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ABSTRACT

Optical fibers are not only used in telecommunicatiorkdi but also used in the
Internet and local area networks (LAN) to achieve hgignaling rates. In this
dissertation, fiber nonlinearities have been studied aatyznthe effect of various
parameters on the received power. Optical amplifiersBIREAs simply amplify the
optical signal by several orders of magnitude withbeing limited by electronic
speed. Transmission impairments, which are generaigoificant in a regenerative
system, accumulate along the transmission link when ampl#rerssed, so that they
can not be simply ignored and this puts a new challenggatsmission design
engineers. The nonlinearities in optical fibers fall into teategories. One is
stimulated scatterinRaman and Brillouin) and the other is the optical Kedfect
due to changes in the refractive index with optmaiver. Phase modulation due to
intensity dependent refractive index induces variousimea effects, namely, self
phase modulation (SPM), cross-phase modulation (XRM§ four-wave mixing
(FWM).

In the standard single mode fibers, the Polarizationd® Dispersion is the
phenomenon that causes the hurdles to reach the Hhightdsdistance product of
amplified light wave communication system. The impactgyge opening, eye closing
and output power due to dispersion variation are studléet impacts of pre
compensation, in high data rate transmission systeme haen investigated at
different bit rates. It is reported that pre compensatrodyces the adverse effect on
the eye opening, eye closing. Due to pre compensdkiersignificant degradation in
the performance of high speed optical transmission sysigmthe increasing bit rate
is also reported. At the bit rate of 40 Gb/s and aboigatmost impossible to cope
with pre compensation without the use of dispersmmpensation.

The fiber nonlinear characteristics are the Opticair kdfect and the stimulated
scatterings. The fiber nonlinearities produce the inputgodimitations on the system
as well as maximum transmission distance. To mitigate #ffgcts, the dispersion
mappings are used. Pre, post and symmetrical compensationiques are compared
on the basis of bit error rate (BER). The dispersiompensation fiber (DCF) is used
in the compensation techniques. It is demonstrated thatythed compensation is

better to reduce the nonlinear effects than its countés.par
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CHAPTER 1

INTRODUCTION

1.1 Introduction

In the information age, the demand for networks of higltapacities at lower cost is
increasing. Optical communication technology has developadlyato achieve larger
transmission capacity and longer transmission distarFocus on development of
broadband optical communication systems is incredibleesinoffers combination of
wide bandwidth and low losses unmatched by any other transmis&dium but group
velocity dispersion [1-3] and fiber nonlinearities due faical Kerr effects remain
inherent limitations of such systems there by degradiegptrformance. Therefore in
order to realize broadband optical communication systemdsnetworks, it is imperative
to compensate the pulse spreading due to group velocityrsimpdGVD) and optical
Kerr effects [4-5].

With the advent of erbium-doped fiber amplifiers (EDFA$)k tattenuation limits on
transmission distance have been reduced but since thd@meaoities have become
critical issue in the advancement of optical commurocatsystems. The nonlinear
interactions of fiber material set an upper limit to #mount of information that can be
transmitted. Optical Kerr effects in optical fibers are doechanges in the refractive
index with optical power. Particularly for long haul tramssion with number of WDM
channels, the accumulated nonlinear effects lead to wamedistortion and crosstalk
between channels. Power dependence of refractive indespsnsible to Kerr effects.
Depending on the shape of the input signal, the Kerr nonliiesamanifest itself by
different effects such as Self Phase Modulation (SFVj)], Cross Phase Modulation
(XPM) [8] and Four Wave Mixing (FWM) [9].

These nonlinear effects are induced by high powers and lmstgndes enabled by
erbium-doped fiber amplifiers (EDFA) at high bit rates [Ifjese lead to attenuation,
distortion and cross channel interference. Theset@nghe spacing between adjacent
wave length channels. These limit the maximum power orchagnel and also limit the

maximum bit rate.
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In the recent past, various dispersion compensatiomaudsthave been studied, the
impact of GVD on high bit-rate long-distance optical camiations have been
investigated and limitations of systems due to fiber dispeesmrfiber nonlinearities due
to optical Kerr effects, have been discussed. Howsueh studies are very limited as far
as the significance of higher order dispersion termixerned. In order to bridge the
gap in available literature and to further analyze disper@nd higher order effect switch
optical Kerr effects, it is important to analyze amyestigate the performance of
dispersive optical communication systems including higheerodispersion terms. These
dispersion and fiber nonlinear effects are further ecddmvhile realizing ultrahigh dense
wavelength division multiplexed systems (DWDM) that areduso exploit optical
bandwidth. Other important consideration includes propagafionodulation and noise
characteristics of a laser diode with dispersion ia transmission medium. Also,
optimization of high data rate long haul optical commation systems using practical
methods of dispersion management is need of the Adus.focuses on investigating
limitations on multi wavelength optical fibers due to groufpery dispersion (GVD)
and nonlinear effects due to optical Kerr effects.

1.2 Historical perspective of fiber optics

People have used light to transmit information fondneds of years. However, it was not
until the 1960s, with the invention of the laser that widesgrinterest in optical (light)
systems for data communications began. The inventitimeolser prompted researchers
to study the potential of fiber optics for data commuiocet sensing and other
applications. Laser systems could send a much larger améuwata than telephone,
microwave and other electrical systems. The first empat with the laser involved
letting the laser beam transmit freely through the Riesearchers also conducted
experiments letting the laser beam transmit throudireéifit types of waveguides. Glass
fibers, gas-filled pipes and tubes with focusing lenses etamples of optical
waveguides. Glass fibers soon became the preferred méalidiber optic research.

The use of light for transmitting information from gplace to another place is a very old
technique. In 800 BC, the Greeks used fire and smoke signateriding information
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like victory in a war, alerting against enemy, call felghetc. Mostly only one type of
signal was conveyed. During the second century BC optgabls were encoded using
signaling lamps so that any message could be sent. Thereondevelopment in optical
communication till the end of the 18th century. The dpafethe optical communication
link was limited due to the requirement of line of sighthtmission paths, the human eye
as the receiver and unreliable nature of transmissiths dfected by atmospheric effects
such as fog and rain. In 1791, Chapped from France develbpedemaphore for
telecommunication on land. But that was also with lichit&ormation transfer [11]. In
1835, Samuel Morse invented the telegraph and the ersedfiehl communications
started throughout the world. The use of wire cablesh®ittansmission of Morse coded
signals was implemented in 1844. In 1872, Alexander Graham Belbggdihe photo
phone with a diaphragm giving speech transmission @wkstance of 200 m. But within
four years, Graham Bell had changed the photo phone etephbne using electrical
current for transmission of speech signals. In 1878,fitke telephone exchange was
installed at New Haven. Meanwhile, Hertz discovered radawes in 1887. Marconi
demonstrated radio communication without using wires in 189%gUsiodulation
techniques, the signals were transmitted over a longndist using radio waves and
microwaves as the carrier. During the middle of the twémuentury, it was realized that
an increase of several orders of magnitude of bit ratantistproduct would be possible
if optical waves were used as the carrier [1]. In an ptital communication system, the
bit rate distance product is only about 1 (bit/s)-km due tonemas transmission loss
(105 to 107 dB/km). The information carrying capacity of telpfy is about hundred
times lesser than telephony. Even though the high-speedat systems were evaluated
during 1975, they had smaller repeater spacing. Microwavesusgd in modern
communication systems with the increased bit ratawiist product [12].

However, a coherent optical carrier like laser wilve more information carrying
capacity. So the communication engineers were interasteoptical communication
using lasers in an effective manner from 1960 onwards. A new ire optical
communication started after the invention of laset960 by Maiman. The light waves
from the laser, a coherent source of light waves havingh intensity, high



Investigations on Efficient Optical Fiber Communication Systém Dispersion and Self phase Modulation.

monochromatic and high directionality with less dgence, are used as carrier waves
capable of carrying large amount of information compared witdio waves and

microwaves.

