1_sh_2);
Hw5_2=cos(su2_2)-cos(sul_2);
Hw6_2=cos(su2_sh_2)-cos(sul_sh_2);
chta_2=cosh(ta_2);

shta_2=sinh(ta_2);

ch2ta_2=cosh(2*ta_2);

sh2ta_2=sinh(2*ta_2);
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S11=chta_2.*chta_2.*Hw1_2+...

+(i/2)*sh2ta_2.*Hw2_2*rho_2-...
shta_2.*shta_2*Hw3_2*rho_2*rho_2;
S12=shta_2.*shta_2*(Hw1_2+Hw4_2)/3-chta_2.*chta_2*Hw3_2/3+...
(i/12)*rho_2*sh2ta_2*(Hw2_2+sin(su2_2)*Hw6_2+...
sin(su2_sh_2).*Hw5_2)/3+...
rho_2*rho_2*shta_2.*shta_2*(cos(su2_2)*Hw6_2+...
cos(su2_sh_2).*"Hw5_2-Hw4_2)/3;

S21=shta_2.*shta_2*Hw1_2-Hw3_2+rho_2*(i*shta_2*chta_2*Hw2_2-...

shta_2.*shta_2*Hw3_2);
S$22=(2/3)*cos(sud_2)+Hw1_2/3+...
shta_2.*shta_2*(cos(su4_2)-Hw3_2)/3+...
(i/2)*rho_2*sh2ta_2*Hw2_2/3+...
rho_2*rho_2*shta_2.*shta_2*(Hw1_2-cos(su4_2))/3;
%Lumped section No.3

sul_3=su_3*q3;
sul_sh_3=su_3*q3_sh(m,k);
su2_3=su_3*q1;
su2_sh_3=su_3*q1_sh(m,k);
su3_3=su_3*(q1+q1_sh(m,k));
sud_3=su_3*(q3-q3_sh(m,k));
Hw1_3=cos(su2_3).*cos(su2_sh_3);
Hw2_3=sin(su3_3);
Hw3_3=sin(su2_3).*sin(su2_sh_3);
Hw4_3=sin(su1_3).*sin(su1_sh_3);
Hw5_3=cos(su2_3)-cos(sul_3);
Hw6_3=cos(su2_sh_3)-cos(sul_sh_3);
chta_3=cosh(ta_3);

shta_3=sinh(ta_3);
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ch2ta_3=cosh(2*ta_3);

sh2ta_3=sinh(2*ta_3);

T11=chta_3.*chta_3."Hw1_3+...

+(i/2)*sh2ta_3.*Hw2_3*rho_3-...
shta_3.*shta_3*Hw3_3*rho_3*rho_3;
T12=shta_3.*shta_3*(Hw1_3+Hw4_3)/3-chta_3.*chta_3*Hw3_3/3+...
(i/2)*rho_3*sh2ta_3*(Hw2_3+sin(su2_3)*Hw6_3+...
sin(su2_sh_3).*Hw5_3)/3+...
rho_3*rho_38*shta_3.*shta_3*(cos(su2_3)*Hw6_3+...
cos(su2_sh_2).*Hw5_3-Hw4 _3)/3;

T21=shta_3.*shta_3*Hw1_3-Hw3_3+rho_3*(i*shta_3*chta_3*Hw2_3-...

shta_3.*shta_3*Hw3_3);

T22= (2/3)*cos(su4_3)+Hw1_3/3+...
shta_3.*shta_3*(cos(su4_3)-Hw3_3)/3+...
(i/2)*rho_3*sh2ta_3*Hw2_3/3+...
rho_3*rho_3*shta_3.*shta_3*(Hw1_3-cos(su4_3))/3;
%Lumped section No.4

sul_4=su_4"q3;
sul_sh_4=su_4*q3_sh(m,k);
su2_4=su_4*q1;
su2_sh_4=su_4"q1_sh(m,k);
su3_4=su_4*(g1+q1_sh(m,k));
su4_4=su_4*(q3-q3_sh(m,k));
Hw1_4=cos(su2_4).*cos(su2_sh_4);
Hw2_4=sin(su3_4);
Hw3_4=sin(su2_4).*sin(su2_sh_4);
Hw4_4=sin(su1_4).*sin(su1_sh_4);
Hw5_4=cos(su2_4)-cos(sul_4);
Hw6_4=cos(su2_sh_4)-cos(sui_sh_4);
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chta_4=cosh(ta_4);

shta_4=sinh(ta_4);

ch2ta_4=cosh(2*ta_4);

sh2ta_4=sinh(2*ta_4);
O11=chta_4.*chta_4."Hw1_4+...
+(i/2)*sh2ta_4.*Hw2_4*rho_4-...
shta_4.*shta_4*Hw3_4*rho_4"rho_4;
O12=shta_4.*shta_4*(Hw1_4+Hw4_4)/3-chta_4.*chta_4*Hw3_4/3+...
(i/2)*rho_4*sh2ta_4*(Hw2_4+sin(su2_4)*Hw6_4+...
sin(su2_sh_4).*Hw5_4)/3+...
rho_4*rho_4*shta_4.*shta_4*(cos(su2_4)*"Hw6_4+...
cos(su2_sh_4).*Hw5_4-Hw4_4)/3;

0O21=shta_4.*shta_4*Hw1_4-Hw3_4+rho_4*(i*shta_4*chta_4*Hw2_4-...

shta_4.*shta_4*Hw3_4);

022= (2/3)*cos(su4_4)+Hw1_4/3+...
shta_4.*shta_4*(cos(su4_4)-Hw3_4)/3+...
(i/2)*rho_4*sh2ta_4*Hw2_4/3+...
rho_4*rho_4*shta_4.*shta_4*(Hw1_4-cos(su4_4))/3;
%Lumped section No.5

sul_5=su_5%q3;
su1_sh_5=su_5"q3_sh(m,k);
su2_5=su_5*q1;
su2_sh_5=su_5*q1_sh(m,k);
su3_5=su_5*(q1+q1_sh(m,k));
su4_5=su_5*(q3-q3_sh(m,k));
Hw1_5=cos(su2_5).*cos(su2_sh_5);
Hw2_5=sin(su3_5);
Hw3_5=sin(su2_5).*sin(su2_sh_5);

Hw4_5=sin(sut_5).*sin(su1_sh_5);
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Hw5_5=cos(su2_5)-cos(sul_5);
Hw6_5=cos(su2_sh_5)-cos(su1_sh_5);
chta_5=cosh(ta_5);

shta_5=sinh(ta_5);

ch2ta_5=cosh(2*ta_5);

sh2ta_5=sinh(2*ta_5);
V11=chta_5.*chta_5."Hw1_5+...
+(i/2)*sh2ta_5."Hw2_5*rho_5-...
shta_5.*shta_5"Hw3_5"rho_5"rho_5;
V12=shta_5.*shta_5"(Hw1_5+Hw4_5)/3-chta_5."chta_5*Hw3_5/3+...
(i/2)*rho_5*sh2ta_5*(Hw2_5+sin(su2_5)*"Hw6_5+...
sin(su2_sh_5).*"Hw5_5)/3+...
rho_5*rho_5*shta_5."shta_5*(cos(su2_5)*"Hw6_5+...
cos(su2_sh_5).*Hw5_5-Hw4_5)/3;

V21=shta_5.*shta_5*Hw1_5-Hw3_5+rho_5*(i*shta_5*chta_5*Hw2_5-...

shta_5.*shta_5*"Hw3_5);

V22= (2/3)*cos(su4_5)+Hw1_5/3+...
shta_5.*shta_5*(cos(su4_5)-Hw3_5)/3+...
(i/2)*rho_5*sh2ta_5*"Hw2_5/3+...
rho_5*rho_5*shta_5.*shta_5*(Hw1_5-cos(su4_5))/3;
Y%Lumped section No.6

sul_6=su_6"q3;
sui_sh_6=su_6"q3_sh(m,k);
su2_6=su_6"q1;
su2_sh_6=su_6*q1_sh(m,k);
su3_6=su_6*(q1+q1_sh(m,k));

v su4_6=su_6*(q3-q3_sh(m,k));
Hw1_6=cos(su2_6).*cos(su2_sh_6);
Hw2_6=sin(su3_6);
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Hw3_6=sin(su2_6).*sin(su2_sh_6);
Hw4_6=sin(su1_6).*sin(su1_sh_6);
Hw5_6=cos(su2_6)-cos(sul_6);
Hw6_6=cos(su2_sh_6)-cos(su1_sh_6);
chta_6=cosh(ta_6);

shta_6=sinh(ta_6);

ch2ta_6=cosh(2*ta_6);

sh2ta_6=sinh(2*ta_6);
X11=chta_6."chta_6."Hw1_6+...
+(i/2)*sh2ta_6.*Hw2_6*rho_6-...
shta_6."shta_6*Hw3_6"rho_6*rho_6;
X12=shta_6.*shta_6*(Hw1_6+Hw4_6)/3-chta_6.*chta_6*"Hw3_6/3+...
(i/2)*rho_6*sh2ta_6*(Hw2_6+sin(su2_6)*Hw6_6+...
sin(su2_sh_6).*Hw5_6)/3+. .
rho_6*rho_6*shta_6.*shta_6*(cos(su2_6)*Hw6_6+...
cos(su2_sh_6).*Hw5_6-Hw4_6)/3;

X21=shta_6.*shta_6*Hw1_6-Hw3_6+rho_6*(i*shta_6*chta_6"Hw2_6-...

shta_6.*shta_6*"Hw3_6);