Initially, the very large losses in the optical fibergyented coaxial cables from being
replaced. The loss is the decrease in the amoumgldfreaching the end of the fiber.
Early fibers have losses around 1,000 dB/km making them actipal for
communications use. In 1969, several scientists concluggdirtipurities in the fiber
material caused the signal loss in optical fibers. Bd&ic fiber material did not prevent
the light signal from reaching the end of the fiber.sé&&chers believed it was possible
to reduce the losses in optical fibers by removing the imesritBy removing the
impurities, construction of low-loss optical fibers wesssible.

There are two basic types of optical fibers, multiméders and single mode fibers. In
1970, Corning Glass Works made a multimode fiber with logsdser 20 dB/km.

This same company, in 1972, made a high silica-core multimpdeal fiber with 4
dB/km minimum attenuation (loss). Currently, multimddeers can have losses as low
as 0.5 dB/km at wavelengths around 1300 nm. Single mode fibesvalable with
losses lower than 0.25 dB/km at wavelengths around 1500 nm.

1.3 Literature survey

Scientists have used different techniques of pulse cosipredased on linear chirp
compensation  of self phase modulation in dispersiorteshfibers. Cartaxo et. al.
Derived expression for relative intensity noise due to dispe and nonlinearity
including fiber loss and showed its impact with first order d&pe term. The
optimization procedure was carried out for short spanimgles mode fiber using
parabolic law [13]. Cartledge et. acombined the use of SPM and joint optimization of
the bias and modulation voltages to increase the diepdmnited transmission distance
at 10 Gb/s [14]. Tang et. al presented a general treawhentlti span effects of Kerr
nonlinearity on Shannon channel capacity for dispersiea fionlinear optical fiber

transmissions [15]. Chiang et. al. reported that the eplnasdulation induced by cross
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phase modulation is inversely proportional to the sigaaelband modulation frequency
[8]. Yang et al. derived expression for nonlinear crolsstak to XPM effect [16]. Sono
et al. described WDM transmission with SPM/XPM suppression thrqueghchirping
and dispersion management [17]. Yu et. al. demonstratedtamaaus demultiplexing
and regeneration of 40 Gb/s bit rate bit rate optioa tivision multiplexed (OTDM)
signal based on self phase and cross phase modulatdispersion shifted fibers [18].
Gobind P. Agrawal the amplified pulse is passed through g fibserinitially compressed
because of the frequency chirp imposed on it by the aemplifhis feature can be used to
compensate for fiber dispersion in optical communicesigstems.

Numai and Kubota again showed that by repeated unequally spaaedels, the FWM
problem can be controlled to great extent [19]. Recemlgdic et. al. investigated
efficiency of FWM generation inquest distributed erbium dbfiber sections under
general power evolution conditions using new theory. MeastHWM efficiency was
found to be in good agreement with newly developed thty

Different compensation methods like Optical Phase Conmgatiethod [21], Fiber
chirped method [17], Bragg-Grating method [22], Filter metifferential time delay
method and dispersion equalizers were studied in the lasddéeand based on these
methods efforts were made to increase the transmislgiances and bandwidth of
optical communication systems [23]. In the last fewrgeaoth dispersion Optical Kerr
effects have been studied together creating path wayschoigees called dispersion
management techniques. The impact of higher order dispetsimns has also been
studied these days by different authors [24-25] .

Masaki Recently showed that there is a significantemse in the transmission speed of
optical networks if the impact of higher order terms iariied [26]. The general
expressions that describe pulse broadening due to even ahajbddorder dispersion in
a single mode fiber were discussed. The intrinsic impellsesponse for even order
dispersion (beyond the second order) were charactebygeslymmetrical wave forms
with long trailing skirts, whereas the response for odd osteyss asymmetrical strongly
oscillating waveforms. The transmission limits welsoaanalytically obtained for each
higher nth order that induces inter symbol interference
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1.4 Objectives

In this thesis, the research is carried out keeping w the following main objectives:

1) To investigate efficient optical communication syssefor the fiber length 10 km to
60 km

2) To investigate efficient optical communication syssdor the fiber dispersion value
8, 10, 12, 14, 15 ps/nm/km.

3) To investigate the bit rate 10 to 40 Gb/s bit rate bitirabgtical communication
system.

4) To compare the difference between EDFA (erbium-dopeddigtifiers) and SOA

(semiconductor optical amplifier).

1.5 Thesis outline

In chapter 1, the basic introduction, history, literatswevey and objectives have been
defined. In chapter 2, we have been discussed the bddibsrooptics and in chapter 3,
dispersion and nonlinearity in fiber optics have been studirechapter 4, we have been
investigated the simulation results of pre compensationf pospensation and
symmetrical compensation and in chapter 5 we have compheedesults of pre
compensation with SOA and pre compensation with EDFA. #kradly in chapter 6, we

have discussed the conclusions and future scope of work.
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CHAPTER 2

FIBER OPTIC BASICS

2.1 Introduction

System design has centered on long-haul communicaimhshe subscriber-loop plant.
The subscriber-loop plant is the part of a systerhdbanects a subscriber to the nearest
switching center. Limited work has also been done omt-ghstance applications and

some military systems.

Initially, central office trunking required multimode agatl fibers with moderate to good
performance. Fiber performance depends on the amoumtssfand signal distortion
introduced by the fiber when it is operating at a spewifizelength. Long-haul systems
require single mode optical fibers with very high perfance. Single mode fibers tend to

have lower loss and produce less signal distortion.

In contrast, short-distance and military systems tendse only multimode technology.
Examples of short-distance systems include process camtbllocal area networks
(LANSs). Short-distance and military systems have mamynections. The larger fiber
core and higher fiber numerical aperture (NA) of multiedidbers reduce losses at these

connections.

In military and subscriber-loop applications, system desagpd parts selection are
related. Designers consider trade-offs in the followireas:

o Fiber properties

» Types of connections
e Optical sources

o Detector types

Designers develop systems to meet stringent working regemsmwhile trying to
maintain economic performance. It is quite difficultidentify a standard system design
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approach. This module identifies the types of componentsen by the Navy for
shipboard applications [12].

Future system design improvements depend on continued ales@aasearchers expect
fiber optic product improvements to upgrade performance anmdrlgcosts for short-
distance applications. Future systems center on broadbamvites that will allow
transmission of voice, video and data. Services willuohe television, data retrieval,

video word processing, electronic mail, banking and shopping.
2.2 Transmission of light through optical fibers

The transmission of light along optical fibers dependsomdy on the nature of light, but
also on the structure of the optical fiber. Two methadsused to describe how light is
transmitted along the optical fiber. The first methay, theory, uses the concepts of light
reflection and refraction. The second method, mode yh&®ats light as electromagnetic
waves. These properties affect how light is transmttiealugh the fiber [27].

2.3 Optical fiber types

Optical fibers are characterized by their structure andhdy properties of transmission.
Basically, optical fibers are classified into two égp The first type is single mode fibers.
The second type is multimode fibers. As each name imypiptical fibers are classified
by the number of modes that propagate along the fiber. éagusly explained, the
structure of the fiber can permit or restrict modes ffpopagating in a fiber. The basic
structural difference is the core size. Single mabler$ are manufactured with the same
materials as multimode fibers. Single mode fibers e manufactured by following the

same fabrication process as multimode fibers.
2.3.1 Single mode fibers

The core size of single mode fibers is small. Thee sire (diameter) is typically around
8 to 10 micrometers. A fiber core of this size allows dhi/ fundamental or lowest order

mode to propagate around a 1300 nanometer (nm) wavelengthe Sugle fibers



Investigations on Efficient Optical Fiber Communication Systém Dispersion and Self phase Modulation.

propagate only one mode, because the core size apprabehmserational wavelength.
The value of the normalized frequency parameter (V) eglatore size with mode

propagation.