X22= (2/3)*cos(su4_6)+Hw1_6/3+...
shta_6.*shta_6"(cos(su4_6)-Hw3_6)/3+...
(i/2)*rho_6"sh2ta_6*"Hw2_6/3+...
rho_6*rho_6*shta_6.*shta_6*(Hw1_6-cos(su4_6))/3;
%Lumped section No.7

sui_7=su_7%q3;
sul_sh_7=su_7*q3_sh(m,k);
su2_7=su_7*qt;
su2_sh_7=su_7*q1_sh(m,k);
su3_7=su_7*(q1+q1_sh(mk));
sud_7=su_7*(g3-q3_sh(m,k));
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Hw1_7=cos(su2_7).*cos(su2_sh_7);
Hw2_7=sin(su3_7);
Hw3_7=sin(su2_7).*sin(su2_sh_7);
Hw4_7=sin(sul_7).*sin(su1_sh_7);
Hw5_7=cos(su2_7)-cos(sul_7);
Hw6_7=cos(su2_sh_7)-cos(sul_sh_7);
chta_7=cosh(ta_7);

shta_7=sinh(ta_7);

ch2ta_7=cosh(2*ta_7);

sh2ta_7=sinh(2*ta_7);
N11=chta_7.*chta_7."Hw1_7+...
+(i/2)*sh2ta_7.*Hw2_7*rho_7-...
shta_7.*shta_7*Hw3_7*rho_7*rho_7;
N12=shta_7.*shta_7*(Hw1_7+Hw4_7)/3-chta_7.*chta_7*Hw3_7/3+...
(i/2)*rho_7*sh2ta_7*(Hw2_7+sin(su2_7)*Hw6_7+...
sin(su2_sh_7).*Hw5_7)/3+...
rho_7*rho_7*shta_7.*shta_7*(cos(su2_7)*"Hw6_7+...
cos(su2_sh_7).*Hw5_7-Hw4_7)/3;

N21=shta_7.*shta_7*Hw1_7-Hw3_7+rho_7*(i*shta_7*chta_7*Hw2_7-...

shta_7.*shta_7*Hw3_7);

N22= (2/3)*cos(sud_7)+Hw1_7/3+...
shta_7.*shta_7*(cos(su4_7)-Hw3_7)/3+...
(i/2)*rho_7*sh2ta_7*Hw2_7/3+...
rho_7*rho_7*shta_7.*shta_7*(Hw1_7-cos(su4_7))/3;
Y%Lumped section No.8

sut_8=su_8"q3;

sui_sh_8=su_8*q3_sh(m,k);

su2_8=su_8*qt;

su2_sh_8=su_8"q1_sh(m,k);
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su3_8=su_8*(q1+q1_sh(mk));
su4_8=su_8*(q3-q3_sh(m,k));
Hw1_8=cos(su2_8).*cos(su2_sh_8);
Hw2_8=sin(su3_8);
Hw3_8=sin(su2_8)."sin(su2_sh_8);
Hw4_8=sin(su1_8).*sin(su1_sh_8);
Hw5_8=cos(su2_8)-cos(sul_8);
Hw6_8=cos(su2_sh_8)-cos(su1_sh_8);
chta_8=cosh(ta_8);

shta_8=sinh(ta_8);

ch2ta_8=cosh(2*ta_8);

sh2ta_8=sinh(2*ta_8);
Et11=chta_8.*chta_8."Hw1_8+...
+(i/2)*sh2ta_8.*Hw2_8*rho_8-...
shta_8."shta_8*Hw3_8*rho_8*rho_8;
E12=shta_8.*shta_8*(Hw1_8+Hw4_8)/3-chta_8.*chta_8*Hw3_8/3+...
(i/2)*rho_8*sh2ta_8*(Hw2_8+sin(su2_8)*Hw6_8+...
sin(su2_sh_8).*Hw5_8)/3+...
rho_8*rho_8*shta_8."shta_8*(cos(su2_8)*Hw6_8+...
cos(su2_sh_8).*Hw5_8-Hw4_8)/3;

E21=shta_8.*shta_8"Hw1_8-Hw3_8+rho_8*(i*shta_8*chta_8*Hw2_8-...

shta_8."shta_8*Hw3_8);

E22= (2/3)*cos(su4_8)+Hw1_8/3+...
shta_8.*shta_8*(cos(su4_8)-Hw3_8)/3+...
(i/2)*rho_8*sh2ta_8*Hw2_8/3+...
rho_8*rho_8*shta_8.*shta_8*(Hw1_8-cos(su4_8))/3;
%Lumped section No.9

su1_9=su_9%q3;

sul_sh_9=su_9*q3_sh(m,k);
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su2_9=su_9*qt;

su2_sh_9=su_9*q1_sh(m,k);
su3_9=su_9*(q1+q1_sh(m,k));
su4_9=su_9*(q3-q3_sh(m,k));
Hw1_9=cos(su2_9).*cos(su2_sh_9);
Hw2_9=sin(su3_9);
Hw3_9=sin(su2_9).*sin(su2_sh_9);
'Hw4_9=sin(su1 _9).*sin(su1_sh_9);
Hw5_9=cos(su2_9)-cos(sui_9);
Hw6_9=cos(su2_sh_9)-cos(su1_sh_9);
chta_9=cosh(ta_9);

shta_9=sinh(ta_9);

ch2ta_9=cosh(2*ta_9);

sh2ta_9=sinh(2*ta_9);
G11=chta_9.*chta_9.*"Hw1_9+...
+(i/2)*sh2ta_9.*Hw2_9*rho_9-...
shta_9.*shta_9*Hw3_9*rho_9*rho_9;
G12=shta_9.*shta_9*(Hw1_9+Hw4_9)/3-chta_9.*chta_9*Hw3_9/3+...
(i/2)*rho_9*sh2ta_9*(Hw2_9+sin(su2_9)*Hw6_9+...
sin(su2_sh_9).*Hw5_9)/3+...
rho_9*rho_9*shta_9.*shta_9*(cos(su2_9)*Hw6_9+...
cos(su2_sh_9).*Hw5_9-Hw4_9)/3;

G21=shta_9.*shta_9*Hw1_9-Hw3_9+rho_9*(i*shta_9*chta_9*Hw2_09-...

shta_9.*shta_9*Hw3_9);

G22= (2/3)*cos(su4_9)+Hw1_9/3+...
shta_9.*shta_9*(cos(su4_9)-Hw3_9)/3+...
(i/2)*rho_9*sh2ta_9*Hw2_9/3+...
rho_9*rho_9*shta_9.*shta_9*(Hw1_9-cos(su4_9))/3;

%Lupmed section No.10
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sui_10=su_10"q3;

su1_sh_10=su_10*q3_sh(m,k);

su2_10=su_10%g1;

su2_sh_10=su_10*q1_sh(m,k);
su3_10=su_10*(g1+g1_sh(m,k));
su4_10=su_10%*(q3-q3_sh(m,k));
Hw1_10=cos(su2_10).*cos(su2_sh_10);
Hw2_10=sin(su3_10);
Hw3_10=sin(su2_10).*sin(su2_sh_10);
Hw4_10=sin(su1_10).*sin(su1_sh_10);
Hw5_10=cos(su2_10)-cos(su1_10);
Hw6_10=cos(su2_sh_10)-cos(su1_sh_10);
chta_10=cosh(ta_10);

shta_10=sinh(ta_10);

ch2ta_10=cosh(2*ta_10);

sh2ta_10=sinh(2*ta_10);
P11=chta_10.*chta_10.*Hw1_10+...
+(i/2)*sh2ta_10.*Hw2_10*rho_10-...
shta_10.*shta_10*"Hw3_10*rho_10*rho_10;
P12=shta_10.*shta_10*(Hw1_10+Hw4_10)/3-chta_10.*chta_10*Hw3_10/3+...
(i/2)*rho_10*sh2ta_10*(Hw2_10+sin(su2_10)*Hw6_10+...
sin(su2_sh_10).*Hw5_10)/3+...
rho_10*rho_10*shta_10.*shta_10*(cos(su2_10)*Hw6_10+...
cos(su2_sh_10).*Hw5_10-Hw4_10)/3;

P21=shta_10.*shta_10*Hw1_10-Hw3_10+rho_10*(i*shta_10*chta_10*Hw2_10-...

shta_10.*shta_10*Hw3_10);

P22= (2/3)*cos(su4_10)+Hw1_10/3+...
shta_10.*shta_10*(cos(su4_10)-Hw3_10)/3+...
(i/2)*rho_10*sh2ta_10*Hw2_10/3+...
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rho_10*rho_10*shta_10.*shta_10*(Hw1_10-cos(su4_10))/3;
%% %% %% %o Yo %o Yo %o %6 %o %o Yo Yo %o Yo Yo Yo Yo Yo Yo Vo Yo Yo Yo Vo Yo Vo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o
clear Gamma_0O,clear Gamma
temp11=ex3.*cosh(g);
temp22=ex3."sh;
temp33=temp22.*f;
temp44=temp22.*d;

M11=temp11+temp33;

M12=temp44/3;

M21=temp44;

M22=temp11-temp33;
% % %% %% % %o %o %o Yo Yo %o Yo %o Yo Yo Ve Yo Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
AO1=F11;

AO2=F21;

BO1=S11.*A01+S12.*A02;

BO2=821.*A01+S22.*A02;

CO1=T11."BO1+T12.*BO2;

C02=T21."BO1+T22.*BO2;

DO1=011.*CO1+012.*CO2;

D02=021.*CO1+022.*CO2;

EO1=V11.*DO1+V12.*DO2;