In single mode fibers, V is less than or equal to 2.405. Whisnless then 2.405, single
mode fibers propagate the fundamental mode down the fibver wdile high-order
modes are lost in the cladding. For low V values, mosh@fower is propagated in the
cladding material. Power transmitted by the cladding slye#ost at fiber bends. The
value of V should remain near the 2.405 level [22].

Single mode fibers have a lower signal loss and a highiermation capacity
(bandwidth) than multimode fibers. Single mode fibeesapable of transferring higher
amounts of data due to low fiber dispersion. Basicalgpelision is the spreading of light
as light propagates along a fiber. Dispersion mechanisnsngle mode fibers are
discussed in more detail later in this chapter. Signsd ldepends on the operational
wavelength. In single mode fibers, the wavelength can iserea decrease the losses
caused by fiber bending. Single mode fibers operating at wagtake larger than the
cutoff wavelength lose more power at fiber bends. Theg power because light radiates
into the cladding, which is lost at fiber bends. In geahesingle mode fibers are
considered to be low-loss fibers, which increase systeswbdth and length.

2.3.2 Multimode fibers

As their name implies, multimode fibers propagate moea tbne mode. Multimode

fibers can propagate over 100 modes. The number of modes pexpagpends on the

core size and numerical aperture (NA). As the coreamkeNA increase, the number of
modes increases. Typical values of fiber core size and NA are 50 to 100 um and 0.20 to

0.29, respectively.

A large core size and a higher NA have several advasitagght is launched into a
multimode fiber with more ease. The higher NA and thgelacore size make it easier to
make fiber connections. During fiber splicing, core-to-corgnatent becomes less

critical. Another advantage is that multimode fibersnpe the use of light-emitting
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diodes (LEDs). Single mode fibers typically must userlasedes. LEDs are cheaper,
less complex and last longer. LEDs are preferred fot aygsications.

Multimode fibers also have some disadvantages. Asuh#er of modes increases, the
effect of modal dispersion increases. Modal dispersiotermodal dispersion) means
that modes arrive at the fiber end at slightly diffeéremes. This time difference causes
the light pulse to spread. Modal dispersion affectstesys bandwidth. Fiber
manufacturers adjust the core diameter, NA and indefil@mroperties of multimode

fibers to maximize system bandwidth.
2.4 Properties of optical fiber transmission

The propagation of light depends upon the nature of ligtitthe structure of the optical
fiber. In this case, system performance deals withasigss and bandwidth.

2.4.1 Attenuation

Signal loss and system bandwidth describe the amourmtat# transmitted over a
specified length of fiber. Many optical fiber properties @age signal loss and reduce
system bandwidth. The most important properties thactiystem performance are

fiber attenuation and dispersion.

Attenuation reduces the amount of optical power transditby the fiber [3,28].
Attenuation controls the distance an optical sigpalge) can travel as shown in figure
2.1. Once the power of an optical pulse is reduced to & wbere the receiver is unable
to detect the pulse, an error occurs. Attenuation is Ignairesult of light absorption,
scattering and bending losses. Dispersion spreads ticalqulise as it travels along the
fiber. This spreading of the signal pulse reduces the sysaedwidth or the information-
carrying capacity of the fiber. Dispersion limits hovetfanformation is transferred as
shown in figure 2.1. An error occurs when the receiver ablento distinguish between
input pulses caused by the spreading of each pulse. Theseffe@ttenuation and

dispersion increase as the pulse travels the leridgtte diber as shown in figure 2.2.
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Figure 2.1 Fiber transmission properties.

Figure 2.2 Pulse spreading and power losg an optical fiber.

In addition to fiber attenuation and dispersion, otheicapfiber properties affect system
performance. Fiber properties, such as modal noise, pudsglening and polarization

can reduce system performance.

2.4.2 Scattering

Basically, scattering losses are caused by the intenaat light with density fluctuations
within a fiber. Density changes are produced when opticalsfilbee manufactured.
During manufacturing, regions of higher and lower molecdimsity areas, relative to
the average density of the fiber, are created. Lightlireg through the fiber interacts
with the density areas as shown in figure 2.3. Light is thartially scattered in all

directions.

11
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CLADIDHNG
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Figure 2.3 Rayleigh scattering

In commercial fibers operating between 700 nm and 1600 nm wavelahgt main
source of loss is called Rayleigh scattering. Rayleigattering is the main loss
mechanism between the ultraviolet and infrared regiorshawn in figure 2.3. Rayleigh
scattering occurs when the size of the density fludogfiber defect) is less than one-
tenth of the operating wavelength of light. Loss causedRhayleigh scattering is
proportional to the fourth power of the wavelength\\1As the wavelength increases,

the loss caused by Rayleigh scattering decreases.

If the size of the defect is greater than one-tentih®fvavelength of light, the scattering
mechanism is called Mie scattering. Mie scatteringsed by these large defects in the
fiber core, scatters light out of the fiber core. Howgue commercial fibers, the effects
of Mie scattering are insignificant. Optical fibers ananufactured with very few large

defects.
2.4.3 Bending loss

Bending the fiber also causes attenuation. Bendingdadassified according to the bend

radius of curvature: micro bend loss or macro bend loss

12
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Micro bends are small microscopic bends of the fébas that occur mainly when a fiber
is cabled. Macro bendse bends having a large radius of curvature relative tfiktée
diameter. Micro bend and macro bend losses are vgrgriant lossmechanismskEiber
loss caused by micro bending can still occur even ifitvex s cabled correctly. During

installation, if fibers are bent too sharply, macrad#&®sses will occur.

Micro bend losses are caused by small discontinudgresmperfections in the fiber.
Uneven coating applications and improper cabling proceduresase micro bend loss.
External forces are also a source of micro bendse»arnal force deforms the cabled
jacket surrounding the fiber but causes only a small berttieinfiber. Micro bends
change the path that propagating modes take, as shown ia f#igur Micro bend loss
increases attenuation because low-order modes becomkectauth high-order modes

that are naturally lossy.
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Figure 2.4 Micro bend loss

Macro bend losses are observed when a fiber bends cfdiusvature is large compared

to the fiber diameter.

These bends become great source of loss when the odaiusr/ature is less than several
centimeters. Light propagating at the inner side obth& travels a shorter distance than
that on the outer side. To maintain the phase ofigie wave, the mode phase velocity
must increase. When the fiber bend is less than soiieakradius, the mode phase

13
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velocity must increase to a speed greater than the spedightf However, it is
impossible to exceed the speed of light. This conditaarses some of the light within the
fiber to be converted to high-order modes. These higbromodes are then lost or
radiated out of the fiber [29].

Fiber sensitivity to bending losses can be reducedelf¢fractive index of the core is
increased, then fiber sensitivity decreases. Sensitaldy decreases as the diameter of
the overall fiber increases. However, increases irfiblee core diameter increase fiber
sensitivity. Fibers with larger core size propagate nmoeles. These additional modes

tend to be more loss.

2.5 Dispersion compensation fiber

Dispersion Compensating Fiber (DQ#€presents the most widely used in-line dispersion
compensation technique in today’s transmission systehesDCFs are characterized by
a large negative dispersion and a small core diaméter.large negative dispersion
values can be achieved by variation of the fiber profileldyying the fiber cladding (e.g.
by fluorine), introducing an increase in the refractivdex difference between the core
and cladding. The demands on DCFs are a large negativesthspét70-300 ps/nm),
low insertion losses, low polarization dependent losses \P®low polarization mode
dispersion (< 0.05 ps/km), a large effective arda) (and a negative dispersion slope.
The DCFs can be used for simultaneous compensatioavefa channels, but due to
imperfections in slope compensation, a small amountesidual dispersion remains

especially in outer channels [30-31].
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CHAPTER 3

DISPERSION AND NONLINEARITIES IN FIBERS

3.1 Introduction

The transmission of optical signals in an optical samication system may be limited
by optical effects such as dispersion. Optical signalg be transmitted as pulses of light
in an optical fiber. As a pulse spreads, energy is overdapid@ds condition is shown in
figure 3.1. The spreading of the optical pulse as it tsamong the fiber limits the
information capacity of the fiber. When light propagatmghin an optical fiber
undergoes chromatic dispersion, the light is delayed nvitte optical fiber. The delay
causes spreading of the light pulses, which may affegbénformance of the system. The
specific amount of dispersion that an optical sigmalengoes varies depending upon the
wavelength of the optical signal. The extent to which d&pa varies as a function of
light wavelength is often referred to as dispersion sldagious dispersion management
techniques have been used to reduce dispersion and to maspgesidn slope by
reducing dispersion at individual channel wavelengths. Digpersmanagement is
particularly important in wavelength division multiplexed (WIPMoptical

communication systems transmitting multiple channetawtiple wavelengths.

Figure 3.1 Pulse overlap

3.2 Types of dispersion

There are two different types of dispersion in optidgadrs. The types are intramodal and
intermodal dispersion. Intramodal, or chromatic, éisppn occurs in all types of fibers.
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Intermodal or modal dispersion occurs only in multimoters. Each type of dispersion

mechanism leads to pulse spreading.
3.2.1 Intramodal dispersion

Intramodal, or chromatic, dispersion depends primamlfiloer materials. There are two
types of intramodal dispersion. The first type is matalispersion. The second type is
waveguide dispersionintramodal dispersion occurs because different coldrigbt
travel through different materials and different wavdgustructures at different speeds
[32-33].

3.2.1.1 Material dispersion

Material dispersion occurs because the spreading light pulse is dependent on the
wavelengths interaction with the refractive index @ fiber core. Different wavelengths
travel at different speeds in the fiber material. Défg wavelengths of a light pulse that
enter a fiber at one time exit the fiber at differemes. Material dispersion is a function
of the source spectral width. The spectral width spectfie range of wavelengths that
can propagate in the fiber. Material dispersion is & d$snger wavelengths.

3.2.1.2 Waveguide dispersion

Waveguide dispersion occurs because the mode propagatistaciis a function of the
size of the fiber's core relative to the wavelengtbpdration. Waveguide dispersion also
occurs because light propagates differently in the careiththe cladding.

In multimode fibers, waveguide dispersion and materigledfson are basically separate
properties. Multimode waveguide dispersion is generaiialls compared to material
dispersion. Waveguide dispersion is usually neglected. Hewen single mode fibers,

material and waveguide dispersion are interrelated.

The total dispersion present in single mode fibers mayibenized by trading material

and waveguide properties depending on the wavelength of operatio
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3.2.2 Modal dispersion

Modal dispersion occurs because each mode travelfeaedt distance over the same
time span, as shown in figure 3.2. The modes of a ligheghkst enter the fiber at one
time exit the fiber a different time. This conditioauses the light pulse to spread. As the

length of the fiber increases, modal dispersion inceease

Figure 3.2 Distance traveled by each mode over the saraespiam.

Modal dispersion is the dominant source of dispersion iftirmede fibers. Modal
dispersion does not exist in single mode fibers. Singdele fibers propagate only the
fundamental mode. Therefore, single mode fibers exiti@t lowest amount of total
dispersion. Single mode fibers also exhibit the highessible bandwidth [3].

3.3 Dispersion compensation techniques

The ideal dispersion compensator must have a quitegentnlist of characteristics.

Regarding the chromatic dispersion, it has to be matched to the transport fiber, have
a smooth dispersion profile (i.e. no dispersion ripplegroup delay ripples), be tunable
potentially provide a high channel-to-channel variatiorha dispersion. Furthermore, it
has to be free of polarization effects [polarizatimpendent loss (PDL) and polarization
mode dispersion (PMD)]. Regarding the wavelength, ittbd® broadband, being usable
over the whole wavelength range (high spectral efficiprasyd should accommodate
high signal bandwidths. The ideal compensator mustmisade low insertion loss and

being capable of handling high optical power. Finally it me@stdmpact, consume no or

low power and must be low-cost [34].
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Obviously, such a long list of requirements is virtuallypassible to fulfill. Trade-offs
must be made between the different requirements. Ditferechnologies exist for
compensating the chromatic dispersion. Each of thertar@ninherent trade-offs that
render it more suitable for an application and lesafather one. The main technologies
are dispersion compensating fiber, fiber Bragg gratingxrefdier andvirtually imaged
phased array. Furthermore, not truly dispersion compiensalevices, electronic
dispersion compensation and advanced modulation formatsttaactive due to the high
dispersion tolerance they provide [35].

3.3.1 Fiber based method

The fiber based method employs the dispersion compenghatough a small section of
fiber length. Their are various techniques such as dispecsimpensation fiber (DCF),

reverse dispersion fiber, negative dispersion fiber topessate the dispersion of the
system.

Tx S/I\Q\P DCF Rx
[N

S0 km -
' 10 km

Figure 3.3 Dispersion compensation fibers in optical commatinit system

Dispersion compensating fiber (DCF) is the predominantntdolgy for dispersion
compensation. It consists of an optical fiber thatdhapecial design such as providing a
large negative dispersion coefficient while the disipersf the transport fiber is positive.
A proper length of DCF allows the compensation of theowiatic dispersion
accumulated over a given length of the transport fiakeihpugh standard modules with
predetermined dispersion values (with a typical granylacbrresponding to the
dispersion of 20 km of SSMF) are commercially availafilee main advantage of this
technology is the fact that it provides a broadband ¢iperavith a smooth dispersion
property and good optical characteristics. In the firsegation of DCF, only about 60%
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of the SSMF dispersion slope was allowed to be compeths&ow, 100% slope-
matching for both SSMF and E-LEAF is commercially safalg¢. However, dispersion
compensation modules based on a first-generation DCFaggelyt deployed and their
associated slope-mismatch is a problem we have to INhe REF also presents a quite
large insertion loss although improvements have beentegpaacently.

Dispersion compensation modules based on DCF are allsp dnd again, size reduction
is expected in the future as bend loss reduction could allsignificant improvement in
the compactness [36].

The disadvantages of the fiber-based methods are tne fxer loss in, high non-
linearity and the additional cost of the DCF. The maxindispersion of such DCF is
about -100 ps/nm/km, which is limited by the mismatching of dlass properties
between the core and the cladding. Therefore, the up gnadati@lready installed
systems is difficult with DCFs, as the dispersionhie 1550 nm region is 17 ps/nm/km.
Hence very long lengths of dispersion compensating fibé@itequired to compensate
for the dispersion of even modest lengths of transnmssio

3.3.2 Fiber Bragg grating

The first in-fiber Bragg grating was demonstrated by Hill8v8 [37]. A fiber Bragg
grating (FBG) is a type of distributed Bragg reflectocasistructed in a short segment of
optical fiber that reflects particular wavelengths ghtiand transmits all others. This is
achieved by adding a periodic variation to the refractivexirafethe fiber core, which
generates a wavelength specific dielectric mirror. A flBexgg grating can therefore be
used as an inline optical fiber to block certain wavelengihgs a wavelength-specific
reflector.