E02=V21.*DO1+V22."DO2; %5 lumped sections
FO1=X11.*EO1+X12."EO2;

FO2=X21."EO1+X22.*EO2;

LO1=N11.*FO1+N12.*FO2;

LO2=N21.*FO1+N22.*FO2;

HO1=E11.*LO1+E12.*LO2;

HO2=E21.*LO1+E22.*LO2;

PO1=G11.*HO1+G12.*HO2;
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P0O2=G21.*HO1+G22."HOZ2;
UO1=P11.*PO1+P12.PO2;
U02=P21.*PO1+P22.*PO2;
Z01=M11.*UO1+M12.7UQO2;
Z02=M21."UO01+M22.*UQ2;

%10 lumped sections

%% %% %o %o Yo %o Yo %o Yo %o Yo Yo %o %o Vo %o %0 %0 %o Yo Yo %o Yo %o Yo Yo Yo Yo Yo %o Yo Yo Yo %o Yo Yo %o %o %o Yo Yo% YoV %o

Gamma_0=Z01;
Gamma=Z202;

GpG=Gamma_0+Gamma/3;

funct=GpG;
funct_s=fftshift(funct);
2=z
I12g=z.*CD_sh.*funct_s;
for j = 1:2:length(size(z))
12 = fft(12,{1,j);

12 = ifft(12,[],j+1);

12g= fft(129,[].));

12g= ifft(12g,{],j+1);

end

DI2=diag(12);
DI2_m(m,:)=DI2",
Dl2g=diag(l2g);
DI2g_m(m,:)=Dl2g';
end
Di2_km(k,:,:)=DI2_m;
Di2g_km(k,:,:)=Dl2g_m;
end

gp_i=ones(n,n);

zgp_i=ones(n,n,n),
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gp=ones(n,n);
zgp1=ones(n,n,n);

for j=1:n
gp_i(:,:)=DI12_km(:,:,j);
gp(:,:)=DI2g_km(:,:,);
2z=z.*Qp_i;
zz3(:,:,j)=2z(:,3);
zgp=z.*gp.*CD_sh;
zgp1(:,i)=zgp(:,2);
end
Ip_i3=ones(n,n,n);
Igp_o3=o0nes(n,n,n);
Ip = ones(n,n);
Igp=ones(n,n);

for j=1:n
Ip(:,)=2z3(:,:,j);
lgp(:,:)=2gp1(50);

for p = 1:2:length(size(z))
Ip = fft(Ip.[1,p);

Ip = ifft(Ip,[],p+1);
lgp= fft(Igp.{1,p);

Igp= ifft(lgp,[],p+1);
end

Ip_i3(j,:,)=Ip(:,:);
Igp_03(j,:,:)=1gp(:);
end

forj=1:n
Ip_i()=real(ip_i3(..J));
Ip_o(j)=A_n4*real(igp_03(},j,j));%
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end

sigm=sqrt(lp_o'-I_out.”l_out);
Ima=max(l_out);
k_max=find(I_out==Ima);
I_mi=zeros(n,1);

for j=2:n-1

D_b=I_out(j)-I_out(j-1);
D_a=I_out(j+1)-1_out(j);

if((D_b<0) & (D_a>0))
I_mi(j)=I_out(j);

end

end

Imi=max(l_mi);
k_min=find(I_mi==Imi);
Q_fac=(l_out(k_max)-1_out(k_min))/(sigm(k_max)+sigm(k_min))
Qf(ntau)=Q_fac;
DTM(ntau)=Delta_tau_M2;
total_Delta_tau2=Delta_tau_M2+suu;
TDT(ntau)=total_Delta_tau2;
ss_max(ntau)=sigm(k_max);
ss_min(ntau)=sigm(k_min);
ssu(ntau)=suu;

end %end (nbetal)
figure;plot(TDT(start_ntau:end),Qf(start_ntau:end),"-")

toc
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Appendix C

The explicit forms of the nine terms included in the expression < Eout(w)lﬁout(w) >

in chapter 6 are :
S, = { o~ (VI @)+9 (D (@) (VD @)+ ¥ ) () } y

< Ein(®)|T1 (@1, @)TH@DT (72, O)TH@DT(@)T (72, )T (E)T (Fy, )| Ein (@) >,

535, ={e ~i(¥E7 (@) ot (‘fo(w>)}x< & ™ ()| TH(#,, O)TH@)T(@)T(E w) [, ™ (@) >,
§3S; =< é (n)(w) e (")(w) >,
515, = (e (VR @OWE@) (V@) ]
< B [T (2 )T (@)TH (B, )T (@)@ T (o) 2, w) >,

SiS, = {e—i(wff @) (¥R @)+ ¥ D () } o

< &,"™(®)| TT(2, @) TT(@DT(@)T (B 0)T(@)T (2, 0)|Ein(w) >,

(@wCDy¢, CD, .
S1S; = {e—l(% (@495 (@) } < En(@)|T7 @ )TH(@)T! (7, ) &™(w) >,

D CcD -
535, = (e (VE@HWE@) ) < 8,0 ()| T(@)T (@, ) T(@)T (g, 0)|Ein (@) >,

5385 = [ VE@)} < 8, @) 112, 6)T1(@2) |2, (@) >,

535, = [ PE @)} < 8,7 (6)| T(@)T(E 0) |6, (@) >.
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Appendix D

Newton’s method to solve the equation

}— == Y

.M 202’5 A-0A5/2) | o 1
j=1 [1 - o24;5] [1-o243]" §

Starting with § = s,, the roots of this equation (saddle points) are the limit of the

sequence
. . d)tk(g)
Sn+1 = Sn T 7
d)tk(S)

The starting point has to be in the range ~maxlotA, | <$§p < maxlo?A, |

The second derivative of @, (3) is given by

{ }+

@, (3) = ZM (2|5, (a%4))* N 4202|B ") (20%4) [1 - o24;5/2]5
tr - . 217 =« 3 — 3
j=t [1=024;8] " [1-0245] [1— 0243]

1
($)?

The iteration is stopped when [3,.; — §,| falls below 10712,
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Appendix E

% Bit Error Rate Calculation Code

Tic
clear;
format long e;
T=100; % Pulse width in ps
T2=T*T;
m=11;
n=32*m;
n_noise=11; % n_noise=2*M+1, M=(n_noise-1)/2
t_tilda=T; % (DPSK)
%t_tilda=0; % (OOK)
ss=0.01; % y_th (DPSK)
%ss=0.48; % y_th (OOK)
ss;
gamma_th=ss/100; % the decision threshold
h_planck= 6.626068e-34; %Planck's constant (j.s)= m2kg /s
cLV=3*10"8; %light velocity
pi2=pi*2;
cc=pi2*cLV*107-3; %nm/ps

p4=4"pi*pi;
Disp_1=17; % D (ps/nm)
Disp_2=17;

lambda_0=1550; % The wavelength

omega_0=cc/lambda_0;
BOT=1.2; % Optical filter bandwidth
L_1=(10/17)*100; % The length of the first section
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L_2=(10/17)*100; % The length of the second section

%% %% Y6 % %Yo Yo Yo Yo Yo Yo Noise parameters

eta_1_t=0;

eta_2_t=1;

etan_1=sqrt(eta_1_t);

etan_2=sqrt(eta_2_t);

%% %% %% Yoo Yoo %o %Yo BMD , PDL
dir=rand(1,3);

Delta_tau_dir_1=dir/norm(dir);
Delta_tau_1=20"norm(Delta_tau_dir_1); %ps
%Delta_tau_1=107-99; %ps comparesion
dir=rand(1,3);

Delta_tau_dir_2=dir/norm(dir);
Delta_tau_2=20*norm(Delta_tau_dir_2); %ps
%Delta_tau_2=10"-99; %ps comparesion
dir=rand(1,3);

pdi_dB_dir_1=1*dir/norm(dir);
pdl_dB_1=(0)*norm(pdi_dB_dir_1); %dB
%pdi_dB_1=107-99; %dB comparison
dir=rand(1,3);

pdl_dB_dir_2=1*dir/norm(dir);
pdl_dB_2=(1)*"norm(pdI_dB_dir_2); %dB
%pdl_dB_2=10"-99; %dB comparison
eta_1=pdi_dB_1/(20*log10(exp(1)));
eta_2=pdi_dB_2/(20*log10(exp(1)));
dot_1=dot(Delta_tau_dir_1,pdl_dB_dir_1);
dot_2=dot(Delta_tau_dir_2,pdl_dB_dir_2);
cross_1=cross(Delta_tau_dir_1,pdl_dB_dir_1);

cross_2=cross(Delta_tau_dir_2,pdl_dB_dir_2);
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exeta_1=exp(-eta_1);
exeta_2=exp(-eta_2);
exeta_im=1-exeta_1,
exeta_1p=1+exeta_1;
exeta_2m=1-exeta_2;
exeta_2p=1+exeta_2;
eta_1_2=eta_1.*eta_1,
eta_2_2=eta_2.*eta_2;
eta2_ave=eta_1_2."eta_2_2;
A_nd=exp(-eta2_ave);
A_n2=sqrt(A_n4);
%% %% %% %o % Yo% %Yo Gaussian variance <Delta"2>
N=32;
neu_0=cLV/(lambda_0*(107(-9)));
photon_energy=h_planck*neu_0;
n_sp=1; % spontaneous emission parameter [1.4-4]
N_0=n_sp*photon_energy; % (amplifier_gain_1-1/amplifier_gain_1);
meu=0.72; % dimentionless parameter =~0.6 0.8 1
B_ON=BOT*(10M2)/T; % noise equivalent bandwidth ofoptical lowpass filter
B_RN=0.65*(10M2)/T; % noise equivalent ofpostdetection filter
T_0=meu*((1/B_ON)+(1/B_RN))*(10M2);
% Gauss_variance=N_0/(2*T_0);
% Gauss_Variance_2=2* Gauss_variance;
sss=[];
for s=1:3
S
Input_SNR=s+9; %dB
Input_SNR;
In_SNR_Dless=10~(Input_SNR/10);
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%% %% %% Yo %o %o %o Yo% Yo %o %Yo Noise

E_b=T*10"-3;

Gauss_variance=E_b/(2*T_0*In_SNR_Dless);

Gauss_Variance_2=2" Gauss_variance;

Y% %% Y% %% %o Yo %Yo Yo Yo% Yo% Input state of polarization

seta=1*(pi/4);

fai=1*(pi/4);

m_in=[sin(seta)*cos(fai) sin(seta)*sin(fai) cos(seta)];

m_p=[cos(seta)*cos(fai)-i*sin(fai) cos(seta)*sin(fai)+...
i*cos(fai) -sin(seta)];

% m_p=[sin(seta/2)"2*exp(i*fai)-cos(seta/2)"2*exp(-i*fai)...