19



Investigations on Efficient Optical Fiber Communication Systém Dispersion and Self phase Modulation.
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Figure 3.4Basic structure of fiber Bragg grating

The Bragg wavelengthg, of an FBG, which is given by the following relation

Ag = 2 Neft:l G 7 |

Here neri/l the modal refractive index arllis represents the index modulation period of

the Bragg grating. Assume that the incident light fulfile Bragg condition given by eq.
3.1. The incident light will be Fresnel reflected aewf the grating plane. Under the
Bragg condition, the reflected light is exactly in-phagith reflected lights from other
grating planes. Since all of these reflected lights didvel constructively interfered at the
incident edge of the FBG, the incident light is reflecasdshown in figure 3.4. On the
other hand, other wavelength components will pass throegRBIs. Therefore, the FBG
acts as a band-pass filter at the reflection port anbamd-rejection filter at the

transmission port.

Such interferometric effect can exhibit a very narrowdvadth characteristic of filters.
Fiber Bragg gratings (FBG) have been proposed for compensdtengchiromatic
dispersion several years ago. Such a device reflegtd lkvhen its wavelength
corresponds to the grating period. When the grating is chifbat is when its period
varies linearly along the axis; the different spectashpgonents of the light are reflected
at different location along the grating. In such a wagpactral component traveling
faster in the transport fiber can be delayed by the FB@aoed to a spectral component
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that travels slower. Its a narrowband operation, FWBGrmav be operated over the full
C-band though a multi-channel operation where the samiempaof optical fiber reflects
over many wavelength regions instead of only one. The widtinel operation can be
achieved by grating superposition or by a sampling approacpef@isn compensation
of 80 km of SSMF over 51 channels covering the full C-bandbkas reported with a
good slope-matching.

Each reflection region or grating component can be madependent on each other
allowing for a large flexibility in the channel-to-channedriation of the optical
characteristics. Such a device can provide a tunable dspédrg imposing a thermal
gradient on the FBG. Multi-channel tunable dispersiommensation has been obtained
in this manner. FBG-based dispersion compensation providesvdoks and small
footprint solution. Multi-channel FBGs are channelized dewvithat can be incompatible
with a cascade of a large number of units. Furthernawerall nonlinearities in the group
delay (group delay ripples) also increases with the sqoateof the number of cascaded
units [38].

3.3.3 Optical phase conjugation method

Optical phase conjugation (OPC) is used as e generic terenrfaltitude of nonlinear
optical processes. The common feature is that alethescesses are capable of reversing
both the direction of propagation and the phase faotoedch plane wave component of
an arbitrary incoming beam of light. This mean phase conjugatobe considered as a
kind of mirror with very unusual reflection properties. ildala conventional mirror,
where a ray of light bits redirected according to ordinlaw of reflection, a phase
Conjugator mirror (PCM) retro-reflects all incoming rdgck to the original path. When
a conventional mirror only the wave vector component nommahe surface of the
mirror reflects a ray changes sign the tangentialpmorants are unchanged. This means
that the propagation direction of the reflected ray ddpesn the angle between the
surface normal and the incident ray. A PCM, on thewohand, changes the sign of the
complete wave vector so that the reflected ray is aveayi parallel to the incident ray,
independent of the orientation of the mirror surfacee €hncept here is to use a device
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in the middle of the link to invert the spectrum. This s changes the short
wavelengths to long wave length and the long ones into shod. If the spectrum is
inverted in the middle of the link (using standard single max)fthe second half of the
link acts in the opposite direction. When the pulse asrivehas been rebuilt exactly
compensated for by the second half of the fiber. Mid sgaactral inversion is bit
difficult to implement in all situations because actilevice have to be put in the middle
of the link. This may or may not be practical. A procesdled “optical phase

conjugation” performs this spectral inversion.

3.4 Nonlinearities in fibers

3.4.1 Dispersion mapping

The advent of optical repeaters based on erbium doped dibplifiers (EDFAs) has

opened the new era of optical transmission technologilesying us to use wavelength
division multiplexing (WDM) technologies with simplesompact and economical
approaches [39]. In fact, the demonstrated capacity fgrth@ul optical transmission has
been growing remarkably and more than a thousand fold Bereacapacity has been
achieved over the past ten years. The price we have t@paydh success is the combat
with the accumulated impact of fiber nonlinearity, iptaying with the chromatic

dispersion of the transmission fiber, which grows witAngmission distance and,
therefore, becomes significant for ultra-long-haubteyns. Dispersion management
technologies have been invented to overcome such inhereblemps in optically

amplified transmission systems [40].

The transmission of optical signals in an optical samication system may be limited
by optical effects such as chromatic dispersion. Opsaaials may be transmitted as
pulses of light in an optical fiber. When light propagatiwghin an optical fiber
undergoes chromatic dispersion, the light is delayed nvitie optical fiber. The delay
causes spreading of the light pulses, which may affeqigifermance of the system. The
specific amount of dispersion that an optical sigmalangoes varies depending upon the

wavelength of the optical signal. The extent to which d&pa varies as a function of
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light wavelength is often referred to as dispersion sl¥faeious dispersion management
techniques have been used to reduce dispersion and to maspgesion slope by
reducing dispersion at individual channel wavelengths. Digpersmanagement is
particularly important in wavelength division multiplexed (WIPMoptical
communication systems transmitting multiple channeraidtiple wavelengths.

Dispersion can be minimized when the signals are plageametrically around the

fiber's zero-dispersion wavelengtiy= 0, but then FWM will increase and severely

degrade system performance. Since higher dispersioplimihate FWM, therefore, two
solutions to suppress FWM include: (1) placing all wavelengthy &ea and on only
one side o% ;= 0; and (2) utilizing alternating fiber segments with pesiand negative
dispersion values in a dispersion managed system in winch ts always an absolute
dispersion value exists along the link, but the total exxdated dispersion is 0. In both
these cases, each WDM channel accumulates a diffengotint of dispersion because of
the spectrally dependent dispersion slope of the fib&dslitionally, each channel
experiences SPM/XPM which interacts with the GVD, resuitingirther degradation.

To combat dispersion and nonlinearities, each WDM chacawelseparately be either
pre-compensated, post-compensated or dual-compensated (usingbmation of pre

and post-compensation) in total accumulated dispersion [41].
3.4.2 Origins of nonlinearities

When radiation is incident upon a medium, the osoilpelectromagnetic field interacts

with electric dipoles in the molecules of the mediand causes them to oscillate. The
result is a time-varying local electric polarizatiortive medium. This oscillating electric

field then re-radiates the electromagnetic field amel incident wave is considered to
propagate through the medium via a series of such absogsttre-radiation processes.
The polarization vectoP, induced by an electric field with amplitude vectorcan be

expressed as a general series expansion of the form [42].
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P=s, (Y E+y2.EE +zEEE+ ... ... .. v ..3.2)
£, Is the electric permeability of a vacuum,
¥ is the linear susceptibility tensor of the medium and

Y2 andys are second and third order susceptibility tensor terms.

If the induced polarization has a purely linear dependencéepplied electric field

then the re-radiated electric field will be identitalthe incident field. However, when
second or higher-order susceptibility terms are nontenomonics begin to appear in the
radiated field that was not present in the incidentdfidfor materials that have a
symmetrical molecular structure, the polarization induzgdn incident electric field is

symmetrical, as illustrated in figure 3.5. The suscefiiibdf these materials contains
only odd expansion terms, as opposed to anti-symmetriccaleefor which even terms

such as may be non-zero.

Polarisation, P

Electric Field, E

Figure 3.5 Electricpolarizations versus electric field for materials withversion

symmetry (broken line) and with asymmetric moleculewcttire (Solid dark line).

The dominant susceptility term is the linear term, y which determines the linear

refractive index of the medium, n and the absorption attenuation coefficient a. The orders

24



Investigations on Efficient Optical Fiber Communication Systém Dispersion and Self phase Modulation.

of the non-zero expansion terms determine the typ®mlfnearity to which the medium
is susceptible. In materials, which lack a center of syttynsuch as quartz, KDP and
ADP, the second order susceptibility is responsible foorsgedharmonic generation, in

which an intense wave at angular frequekisy generates another wave at twice this
frequency,2w,. Another effect which is possible in these materialsum frequency
generation; in which two waves &f; andw, interact to produce waves & + w,,

wy + 2w,, 2w, + w, [43].

3.4.3 Optical Kerr effect

The optical Kerr effect or AC Kerr effect is the casevhich the electric field is due to
the light itself. This causes a variation in index ofaefion which is proportional to the
local irradiance of the light. This refractive indeartation is responsible for the
nonlinear optical effects of self focusing and self phamelulation. This effect only
becomes significant with very intense beams such @setlfrom lasers. In fact, phase
modulation due to intensity dependent refractive index ieglwarious nonlinear effects,
namely, self phase modulation (SPM), cross phase mamul@XPM) and four wave
mixing (FWM).

3.4.3.1 Self phase modulation (SPM)

Phase modulation of an optical signal by itself iewn as self phase modulation (SPM).
SPM is primarily due to the self modulation of the palsGenerally, SPM occurs in
single-wavelength systems. At high bit rates however, $tds to cancel dispersion.
However, consideration must be given to receiver sauarand to nonlinear effects such
as SPM, which occurs with high signal levels. SPM resalfghase shift and a nonlinear
pulse spread. As the pulses spread, they tend to ovedagreumo longer distinguishable
by the receiver. The acceptable norm in system designuaterothe SPM effect is to
take into account a power penalty that can be assumetitegha negative effect posed
by XPM. By the SPM-impact new spectral components arergestkin the optical signal
spectrum resulting in a spectral broadening.

25



Investigations on Efficient Optical Fiber Communication Systém Dispersion and Self phase Modulation.

3.4.3.2 Cross phase modulation (XPM)

Cross phase modulation (XPM) is a nonlinear effect liats system performance in

wavelength Division Multiplexed (WDM) systems. (XPM) itphhase modulation of a
signal caused by an adjacent signal within the same f{d*M) is related to the

combination (dispersion/effective area). (XPM) resuitesm the different carrier

frequencies of independent channels, including the adsdciphase shifts on one
another. The induced phase shift is due to the walkovectefvhereby two pulses at
different bit rates or with different group velocitieslkacross each other. As a result,
the slower pulse sees the walkover and induces a phase Wfefttotal phase shift

depends on the net power of all the channels and on theutipiitoof the channels.

Maximum phase shift is produced when bits belonging to higieped adjacent

channels walk across each other.

3.4.3.3 Four wave mixing (FWM)

FWM can be compared to the intermodulation distortiostandard electrical systems.
When three wavelengthsi( A, andAs) interact in a nonlinear medium, they give rise to a
fourth wavelength (A4), which is formed by the scattering of the three indiggtons,
producing the fourth photon. This effect is known as four waweng (FWM) and is a
fiber-optic characteristic that affects (WDM) systen®he effects of (FWM) are
pronounced with decreased channel spacing of wavelengths dmghasignal power
levels. High chromatic dispersion also increases (FWhcts. FWM also causes inter

channel crosstalk effects for equally spaced (WDM) channels

26



Investigations on Efficient Optical Fiber Communication Systém Dispersion and Self phase Modulation.

CHAPTER 4

DEPENDENCE OF SELF PHASE MODULATION
IMPAIRMENTS ON RESIDUAL DISPERSION IN 10 Gb/s
BASED TERRESTRIAL TRANSMISSION USING
STANDARD FIBER WITH EDFA

4.1 Introduction

The most effective and practical strategy for upgradingbteady-installed transmission
systems is using standard single mode fiber (SMF), thedieal insertion of dispersion
compensating fiber (DCF) for suppressing the linear distomidunced by group velocity
dispersion (GVD). Nonlinear effects are self phase maoidulgSPM) and cross phase
modulation (XPM). The signal distortion cannot be fuBlyppressed because the
generation of nonlinear phase modulation, in which induatensity distortion through
GVD is distributed during the propagation [44].

The transmission performance is dependent on the posifidthe DCF and the zero
residual dispersion is not the best choice. In the aHsdull compensation, the
dependence on the DCF position shows the pre compensatimigtee achieves the best
results as shown in figure 4.1. Pre or post compensation theeDCF is located before
or after the transmission fiber.

If consider the cases of partial compensation the perdbrming technique turns out to
be the post compensation. We also show that pre conjmenganot a valid technique
when the dual stage strategy is adopted for span ampdificAVe proposed a practical
design rule for SPM-limited transmission systems dmunsthat the presence of multi
wavelength nonlinear effects [45-46].
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Figure 4.1 Post compensation
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Figure 4.2 Pre compensation
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4.2 Simulation setups

The various simulation setups under consideration arersio following sections, the
first section 4.2.1 is the simulation for pre compensatibe second section 4.2.2 is the
simulation for post compensation and third section 4s2l3e simulation for symmetrical
compensation. The results of simulations are repomtést section 4.3.

4.2.1 Simulation for pre compensation

In order to illustrate how pre compensation can be stuthedsystem is simulated with
block diagram shown in figure 4.3. In this case, the tr@tmnsection consists of data
source, electrical driver (NRZ), laser source (CW_ Laiian) and amplitude modulator
(sin2_M2Z) is connected with optical spectrum analyzer wheclused to observe the
optical spectrum. Three EDFA and two SSMF are condeictalternate to each other
such that the output of EDFA is fed to the next SSMfnegated to it. The output of last
EDFA is given to optical raised cosine filter which @noected to receiver section. In
receiver section PIN is connected to an electrical @efdger and the final result is

shown through electrical scope, Q estimator and bit eaterestimator.

4.2.2 Simulation for post compensation

In order to illustrate how post compensation can be studiedsystem is simulated with
block diagram shown in figure 4.4. In this case, the tr@tmnsection consists of data
source, electrical driver (NRZ), laser source (CW_ Laian) and amplitude modulator
(sin?2_MZ). Here four EDFA and four SSMF are connected erédite to each other such
that the output of EDFA is fed to the next SSMF corec¢d it. The second SSMF is
connected with splitter in order to make the whole espstis post compensation by
changing the value of dispersion which causes SSMF to asBXCF. The output of last

EDFA is given to optical raised cosine filter whichcsnnected to receiver section. In
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receiver section PIN is connected to an electrical &8efiser and the final result is

shown through electrical scope, Q estimator and bit eaterestimator.

4.2.3 Simulation for symmetrical compensation

In order to illustrate how symmetrical compensation canstuglied, the system is
simulated with block diagram shown in figure 4.3. In this c#élse transmitter section
consists of data source, electrical driver (NRZ), lasmurce (CW_ Lorentzian) and
amplitude modulator (sin2_MZ). Five EDFA and four SSMF@renected in alternate to
each other such that the output of EDFA is fed to the 88MF connected. The output
of last EDFA is given to the receiver section. In regesection PIN is connected to an
electrical Bessel filter and the final result is shawrough electrical scope, Q estimator

and bit error rate estimator.

4.3 Results for simulations

4.3.1.1 Results and discussions regarding simulation of pre

compensation based on 10 Gb/s bit rate

The simulation results from different simulation teyss are predicted. The results of
simulation setup in figures 4.6 to 4.11 shows the electyedtsum on 10 Gb/s bitrate on
different length of 10, 20, 30, 40, 50, 60 km and dispersiomesad, 10, 12, 14, 15, 16
ps/nm/km.