% -i*sin(seta/2)"2*exp(i*fai)-i*cos(seta/2)"2*exp(-i*fai) sin(seta)];

m_ps=conj(m_p);

aaa=56;

%% %%

for bin=1:32

bin

plu=bin-1;

NoP=32;

if (bin<6)
qqqg=-1;

elseif (bin<9)
qqqg=1;

elseif (bin<10)
qqq=-1;

elseif (bin<15)
qqq=1;

elseif (bin<17)

qqq=-1;
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elseif (bin<18)
qqg=1;
elseif (bin<19)
qqq=-1;
elseif (bin<21)
qag="1;
elseif (bin<22)
qaq=-1;
elseif (bin<23)
qqq=1;
elseif (bin<24)
qag=-1;
elseif (bin<24)
qqg=1;
elseif (bin<27)
qqq=-1;
elseif (bin<29)
qqq=1;
elseif (bin<32)
qqg=-1;
elseif (bin<33)
qqg="1;
end

QQ=qqq;

norma=sqrt(T/sqri(pi));
A_in=sqrt(2*E_b/(T*(10"-12)));

L=(n-1)/2;

t=linspace(0,NoP*T,n);

t_k=aaa+plu*T;
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%% %% %% %o %% % % % Pulse shape
%%%%  Gaussian Pulse
% [fin,NoP]=f_in_t(t, T,D2T2,ch,2,NoP);
% ftt=A_in*fin;/sq
%%%% Rised COSINE
[fin_33,fin_50,fin_67,NoP]=RZ_inputP_dpsk(t,T,NoP);
fit=A_in*fin_33;
%ftt=A*fin_50;
%ftt=A*fin_67;
fttc=conij(ftt);
fw=fft(ftt);% Fourier-transform of the input field
fwp=conj(fw)/n;
fw_fwp=fw.*fwp;
fttc=conj(ftt)/n;
[B1,B2]=meshgrid(fw,fwp);
z=(B1."B2);
%% Yo% Yo% Yo %o Yo %o %Yo L=linspace(0,NoP*T,n);
L=(n-1)/2;
Ws=2"pi/(N*T);
ww=Ws*(-L:L);%Ws*L;% wwp=-Ws*L,;
[wp,w]=meshgrid(ww);
WMWp=wp-Ww;
% %o %Yo %Yo Yoo Yo %o % %o The optical filter (Fabry-Perot opticalfilter (FFP) )
wBand=B_ON;% 0.90=900 Ghz
Half_wB=wBand/2; % 0.450==450 GHz( 10"9 Hz )
H_o=1./(1+i*(w)/(pi*B_ON)); % the transfer function ofthe FFP
H_op=1./(1-i*(wp)/(pi*B_ON));
H_opc=conj(H_op);

for ll=1:n
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Il;

H_oc(ll,l)=H_o(IL,1);
H_opc(IlL,1=H_op(ILlI);
H_opcc(liLI)=H_opc(ll,I);

end

% %% %Yo %o Yo% %% %% The electrical filter ( fifth-orderBessel filter )

D_lI=(exp(2*pi*i*w/N)+exp(-2*pi*i*wp/N))/2;
dfreq=(-wmwp)/(2*pi*N*T);
Dfreq=2.43*(dfreq/(B_RN))*(D_l);

H_e=945./(i*Dfreq"5+15*Dfreq"4-105*i*Dfreq/3-420*Dfreg"2+...
945*i*Dfreq+945); % the transfer function of the fifth-order

% Bessel function

%% %%

bet2_1=-lambda_0/2*Disp_1/(2*pi*cLV); %(ps)*2/m

bet2_2=-lambda_0/2*Disp_2/(2"pi*cLV);
pipi=2*pi;
tab=2"pi*pi;
CD_L1=exp(-i*tab*(bet2_1*(w/pipi).*(w/pipi))*L_1);
CD_L1p=exp(i*tab*(bet2_1*(w/pipi).*(W/pipi))*L_1);
CD_L2=exp(-i*tab*(bet2_2*(w/pipi).*(w/pipi))"L_2);
CD_L2p=exp(i*tab*(bet2_2*(w/pipi).*(w/pipi))*L_2);
CD12=CD_L1.*CD_L2;
CD12p=CD_L1p.*CD_L2p;
CD_total=CD_L1.*CD_L1p.*CD_L2.*CD_L2p;
for cc=1:n
cC;
CD12¢(cc,cc)=CD12(cc,cc);
CD12pc(cc,cc)=CD12p(cc,cc);

end
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Dtw_1=Delta_tau_1*w/2; % PMD for the first section (w)
Dtw_2=Delta_tau_2*w/2; % PMD for the second section (w)
A_0_1=exeta_1p*cos(Dtw_1)/2 ...
-i*exeta_1m*sin(Diw_1)*dot_1/2;
B_1_x=exeta_1m*cos(Dtw_1)*pdl_dB_dir_1(1)/2 ...
-i*exeta_1p*sin(Dtw_1)*Delta_tau_dir_1(1)/2 ...
+exeta_1m*sin(Diw_1)*cross_1(1)/2;
B_1_y=exeta_1m*cos(Diw_1)*pdi_dB_dir_1(2)/2 ...
-i*exeta_1p*sin(Diw_1)*Delta_tau_dir_1(2)/2 ...
+exeta_1m*sin(Dtw_1)*cross_1(2)/2;
B_1_z=exeta_1m*cos(Dtw_1)*pdl_dB_dir_1(3)/2 ...
-i*exeta_1p*sin(Dtw_1)*Delta_tau_dir_1(3)/2 ...
+exeta_1m*sin(Dtw_1)*cross_1(3)/2;
A_0_2=exeta_2p*cos(Dtw_2)/2 ...
-i*exeta_2m*sin(Dtw_2)*dot_2/2;

B_2_x=exeta_2m*cos(Dtw_2)*pdI_dB_dir_2(1)/2 ...
-i*exeta_2p*sin(Dtw_2)*Delta_tau_dir_2(1)/2 ...
+exeta_2m*sin(Diw_2)*cross_2(1)/2;

B_2_y=exeta_2m*cos(Diw_2)*pdl_dB_dir_2(2)/2 ...
-i*exeta_2p*sin(Dtw_2)*Delta_tau_dir_2(2)/2 ...
+exeta_2m*sin(Dtw_2)*cross_2(2)/2;

B_2_z=exeta_2m*cos(Diw_2)*pdl_dB_dir_2(3)/2 ...
-i*exeta_2p*sin(Diw_2)*Delta_tau_dir_2(3)/2 ...

+exeta_2m*sin(Dtw_2)*cross_2(3)/2;

Dtw_1p=Delta_tau_1*wp/2; % PMD for the first section (wp)
Dtw_2p=Delta_tau_2*wp/2; % PMD for the second section (wp)
A_0_1_c=exeta_1p*cos(Dtw_1p)/2 ...
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+i*exeta_1m*sin(Dtw_1p)*dot_1/2;
B_1_x_c=exeta_1m*cos(Dtw_1p)*pdi_dB_dir_1(1)/2 ...
+i*exeta_1p*sin(Dtw_1p)*Delta_tau_dir_1(1)/2 ...
+exeta_1m*sin(Dtw_1p)*cross_1(1)/2;
B_1_y_c=exeta_1m*cos(Diw_1p)*pdl_dB_dir_1(2)/2 ...
+i*exeta_1p*sin(Dtw_1p)*Delta_tau_dir_1(2)/2 ...
+exeta_1m*sin(Dtw_1p)*cross_1(2)/2;
B_1_z_c=exeta_1m*cos(Dtw_1p)*pdi_dB_dir_1(3)/2 ...
+i*exeta_1p*sin(Dtw_1p)*Delta_tau_dir_1(3)/2 ...
+exeta_1m*sin(Dtw_1p)*cross_1(3)/2;
A_0_2_c=exeta_2p*cos(Dtw_2p)/2 ...
+i*exeta_2m*sin(Dtw_2p)*dot_2/2;

B_2_x_c=exeta_2m*cos(Dtw_2p)*pdl_dB_dir_2(1)/2 ...
+i*exeta_2p*sin(Diw_2p)*Delta_tau_dir_2(1)/2 ...
+exeta_2m*sin(Dtw_2p)*cross_2(1)/2;

B_2_y_c=exeta_2m*cos(Dtw_2p)*pdi_dB_dir_2(2)/2 ...
+i*exeta_2p*sin(Diw_2p)*Delta_tau_dir_2(2)/2 ...
+exeta_2m*sin(Dtw_2p)*cross_2(2)/2;

B_2_z c=exeta_2m*cos(Ditw_2p)*pdl_dB_dir_2(3)/2 ...
+i*exeta_2p*sin(Dtw_2p)*Delta_tau_dir_2(3)/2 ...
+exeta_2m*sin(Dtw_2p)*cross_2(3)/2;

%% %% %0 %o %o % Yo% Yo Calculation of term one

A_0_21=A_0_2.*A_0_1+B_2 x.*B_1_x+B_2_y.*B_1_y+B_2_z.*B_1_z;

B_21_x=A_0_2.*B_1_x+B_2_x.*A_0_1+i*(B_2_y.*B_1_z-B_2_z.*B_1_y);

B_21_y=A_0_2.*B_1_y+B_2 y.*A_0_1+i*(B_2_z."B_1_x-B_2_x.*B_1_2);

B 21 z=A_0_2.*B_1_z+B_2_z.*A_0_1+i*(B_2_x.*B_1_y-B_2_y.*B_1_x);

A_02c_21=A_0_2_c.*A_0_21+B_2_x_c.*B_21_x+B_2_y ¢.*B_21_y+B_2_z c.*B_21_z;

B_2¢c_21 x=A_0_2_c.*B_21_x+B_2_x_c.*A_0_21+i*(B_2_y_c."B_21_z-B_2 z c.*B_21_y);

179



B_2c_21_y=A_0_2_c.*B_21_y+B_2_y ¢c.*A_0_21+i*(B_2_z_c¢.”B_21_x-B_2_x_c."B_21_2);

B_2c_21_z=A_0_2_c.”B_21_z+B_2 z ¢."A_0_21+i*(B_2_x_c.”"B_21_y-B_2_y c."B_21_x);

A_0_te1=A_0_1_c.*A_02c_21+B_1_x_c."B_2c_21_x+B_1_y_t
B_1_z c.*B_2c_21_z;
B_te1_x=A_0_1_c."B_2c¢c_21_x+B_1_x_c.*A_02c_21+ ...
i"(B_1_y_c.*B_2c_21_z-B_1_z_c.”"B_2c_21_y);
B_te1l_y=A_0_1_c.*B_2c_21_y+B_1_y_c.”A_02c_21+...
i*(B_1_z_c.*B_2c_21_x-B_1_x_c."B_2c_21_z);
B_te1_z=A_0_1_c.*"B_2c_21_z+B_1_z _c.*A_02c_21+ ...
i*(B_1_x_c.”B_2¢_21_y-B_1_y_c.”"B_2c_21_x);
A_0O_term1=A_0_tel;
B_term1=B_te1_x."m_in(1)+B_te1_y."m_in(2)+B_te1_z."m_in(3);
%% %%
T_term1=A_0_term1+B_termi;
H_et=H_e};
Drc=H_et*T_term1;
TT=CD12pc*H_opc*Drc*CD12c*H_oc;
g_sh=fftshift(TT);
g=g_sh;
I=z;
g=CD_total.*H_op.*H_et.*T_term1.*H_0;%
zg=z."Q;
fg=B1."g;
lg=zg;
for p = 1:2:length(size(z))
I =fft(L[],p);
| = ifft(l,{},p+1);
fg=fft(fg,[l.p);
fg= ifft(fg,[,p+1);

Cc."B_2c¢_21_y+...

180



lg=fft(l9,[1.p);

ig= ifft(lg,[],p+1);
end
I_i=real(diag(l));
f_o=real(diag(fg));
I_o=A_n2*real(diag(lg));
%% %%
pa=(bin-1)*(m)+(m+1)/2;
|_tk_out =I_o(pa,1);
I_tk_in=I_i(pa,1);
y_ss=QQ"I_tk_out/(A_in*A_in)
%% %o %o % %% %o %0 %0 %Yo Noise
M=1*(n_noise-1)/2;
et=M/(B_ON*T_0); % this eta is vareing
T_0_less=T_0;
Ws=2*pi/T_0;
wwn=Ws*(-M:M);
[wnp,wn]=meshgrid(wwn);

WMWpN=wnp-wn;

% %% %0 Yo% %o %6 %Y %Yo The optical filter (Fabry-Perot opticalfilter (FFP)
wBand=B_ON; % 0.90=900 Ghz

Half_wB=wBand/2; % 0.450==450 GHz( 10" Hz))
H_on=1./(1+i*(wn)/(pi*B_ON)); % the transfer functionof the FFP

H_opn=1./(1+i*(wnp)/(pi*B_ON));
H_opcn=conj(H_opn);
for ll=1:n_noise
Il;
H_ocn(il,I)=H_on(ILI1);
H_opcn(ll,1)=H_opn(ll,f);
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H_opcen(ll,1)=H_opcn(li,li);

end

%% %% %% Yo Yo% Yo Yo %o The electrical filter ( fifth-orderBessel filter )
D_lI=(exp(2*pi*i*wn*T/T_0)+exp(-2*pi*i*wnp*T/T_0))/2;

dfreg=(-wmwpn)/(2*pi*N*T);
Dfreq_n=2.43*(dfreq/(B_RN))*(D_lI);

H_en=945./(i*Dfreq_n"5+15*Dfreq_n"4-105%i*Dfreq_n"3-420*Dfreq_n"2+...

945*i*Dfreq_n+945);
%% %%

bet2_1=-lambda_0/2*Disp_1/(2*pi*cLV); %(ps)*2/m

bet2_2=-lambda_0/2*Disp_2/(2*pi*cLV);
CD_L1=exp(i*tab*((bet2_1*wn.*wn)*L_1));
CD_L1p=exp(-i*tab*((bet2_1*wnp.*wnp)*L_1));
CD_L2=exp(i*tab*((bet2_2*wn.*wn)*L_2));
CD_L2p=exp(-i*tab*((bet2_2*wnp.*wnp)*L_2));
CD1=CD_L1.*CD_L1p;
CD2=CD_L2.*CD_L2p;
CD_total=CD_L1.*CD_1L2.*CD_L1p.*CD_L2p;
CD12=CD_L1.*CD_L2;
CD12p=CD_L1p.*CD_L2p;
CD_total=CD_L1.*CD_L1p.*CD_L2.*CD_L2p;
for cc=1:n_noise
CC;
CD_L1c(cc,cc)=CD_L1(cc,cc);
CD_L1pc(cc,cc)=CD_L1p(cc,cc);
CD_L2c(cc,cc)=CD_L2(cc,cc);
CD_L2pc(cc,cc)=CD_L2p(cc,cc);
CD12¢(cc,cc)=CD12(cc,cc);
CD12pc(cc,cc)=CD12p(cc,cc);
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CD2c¢(cc,cc)=CD2(cc,cc);
CD1c¢(cc,cc)=CD1{cc,cc);

end

%% %%

HH=H_en.*H_ocn.*conj(H_opcn)/(2*pi);

e=exp(i*wnp.*t_tilda)+exp(-i*wn.*t_tilda);

exwnp=exp(-1*i*wnp.*(t_k));

exwn=exp(1*i*wn.*(t_K));

ee=exwnp.*exwn.*e;

f_term=ee.*HH;

%% %%

Dtwn_1=Delta_tau_1*wn/2; % PMD for the first section (wn)

Dtwn_2=Delta_tau_2*wn/2; % PMD for the second section (wn)

A_0_1=exeta_1p*cos(Dtwn_1)/2 ...
-i*exeta_1m*sin(Dtwn_1)*dot_1/2;

B_1_x=exeta_1m*cos(Dtwn_1)*pdl_dB_dir_1(1)/2 ...
-i*exeta_1p*sin(Dtwn_1)*Delta_tau_dir_1(1)/2 ...
+exeta_1m*sin(Dtwn_1)*cross_1(1)/2;

B_1_y=exeta_1m*cos(Dtwn_1)*pdl_dB_dir_1(2)/2 ...
-i*exeta_1p*sin(Dtwn_1)*Delta_tau_dir_1(2)/2 ...
+exeta_1m*sin(Dtwn_1)*cross_1(2)/2;

B_1_z=exeta_1m*cos(Dtwn_1)*pdl_dB_dir_1(3)/2 ...
-i*exeta_1p*sin(Dtwn_1)*Delta_tau_dir_1(3)/2 ...
+exeta_1m*sin(Dtwn_1)*cross_1(3)/2;

A_0_2=exeta_2p*cos(Diwn_2)/2 ...
-i*exeta_2m*sin(Dtwn_2)*dot_2/2;

B_2_x=exeta_2m*cos(Diwn_2)*pdi_dB_dir_2(1)/2 ...
-i*exeta_2p*sin(Dtwn_2)*Delta_tau_dir_2(1)/2 ...