Eye diagrams for different length

The results of eye diagrams are shown in figures 4.12 tofdrldifferent length. Eye
opening decreases and eye closure increases with incheakngth of SSMF i.e. eye
opening penalty increases as the length of single modeifiberases. The best result is
observed with 10 km length of single mode fiber. Figure 4.b8vshthe comparison of
eye diagrams on 10, 20, 30, 40, 50, 60 km length of single mode fiber
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Eye diagrams for different dispersion

The results of eye diagrams are shown in figures 4.19 tdof@k. 2lfferent dispersion Eye
opening decreases and eye closure increases with incheadespersion of SSMF i.e.
eye opening penalty increases as the dispersion of siragle fiber increases. The best
result is observed with 10 ps/nm/km dispersion of singlearfiber. Figure 4.24 shows
the comparison of eye diagrams on 8, 10, 12, 14, 15, ps/nnigkersion of single mode
fiber.

Optical spectrums
The results of optical spectrum at frequency range [193138467 THz] are shown in
Figure 4.25 to 4.30.

Result based on Q estimator for different lengths

Figure 4.31 shows the result of Q value on 10, 20, 30, 40, 50, 60 gth tfiber which
is 29 dB at 10 Km and 11 dB at 60 Km.

Figure 4.32 shows the result of eye opening on 10, 20, 30, 40, k& &hgth of fiber
which is 0.00075 at 10 Km and 0.00740 at 60 Km.

Figure 4.33 shows the result of equivalent Q at mean tHokshalO, 20, 30, 40, 50, 60
km length of fiber which is 22.5 dB at 10 Km and 17.2 dB at 60 Km.

Figure 4.34 shows the result of equivalent Q at optimal tblésin 10, 20, 30, 40, 50,
60 km length of fiber which is 22.5 dB at 10 Km and 16.1 dB at 60 Km.

Result based on bit error rate estimator for different engths

Figure 4.35 shows the result of eye closure on 10, 20, 30, 46030n length of fiber
which is 0.4 dB at 10 Km and 1.2 dB at 60 Km.

Figure 4.36 shows the result of Average eye opening on 10, 20, 3,480 km length
of fiber which is 0.0094 at 10 Km, 0.0098 (Highest) at 30 Km and 0.0@848 Km.
Figure 4.37 shows the result of BER at optimal threshold®r20, 30, 40, 50, 60 km
length of fiber which is 1e-040 at 10 Km and 1le-13 at 60 Km.
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Figure 4.38 shows the result of BER at mean threshold 020,030, 40, 50, 60 km
length of fiber which is 1e-040 at 10 Km and 1e-13 at 60 Km.

Result based on Q estimator for different dispersion

Figure 4.39 shows the result of equivalent Q at mean thHesimo 7, 9, 11, 13, 15
ps/nm/km dispersion of fiber which is 21 dB at 7 ps/nm/kch Bh2 dB at 15 ps/nm/km.

Figure 4.40 shows the result of equivalent Q at optimakhaid on 7, 9, 11, 13, 15
ps/nm/km dispersion of fiber which is 21 dB at 7 ps/nm/kch Bh2 dB at 15 ps/nm/km.

Result based on bit error rate estimator for different dspersion

Figure 4.41 shows the result of BER at mean threshold & ¥1, 13, 15 ps/nm/km
dispersion of fiber which is 1e-040 at 7 ps/nm/km and 1e-008 ja¢/h&/km.

Figure 4.42 shows the result of BER at optimal threshald,09, 11, 13, 15 ps/nm/km
dispersion of fiber which is 1e-040 at 7 ps/nm/km and 1e-008 ja¢/h&/km.
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Figure 4.5 Symmetrical compensation

Parameter Value
Center emussion wavelength(nm) 1550
Center emission frequency(GHz) 193.41
CW power(mw) 0.0
CW power(dB) 1.0

Table 4.1 Properties of laser
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Parameter Value
Excess loss(dB) 3.0
% Transmission per applied voltage 20.0
Churp factor 0.0

Table 4.2 Properties of Amplitude modulation

Parameter Value
Bit rate 10
Corresponding simulation bit ratg 10
Baud rate 10.0
Samples per bit 13
Seqguence Random

Table 4.3 Properties of Data source

Parameter Value
Low Level 0.0
High Level 5.0
Duty cycle 0.5

Table 4.4 Properties of Modulator driver
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yve Diagram ath11, scopet, Run 2
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Figure 4.31 Q value
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Figure 4.37 BER at optimal threshold
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BER at Mean Decision Threshold [adim]
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4.3.1.2 Results of fiber used as a DCF

The results of fiber used as DCF is shown in figure 4.43vaktnt Q at optimal
threshold which is negative dispersion -8, -10, -12,-14, -16npgki and figure 4.44
BER at optimal threshold negative dispersion -8, -10;122-16 ps/nm/km.

Figure 4.45 shows the BER at optimal threshold positivenagdtive dispersion.

Figure 4.46 shows the comparison of eye diagram at negajpersion -8, -10, -12, -14,
-15, -16 ps/nm/km.

4.3.2 Results and discussions regarding simulation of posirapensation
based on 10 Gb/s bitrate

The simulation results from different simulation tgyas are predicted. The results of
simulation setup are shown in figure 4.47 is electricaltspecand figure 4.48 is eye
diagram.

4.3.3 Results and discussion regarding simulation of symmetal

compensation based on 10 Gb/s bitrate

The simulation results from different simulation teyss are predicted. The results of
simulation setup in figure 4.49 is electrical spectrum

Eye diagrams for different length

The results of eye diagrams are shown in figures 4.50 tofdtSdifferent length. Eye
opening decreases and eye closure increases with incheakngth of SSMF i.e. eye
opening penalty increases as the length of single modeifibeases. The best result is
observed with 10 km length of single mode fiber. Figure 4.%8vshthe comparison of
eye diagrams on 10, 20, 30, 40, 50, 60 km length of single mode fiber
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Eye diagrams for different dispersion

The results of eye diagrams are shown in figures 4.57 tofaek. @lifferent dispersion Eye
opening decreases and eye closure increases with incheadespersion of SSMF i.e.
eye opening penalty increases as the dispersion of smade fiber increases. The best
result is observed with 10 ps/nm/km dispersion of singleearfiber. Figure 4.62 shows
the comparison of eye diagrams on 8, 10, 12, 14, 16, ps/nnigkersion of single mode
fiber.

Result based on Q and bit error rate estimator

Figure 4.63 shows the result of Q value on 20, 30, 40, 50, 60 km lehfiler which is
19.6 dB at 20 Km and 16.4 dB at 60 Km.

Figure 4.64 shows the result of eye closure on 20, 30, 40, %y &nhgth of fiber which
is 1.05 dB at 20 Km and 1.0 dB at 60 Km.

Figure 4.65 shows the result of BER at optimal threshol@@ 30, 40, 50, 60 km length
of fiber which is 1e-022 at 20 Km and 1e-009 at 60 Km.

Figure 4.66 shows the result of BER at mean threshold o802@0, 50, 60 km length of
fiber which is 1e-019 at 20 Km and 1e-004 at 60 Km.

Figure 4.67 Average eye opening on 20, 30, 40, 50, 60 km length of flideh g
0.00848 at 20 Km and 0.00798 at 60 Km.

Figure 4.68 shows the result of equivalent Q at mean tHokeha?0, 30, 40, 50, 60 km
length of fiber which is 19 dB at 20 Km and 14.9 dB at 60 Km.

Figure 4.69 shows the result of equivalent Q at optimal tofesin 20, 30, 40, 50, 60
km length of fiber which is 19.6 dB at 20 Km and 16.3 dB at 60 Km.