+exeta_2m*sin(Dtwn_2)*cross_2(1)/2;
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B_2_y=exeta_2m*cos(Dtwn_2)*pdl_dB_dir_2(2)/2 ...
-i*exeta_2p*sin(Dtwn_2)*Delta_tau_dir_2(2)/2 ...
+exeta_2m*sin(Dtwn_2)*cross_2(2)/2;

B_2_z=exeta_2m*cos(Dtwn_2)*pdl_dB_dir_2(3)/2 ...
-i*exeta_2p*sin(Dtwn_2)*Delta_tau_dir_2(3)/2 ...
+exeta_2m*sin(Dtwn_2)*cross_2(3)/2;

%% %%

Dtwn_1p=Delta_tau_1*wnp/2; % PMD for the first section (wnp)

Dtwn_2p=Delta_tau_2*wnp/2; % PMD for the second section (wnp)

A_0_1_c=exeta_1p*cos(Dtwn_1p)/2 ...
+i*exeta_1m™*sin(Dtwn_1p)*dot_1/2;

B_1_x_c=exeta_1m*cos(Diwn_1p)*pdl_dB_dir_1(1)/2 ...
+i*exeta_1p*sin(Dtwn_1p)*Delta_tau_dir_1(1)/2 ...
+exeta_1m*sin(Dtwn_1p)*cross_1(1)/2;

B_1_y_c=exeta_1m*cos(Dtwn_1p)*pdl_dB_dir_1(2)/2 ...
+i*exeta_1p*sin(Dtwn_1p)*Delta_tau_dir_1(2)/2 ...
+exeta_1m*sin(Dtwn_1p)*cross_1(2)/2;

B_1_z_c=exeta_im*cos(Dtwn_1p)*pdl_dB_dir_1(3)/2 ...
+i*exeta_1p*sin(Dtwn_1p)*Delta_tau_dir_1(3)/2 ...
+exeta_1m*sin(Dtwn_1p)*cross_1(3)/2;

A_0_2_c=exeta_2p*cos(Dtwn_2p)/2 ...
+i*exeta_2m*sin(Dtwn_2p)*dot_2/2;

B_2_x_c=exeta_2m*cos(Dtwn_2p)*pdi_dB_dir_2(1)/2 ...
+i*exeta_2p*sin(Dtwn_2p)*Delta_tau_dir_2(1)/2 ...
+exeta_2m*sin(Dtwn_2p)*cross_2(1)/2;

B_2_y_c=exeta_2m*cos(Diwn_2p)*pdI_dB_dir_2(2)/2 ...
+i*exeta_2p*sin(Dtwn_2p)*Delta_tau_dir_2(2)/2 ...
+exeta_2m*sin(Dtwn_2p)*cross_2(2)/2;

B_2_z_ c=exeta_2m*cos(Dtwn_2p)*pdl_dB_dir_2(3)/2 ...
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+i*exeta_2p*sin(Diwn_2p)*Delta_tau_dir_2(3)/2 ...
+exeta_2m*sin(Dtwn_2p)*cross_2(3)/2;

%% %% %o %o %o Yo Yo% %% Calculation of Q matrix

%% Yo% % %o %o Yo Yo %o %o Yo Term 9

A_0_2=A_0_2;

B_2 x=B_2 x;

B_2 y=B 2 y;

B 2 z=B 2 z;

%% %% Yo %o Yo Yo %o %o Y %o Term 8

A_0_2 c=A_0_2_c;

B_2 x c=B_2 x_c;

B 2 yc=B 2y c;

B2 zc=B27zc

%% %% %% %% %o %% %o Term 2

A_02=(A_0_2 _c.*A_0_2+B_2 x c.*B_2 x+B_2_y ¢."B_2 y+B_2 z ¢.*B_2_z);

B_x2=(A_0_2 c.*B_2_x+B_2_x__c.*A_0_2+i*(B_2_y_c.*B_2_z-B_2_z_c.*B_2_y));

B_y2=(A_0_2 c."B_2 y+B_2 y c.*A_0_2+i*(B_2_z_c¢."B_2_x-B_2_x_c."B_2_z));

B_z2=(A_0_2_c.*B_2 z+B_2 z c.*A_0_2+*(B_2_x_c."B_2_y-B_2_y_c.*B_2_x));
%% %%

T_11=A_02+B_x2.*m_in(1)+B_y2.*m_in(2)+B_z2.*m_in(3); %q11
T_12=B_x2.*m_ps(1)+B_y2.*m_ps(2)+B_z2.*m_ps(3); %q12
T_21=B_x2.*m_p(1)+B_y2.* m_p(2)+B_z2."m_p(3); %q21
T_22=A_02-(B_x2.*m_in(1)+B_y2.*m_in(2)+B_z2.*m_in(3));%q22

T_18=A_0_2 _c+B_2_x_c."m_in(1)+B_2_y_c."m_in(2)+B_2_z_c."m_in(3);%q13
T_14=B_2_x_c.*m_ps(1)+B_2_y_c.*m_ps(2)+B_2_z_c.*m_ps(3); %q14
T_23=B_2_x_c.*m_p(1)+B_2_y_c.*m_p(2)+B_2_z_c.*m_p(3); %q23
T_24=A_0_2 c-(B_2_x_c."m_in(1)+B_2_y_c."m_in(2)+B_2_z_c.*m_in(3));%q24
T_31=A_0_2+B_2_x."m_in(1)+B_2_y.*m_in(2)+B_2_z.*m_in(3); %q31

T_32=B_2_x."m_ps(1)+B_2_y.*m_ps(2)+B_2_z."m_ps(3); %032
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T_41=B_2_x.*m_p(1)+B_2_y."m_p(2)+B_2_z."m_p(3); %q41
T_42=A_0_2-(B_2_x."m_in(1)+B_2_y.*m_in(2)+B_2_z.*m_in(3));%q42
%% %%
f_CD=f_term.*CD2c;
g_11=etan_1*eta_2*f_CD.*T_11/2;%f_CD.*T_11/2;%
g_12=etan_1*eta_2*f_CD.*T_12/2;%f_CD.*T_12/2;%
g_21=etan_1*eta_2*f_CD.*T_21/2;%f_CD.*T_21/2;%
q_22=etan_1*eta_2*f_CD.*T_22/2;%f_CD.*T_22/2;%
f_CD_fp=f_term.*(CD_L2pc);
q_13=etan_t1*eta_2*f_CD_fp.*T_13/2;%f_CD_{p.*T_13/2;%
q_l4=etan_1"eta_2*f_CD_fp.*T_14/2;%f_CD_fp.*T_14/2;%
q_23=etan_1*eta_2*f_CD_fp.*T_23/2;%f_CD_fp.*T_23/2;%
q_24=etan_1*eta_2*f_CD_{p.*T_24/2;%f_CD_{fp.*T_24/2;%
f CD_f =f_term.*CD_L2c;
q_31=etan_1*eta_1*f_CD_f.*T_31/2;%f_CD_{.*T_31/2;%
g_32=etan_1*eta_1*f_CD_f.*T_32/2;%f_CD_f.*T_32/2;%
q_41=etan_1*eta_1*f_CD_{.*T_41/2;%f_CD_f.*T_41/2;%
g_42=etan_1*eta_1*f_CD_f.*T_42/2;%f_CD_f.*T_42/2;%
% %0 %Yo %o %o %o %% %o %o %o Term3
g_33=etan_2*etan_2*(f_term/2);%(f_term/2);%
q_34=0;
q.43=0;
g_44=etan_2*etan_2*(f_term/2);%(f_term/2);%
eee=0;
QQ=(];
for k=1:n_noise
QQ1=[];QQ2=[];QQ3=([};QQ4=[];QQ5=(];QQ6=(];QQ7=[];QQ8=[];,QQ9=(];
for j=1:n_noise
QQ1=[QQ1 g_11(k,j) g_12(k,j) 9_13(k,j) a_14(k,j) eee eee eee eee eee};
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QQ2=[QQ2 q_21(k,j) q9_22(k,j) q_23(k,j) a_24(k,j) eee eece eee eee eee};
QQ3=[QQ3 q_31(k,j) 9_32(k,j) 9_33(k,j) 9_34 eee ece ece eee eee];
QQ4=[QQ4 q_41(k,j) q_42(k,j) q_43 q_44(k,j) ece eee eee ece eee];
QQ5=[QQ5 q_11(k,j) g_12(k,j) g_13(k,j) g_14(k,j) eee eee eee eee eee];
QQ6=[QQ6 q_21(k,j) 9_22(k,j) 9_23(k,j) q_24(k,j) eee eee eee eee eee];
QQ7=[QQ7 g_31(k,j) 9_32(k,j) 9_33(k,j) g_34 eee eee eee eee eee];
QQ8=[QQ8 q_41(k,j) q_42(k,j) 9_43 q_44(k,j) eee eee eee eee eee];
QQ9=[QQ9 q_11(k,j) 9_12(k,j) q_13(k,j) q_14(k,j) eece eee eee ece eee];
end
QQ=[QQ; QQ1; QQ2; QQ3; QQ4; QQA5; QQ6; QQ7, QQAS8; QQ9;
end
%% %o %e %o %Yo Yo Yo% Yo %o The Eigen values and eigenvectors
[V,D]=eig(QQ); % the eigen values D and the eigenvectors V
%of the Q matrix (the size of Q is 4(n)*4(n))
D_r=real(D);
for jj=1:4"n_noise
I
DD(jj)=Dij.ij);
end i
DD_r=real(DD);
jeff_p=max(DD_r);
jeff_m=abs(min(DD_r));
%% %0%0 %% %% %% %0 %o Calculation for b matrix
% %% Yo% Yo% YooY %Yo Term 5
A_0 21=A_0_2.*A_0_1+B_2_x."B_1_x+B_2_y.*B_1_y+B_2 z."B_1_z;
B_21_x=A_0_2."B_1_x+B_2_x.*A_0_1+i*(B_2_y.*B_1_z-B_2_z."B_1_y);
B_21_y=A_0_2."B_1_y+B_2_y.*A_0_1+i*(B_2_z."B_1_x-B_2_x."B_1_2);
B_21_z=A_0_2.*B_1_z+B_2_z.*A 0_1+i*(B_2 x."B_1_y-B_2_y."B_1_x);
A_02c_21=A_0_2 c.*A_0_21+B_2 x c.*B_21_x+B_2_y ¢.”B_21_y+B_2_z c.*B_21_z;
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B_2c_21_x=A_0_2_c.*B_21_x+B_2_x_c.*A_0_21+i*(B_2_y_c.*B_21_z-B_2_z c.”"B_21_y);
B_2c_21_y=A_0_2_c.”"B_21_y+B_2_y_c¢.*A_0_21+i*(B_2_z_c."B_21_x-B_2_x_c."B_21_2);
B_2c_21_z=A_0_2 ¢.*B_21_z+B_2_z _c.*A_0_21+*(B_2_x_c."B_21_y-B_2_y _c.*B_21_x),
Tb1_0=A_02c_21;

Tb1_x=B_2¢_21_x;

Tb1_y=B_2c_21_y;

Tb1_z=B_2c_21_z;

Tb3_0=A_0_21;

Tb3_x=B_21_x;

Tb3_y=B_21_y;

Tbh3_z=B_21_z;

bra_b1=Tb1_0+Tb1_x.*m_in(1)+Tb1_y.*m_in(2)+Tb1_z."m_in(3);
bra_b2=0+Tb1_x.*m_p(1)+Tb1_y.*m_p(2)+Tb1_z.*m_p(3);
bra_b3=Tb3_0+Tb3_x.*m_in(1)+Tb3_y.*m_in(2)+Tb3_z."m_in(3);
bra_b4=0+Tb3_x.*m_p(1)+Tb3_y.*m_p(2)+Tb3_z.*m_p(3);
bb_1=CD_L1¢c.*CD_L2c.*CD_L2pc.*f_term.*bra_b1;

[bbb1,BB1]=meshgrid(bb_1,B1);

bbbb_1=etan_1*(bbb1.*BB1); %(bbb1.*BB1); %
bb_2=CD_L1¢.*CD_L2c.*CD_L2pc.*f_term."bra_b2;

[bbb2,BB2]=meshgrid(bb_2,B1);

bbbb_2=etan_1*(bbb2.*BB2);%(bbb2.*BB2);%

bb_3=CD_L1c.*CD_L2c.*f_term.*bra_b3;

[bbb3,BB3]=meshgrid(bb_3,B1);

bbbb_3=etan_2*(bbb3.*BB3);%(bbb3.*BB3);%

bb_4=CD_L1c.*CD_L2c¢.*f_term.*bra_b4;

[bbb4,BB4}=meshgrid(bb_4,B81);

bbbb_4=etan_2*(bbb4.*BB4);%(bbb4."BB4);%

b_1_int=trapz(bbbb_1,2)/2;

b_2_int=trapz(bbbb_2,2)/2;
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b_3_int=trapz(bbbb_3,2)/2;
b_4_int=trapz(bbbb_4,2)/2;
%%%%
PP=[];
for k=1:n
PP1=[};PP2=(];PP3=[];PP4=[];
for j=1:1
PP1=[PP1;b_1_int(k,j)];
PP2=[PP2;b_2_int(k,j)];
PP3=[PP3;b_3_int(k.j)];
PP4=[PP4;b_4_int(k,j)];
end
PP=[PP; PP1; PP2; PP3; PP4];
end
[Vv,PPpl=meshgrid(V,PP);
b_tilda=Vv.*PPp; % |b_tilda>=U*|b>
mod_b_tilda_2=norm(b_tilda)./2;
mod_b_tilda_2=real(b_tilda).~2+imag(b_tilda).A2;
%% %o %% %o Yo %o %o Ve % %o Mean, Variance
sum_lam=sum(DD_r); % The mean
mean_t=Gauss_Variance_2*(sum_lam);
sum_lam_p=sum(mod_b_tilda_2)+Gauss_variance*sum(DD_r.A2);
varia=2"Gauss_Variance_2*sum_lam_p; %Thevariance
%% %% %% %% Y% % %Yo SO0p SOm
s_0_m=-0.99/abs(min(DD_r)) % S_0 wnith negative sing
s_0_p=+0.99/max(DD_r) % S_0 wnith positive sing
%% %% %% %% %Yo Yo %o Calculation of zee
vk=Gauss_Variance_2*sum(mod_b_tilda_2);
zee=gamma_th-y_ss;
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%% %% %% Yo% %0 % %Yo Saddle point minus
for kj=1:380
kj;
old_s_0_m=s_0_m;
for mul=1:4*n_noise
mul;
beta(1,mul)=Gauss_Variance_2*DD_r(1,mul);
gama(1,mul)=beta(1,mul)/(1-beta(1,mul)*s_0_m);
xai(1,mul)=Gauss_Variance_2.*mod_b_tilda_2(mul,1)./...
(1-beta(1,mul)*s_0_m);
phai_1_s0_m(mul)=xai(1,mul).*s_0_m.*s_0_m;
phai_2_s0_m(mul)=log(1./(1-beta(1,mul).*s_0_m));
phai_3_s0_m(mul)=2*xai(1,mul).*s_0_m;
phai_4_s0_m(mul)=gama(1,mul);
phai_5_s0_m(mul)=xai(1,mul).*gama(1,mul).*s_0_m.*s_0_m;
phai_6_s0_m(mul)=2*xai(1,mul);
phai_7_s0_m(mul)=4*xai(1,mul).*gama(1,mul).*s_0_m;
phai_8_s0_m(mul)=gama(1,mul).A2;
phai_9_s0_m(mul)=2*xai(1,mul).*gama(1,mul).*2.*s_0_m.*s_0_m;
end % mul
phai_m=sum(phai_1_s0_m)-sum(phai_2_s0_m)-log(s_0_m)-s_0_m*zee;
phaip_m=sum(phai_3_s0_m)+sum(phai_4_s0_m)+sum(phai_5_s0_m)-1/s_0_m-zee
phaipp_m=sum(phai_6_s0_m)+sum(phai_7_s0_m)+...
sum(phai_8_s0_m)-sum(phai_9_s0_m)+1/s_0_m."2;
tata=phaip_m/phaipp_m;
s_0_m=s_0_m-(tata);
new_s_0O_m=s_0_m
if (abs(new_s_0_m-old_s_0_m)<1e-10)
break;
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end

end

u_O_m=new_s_0_m,;

%% %% %% %% % %% % Saddle point pluse

for kjp=1:380
kjp;

old_s_0_p=s_0_p;
for mul=1:4*n_noise
mul;
beta(1,mul)=Gauss_Variance_2*DD_r(1,mul);
gama(1,mul)=beta(1,mul)/(1-beta(1,mul)*s_0_p);
xai(1,mul)=Gauss_Variance_2.*mod_b_tilda_2(mul,1)./...
(1-beta(1,mul)*s_0_p);
phai_1_s0_p(mul)=xai(1,mul).*s_0_p.*s_0_p;
phai_2_s0_p(mul)=log(1./(1-beta(1,mul).*s_0_p));
phai_3_s0_p(mul)=2*xai(1,mul).*s_0_p;
phai_4_s0_p(mul)=gama(1,mul);
phai_5_s0_p(mul)=xai(1,mul).*gama(1,mul).*s_0_p.*s_0_p;
phai_6_s0_p(mul)=2*xai(1,mul);
phai_7_s0_p(mul)=4*xai(1,mul).*gama(1,mul).*s_0_p;
phai_8_s0_p(mul)=gama(1,mul).A2;
phai_9_s0_p(mul)=2*xai(1,mul).*gama(1,mul).*2.*s_0_p.*s_0_p;
end % mul
phai_p=sum(phai_1 _sO_p)-sum(phai_2_sO_p)-Iog(s_O_p)-s_O_p*zee;
phaip_p=sum(phai_3_s0_p)+sum(phai_4_s0_p)+sum(phai_5_s0_p)-1/s_0_p-zee
phaipp_p=sum(phai_6_s0_p)+sum(phai_7_s0_p)+sum(phai_8_s0_p)-sum(phai_9_s0_p)+...
1/s_0_p.12;

tata=phaip_p/phaipp_p
s_0_p=s_0_p-(tata)
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new_s_0_p=s_0_p;
if (abs(new_s_0_p-old_s_0_p)<1e-12)
break;
end
end
u_0_p=new_s_0_p;
%% % %% %o %o Yo Yoo % %o Calculation of kk % minus
for mulll=1:2*n_noise
mulll;
gama_um(1,mulll)=beta(1,mulll)/(1-beta(1,mulll)*u_0_m);
xai_um(1,mulll)=Gauss_Variance_2.*mod_b_tilda_2(mulli,1)./...
(1-beta(1,mulil).*u_0_m);
phai_1_m(mullf)=xai_um(1,mulll).*u_0_m.*u_0_m;
phai_2_m(mulll)=log10(1-beta(1,mulil).*u_0_m);
phai_3_m(mulll)=2*xai_um(1,mulll).*u_0_m;
phai_4_m(mulll)=gama_um(1,mull});
phai_5_m(mulll)=xai_um(1,mulll).*gama_um(1,mulll).*u_0_m.*u_0_m;
phai_6_m(mulil)=2*xai_um(1,mulll);
phai_7_m(mull)=4*xai_um(1,muill).*gama_um(1,mulll).*u_0_m;
phai_8_m(mulll)=gama_um(1,mulll).A2;
phai_9_m(mulll)=2*xai_um(1,mulll).*gama_um(1,mulil).A2.*u_0_m.*u_0_m;
phai_10_m(mulll)=6*xai_um(1,mulli).*gama_um(1,mulll);
phai_11_m(mulll)=4*xai_um(1,mulll).*gama_um(1,mulll).A2.*u_0_m;

phai_12_m(mulll)=2*gama_um(1,mulll).A3;

phai_13_m(mulll)=6*xai_um(1,mulll).*gama_um(1,mulll).A3.*u_0_m.*u_0_m;
end % mulll
phai_u_m=sum(phai_1_m)-sum(phai_2_m)-log10(u_0_m)-u_0_m*zee

phaip_u_m=sum(phai_3_m)+sum(phai_4_m)+sum(phai_5_m)-1/u_0_m-zee;
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phaipp_u_m=sum(phai_6_m)+sum(phai_7_m)+sum(phai_8_m)-sum(phai_9_m)+1/(u_0_m.A2);

phaippp_u_m=sum(phai_10_m)+sum(phai_11_m)+sum(phai_12_m)-
sum(phai_13_m)+2/u_0_m.A3;

k_m=0;
%% %% %% %% Yo% Yo% Calculation of kk % pluse
for mulll=1:4*n_noise
mulil;
gama_up(1,mulil)=beta(1,mulll)/(1-beta(1,mulil)*u_0_p);
xai_up(1,mulll)=Gauss_Variance_2.*mod_b_tilda_2(mulll,1)./...
(1-beta(1,mulll)*u_0_p);

phai_1_p(mull)=xai_up(1,mulll).*u_0_p.*u_0_p;
phai_2_p(mulll)=log10(1-beta(1,mulll).*u_0_p);
phai_3_p(mulll)=2*xai_up(1,mulll).*u_0_p;
phai_4_p(mulll)=gama_up(1,mulil);
phai_5_p(mulll)=xai_up(1,mulil).*gama_up(1,mulll).*u_0_p.*u_0_p;
phai_6_p(mulil)=2*xai_up(1,mulll);
phai_7_p(mulll)=4*xai_up(1,mulil).*gama_up(1,muill).*u_0_p;
phai_8_p(mulll)=gama_up(1,mulll).A2;
phai_9_p(muli)=2*xai_up(1,mulll).*gama_up(1,mulll).*2.*u_0_p.*u_0_p;
phai_10_p(mulil)=6*xai_up(1,mulll).*gama_up(1,mulll);
phai_11_p(mulil)=12*xai_up(1,mulll).*gama_up(1,mulli).~2.*u_0_p;

phai_12_p(mulll)=2*gama_up(1,mulli).”3;
phai_13_p(mulll)=6*xai_up(1,mulll).*gama_up(1,mulll).A3.*u_0_p.*u_0_p;

end % mull
phai_u_p=sum(phai_1_p)-sum(phai_2_p)-log10(u_0_p)-u_0_p*zee
phaip_u_p=sum(phai_3_p)+sum(phai_4_p)+sum(phai_5_p)-1/u_0_p-zee;
phaipp_u_p=sum(phai_6_p)+sum(phai_7_p)+sum(phai_8_p)-sum(phai_9_p)+1/u_0_p.~2;
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phaippp_u_p=sum(phai_10_p)+sum(phai_11_p)+sum(phai_12_p)-
sum(phai_13_p)+2/u_0_p."3;

k_p=0;
Y% %o%%e %% %o % Yo% %o Yo% f(0)
f_0_p=real(exp(phai_u_p));
f_0_m=real(exp(phai_u_m));
hav=5;
delta_new_m=1/((2(hav-1))*(sqrt(2*phaipp_u_m)));
delta_new_p=1/((2 (hav-1))*(sqrt(2*phaipp_u_p)));
Y% %o% Yo% %o %o %o %o %o %Yo f(n delta new +)

for fnn=1:1000

fnn;

ndelta_new_m(fnn)=(fnn)*delta_new_m;
kus_m(fnn)=1-(i*k_m*ndelta_new_m(fnn));
par_m(fnn)=u_0_m+k_m*(ndelta_new_m(fnn)A2)/2+i*ndelta_new_m(fnn);

for ph=1:4"n_noise

ph;

brac_2_m_nv(1,ph)=1-Gauss_Variance_2*DD_r(1,ph)*par_m(fnn);
phai_1_m_nv(1,ph)=Gauss_Variance_2.*mod_b_tilda_2(ph,1).*...
par_m(fnny*par_m(fnn)./brac_2_m_nv(1,ph);
phai_2_m_nv(1,ph)=log(brac_2_m_nv(1,ph));
end % ph
phai_m_nv(fnn)=sum(phai_1_m_nv)-sum(phai_2_m_nv)-...
log(ndelta_new_m(fnn))-ndelta_new_m(fnn)*zee,
f_m(fnn)=real(kus_m(fnn)*exp( phai_m_nv(fnn)));

end %fnn

f_mnv=sum(f_m(fnn)) ;
PP_m(bin)= delta_new_m*(f_0_m/2+f_mnv)/pi ; %the propapility for u0+

PP_m_new= PP_m
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P_0_0=PP_m_new;
Yo% % YooY Yoo Yo% Yo %o f(n delta new +)
for fnn=1:1000
fon;
ndelta_new_p(fnn)=(fnn)*delta_new_p;
kus_p(fnn)=1-(i*k_p*ndelta_new_p(fnn));
par_p(fnn)=u_0_p+k_p*(ndelta_new_p(fnn)*2)/2+i*ndelta_new_p(fnn);
for ph=1:4"n_noise
ph;
brac_2_p_nv(1,ph)=1-Gauss_Variance_2*DD_r(1,ph)*par_p(fnn);
phai_1_p_nv(1 ,ph)=Gauss_Variance_2.*mod_b_tilda_2_(ph,1 ).
par_p(fnn)*par_p(fnn)./brac_2_p_nv(1,ph);
phai_2_p_nv(1,ph)=log(brac_2_p_nv(1,ph));
end % ph
phai_p_nv(fnn)=sum(phai_1_p_nv)-sum(phai_2_p_nv)-...
log(ndelta_new_p(fnn))-ndelta_new_p(fnn)*zee;
f_p(fnn)=real(kus_p(fnn)*exp( phai_p_nv(fnn)));
end %fnn
f_pnv=sum(f_p(fnn))
PP_p(bin)= delta_new_p*(f_0_p/2+f_pnv)/pi; %the propapility for u0+
PP_p_new= PP_p
P_0_0=PP_p_new;
end %bin
P_1=-1*(1*PP_m_new(6)+1*PP_m_new(7)+1*PP_m_new(8)+1*PP_m_new(10)+...
1*PP_m_new(11)+1*PP_m_new(12)+1*PP_m_new(13)+1*PP_m_new(14)+...
1*PP_m_new(17)+1*PP_m_new(19)+1*PP_m_new(20)+1*PP_m_new(22)+...
1*PP_m_new(24)+1*PP_m_new(27)+1*PP_m_new(28)+1*PP_m_new(32))/16;
P_0=(1*PP_p_new(1)+1*PP_p_new(2)+1*PP_p_new(3)+1*PP_p_new(4)+...
1*PP_p_new(5)+1*PP_p_new(9)+1*PP_p_new(15)+1*PP_p_new(16)+...

195



1*PP_p_new(18)+1*PP_p_new(21)+1*PP_p_new(23)+1*PP_p_new(25)+...
1*PP_p_new(26)+1*PP_p_new(29)+1*PP_p_new(30)+1*PP_p_new(31))/16;

P_ber=(P_0+P_1)/2

sss=[sss Input_SNR];

P_SNR(s)=P_ber;

mmm=Ilog10(P_SNR);

end %Input_SNR

figure;plot(sss,mmm,'-0')

toc

196



Input pulse

function [fin_33,fin_50,fin_67,NoP]=RZ_inputP(t,T,NoP)
%dum2=zeros(1,length(t));
for jj=1:NoP;
for kk=1:length(t)
if(t(KK)>~jj*T & t(kK)<-(jj-1)*T)
fm(kk)=sin(pi*(1+sin(pi*(t(kk)+(2%jj-1)*T/2)/T))/2);
fm_2(kk)=sin(pi*(1+cos(2*pi*(t(kk)+(2*jj-1)*T/2)/T))/4);
fm_3(kk)=sin(pi*cos(pi*(t(kk)+(2*jj-1)*T/2)/T)/2);
else
fm(kk)=0;
fm_2(kk)=0;
fm_3(kk)=0;
end
if(t(kK)>(jj-1)*T & t(kk)<ijj*T)
fp(kK)=sin(pi*(1+sin(pi*(t(kk)-(2%ji-1)*T/2)/T))/2);
fp_2(kk)=sin(pi*(1+cos(2*pi*(t(kk)-(2*jj-1)*T/2)/T))/4);
fp_3(kk)=sin(pi*cos(pi*(t(kk)-(2*jj-1)*T/2)/T)/2);
else
fp(kk)=0;
fp_2(kk)=0;
fp_3(kk)=0;
end |
end
%fm=exp(-(t+(2%jj-1)*T/2).ASup_Gau*dum1);
%fp=exp(-(t-(2*j-1)*T/2).ASup_Gau*dum1);
dum2=fm+fp;%(:,jj);dum2+
dum2_2=fm_2+fp_2;
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dum2_3=fm_3+fp_3;
dum3(jj,:)=dum2(:);

dum3_2(jj,:)=dum2_2(:);
dum3_3(jj,:)=dum2_3(:);

end

if(NoP >1)
fin=sum(dum3);
fin_2=sum(dum3_2);
fin_3=sum(dum3_3);

else
fin=dum2;
fin_2=dum2_2;
fin_3=dum2_3;

end

fin_33=fin;

fin_50=fin_2;

fin_67=fin_3;
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