Figure 4.70 shows the result of BER at optimal threshold® 20, 30, 40 Gb/s bit rate
dispersion of fiber which is 22.5 dB at 10 Gb/s bit rate an? dB.at 40 Gb/s bit rate.
Figure 4.71 shows the result of BER at mean optimal tbfe<sin 10, 20, 30, 40 Gb/s bit
rate dispersion of fiber which is 1e-040 at 10 Gb/s bitaatele-012 at 40 Gb/s bit rate .
Figure 4.72 shows the result of equivalent Q at mean theehdl 0,20, 30, 40, 50 Gb/s
bit rate of fiber which is 21.5 dB at 10 Gb/s bit rate and @B.4t 50 Gb/s bit rate
Figure 4.73 shows the result of Q value on 10, 20, 30, 40, 50 Gb&ebaf fiber which
is 28.8 dB at 10 Gb/s bit rate and 18.1 dB at 50 Gb/s bit rate
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Figure 4.74 shows the result of eye closure on 10, 20, 3GMGb/s bit rate of fiber
which is 0.34 at 10 Gb/s bit rate and 1.12 at 50 Gb/s bit rate

Figure 4.75 shows the result of average eye opening on 10, 20,30 Gb/s bit rate of
fiber which is 0.009445 at 10 Gb/s bit rate and 0.00951 at 50 Gh/$ebit ra

Figure 4.76 shows the result of eye opening on 10, 20, 30, 40, ShiGbate of fiber
which is 0.08756 at 10 Gb/s bit rate and 0.00750at 50 Gb/s bit rate.

Figure 4.77 shows the result of equivalent Q at optimal tbtésin 10, 20, 30, 40, 50
Gb/s bit rate of fiber which is 22.5 dB at 10 Gb/s bit raie B8.2 dB at 50 Gb/s.

Figure 4.78 shows the result of BER at mean threshold 02010, 40, 50 Gb/s bit rate
dispersion of fiber which is 1e-040 at 10 Gb/s bit rate and 1ex09d Gb/s bit rate.
Figure 4.79 shows the result of equivalent Q at mean tHokshal 0,20, 30, 40, 50 Gb/s
bit rate of fiber which is 22.5 dB at 10 Gb/s bit rate and d@B.2t 50 Gb/s.
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EER at Optimal Decision Threshold [adim]
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Figure 4.44 BER at optimal threshold
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sim_sukhd: BEye Diagram ath11, scopet, Run i
gim_sukhd: Eye Diagram ath11, scopet, Run 2
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sim_sukhd: Eye Diagram ath11, scopel, Run B
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Figure 4.46 Eye diagram at negative dispersion -8, -10, -12,-164,-16 ps/nm/km
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Figure 4.47 Electrical spectrum
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ve Diagram at b134, scopel, Run 1
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Figure 4.51 Eye diagram at 20 km length
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ve Diagram at b134, scopel, Run 2
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Figure 4.53 Eye diagram at 40 km length
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Figure 4.54 Eye diagram at 50 km length

JRuna

scope’l

ve Diagram at h134

— s=im_sukha E

0.00% £-----

[a.ua.]
[a.u.]

64

Time [n=]

Figure 4.55 Eye diagram at 60 km length



Investigations on Efficient Optical Fiber Communication Systém Dispersion and Self phase Modulation.

— sim_sukhd: BEye Diagram at b134, scopet, Run 1
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sim_sukha: Eve Diagram at b134, scopel, Run 4
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Figure 4.56 Eye diagram at 10, 20, 30, 40, 50 km length

— sim_sukha: Eye Diagram atb134, scopel, Run 1

[a.a.]

Time [n=]

Figure 4.57 Eye diagram at dispersion 8 ps/nm/km
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ve Diagram at b134, scopel, Run 2
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Figure 4.58 Eye diagram at dispersion 10 ps/nm/km

Bun 3

scopel

ve Diagram at b134

— sim_sukhi: E

[a.u.]

IS

T
0.04

T
a.0z

a

0.005 4------

0004 4---mmmbomemmboo oo

0.002 4-nnn=-

Time [n=]
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Figure 4.60 Eye diagram at dispersion 14 ps/nm/km
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Figure 4.61 Eye diagram at dispersion 16 ps/nm/km
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sim_sukha: Eve Diagram ath134, scopet, Bun i
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sim_sukha: Eve Diagram ath134, scopet, Bun 4
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Figure 4.62 Eye diagram at dispersion 8, 10, 12, 14, 16 ps/nm/km
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Figure 4.64 Eye closure
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Figure 4.65 BER at optimal threshold
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Equivalent 0 at Optimal Decision Threshold [dE]
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Figure 4.72 Equivalent Q at mean threshold

[4E]

0 walue

=
=
v T T T v T T
' I I I ' I I
' I I I ' I I
' I I I ' I I
' I I I ' I I
' \ \ \ ' \ \
' ! ! ! ' ! !
' 1 1 1 ' 1 1 w
SEnseas FEaanas Eosaae e Eeae [ G PR
' 1 1 \ ' \ 1
' I I I ' I I
' I I I ' I I
' I I I ' I I
' \ \ \ ' \ \
' ! ! ! ' ! !
' I I I ' I -
' | | \ ' : |
EEEEEE L ro---- - - - - - - e EEEEEE o
h ' i i \ ' h i
I ' I I I : I I
I ' I I I 1 I I
\ ' \ \ \ ' \ \
! ' ! ! ! ' ! !
I ' I I I ' I I
I ' I I I ' I I
! [ [ A [ A e R [
i i i i \ 1 i i
I ' I I i ' I I
I I ' I I \ ' I I
\ \ ' \ \ \ ' \ \
! ! ' ! ! ! ' ! !
I I ' I I I ' I I
I I ' I I I ' I I
I I ' I I I ' I e
hoooooo I PRSP PR [EU I, I, P O -1
\ \ ' . ! \ ' \ .
I I ' I I I ' I I
\ \ ' \ \ \ ' \ \
! ! ' ! ! ! ' ! !
I I ' I I I ' I I
I I ' I I I ' I I
I I ' I I I ' I I
I I ' I I I ' I K
(SR SSISISS IS SIESISISSE RIS SISISS S (SIS SIS SSISISIS IS rof
\ \ ' 1 1 \ ' \ 1
\ \ ' \ \ \ ' \ \
! ! ' ; ! ! ' ! !
I I ' | I I ' I I
I ' \ I I ' I I
I ' I I I ' I I
I ' I I ' I I
1 ' 1 1 ' 1 1 <
L r==-=-=--- [l 1mTTss aTTTTo i Bt r-p™
h ' i \ \ ' h i
! ' ! ! ! ' ! !
I ' I I I ' I I
I ' I I I ' I I
I ' I I I ' I I
I ' I I I ' I I
I v I I I ' I I
! RS S, [ R [ A N, R N I it
] i i i \ 1 i i
! ' ! ! ! ' ! !
I ' I I I ' I I
I ' I I I ' I I
I ' I I I ' I I
I ' I I I ' I I
I ' I I I ' I I
I ' I I I ' I e
t t t t t t t t =i
o o wa o+ o o o w
o i w o o o ] H

bitrate [adim]
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CHAPTER 5

DEPENDENCE OF SELF PHASE MODULATION
IMPAIRMENTS ON RESIDUAL DISPERSION IN 10 Gb/s
BASED TERRESTRIAL TRANSMISSION USING
STANDARD FIBER WITH SEMICONDUCTOR OPTICAL
AMPLIFIER (SOA)

5.1 Introduction of Semiconductor optical amplifier (SOA)

Semiconductor optical amplifiers are amplifiers whicle assemiconductor to provide
the gain medium. Recent designs include anti-reflectoaings and tilted waveguide
and window regions which can reduce end face reflectioestthan 0.001%. Since this
creates a loss of power from the cavity which is gretitan the gain it prevents the
amplifier from acting as a laser. Such amplifiers aften used in telecommunication
systems in the form of fiber-pigtailed components, opsgaat signal wavelengths
between 0.85 um and 1.6 pum and generating gains of up to 30 dBeffi@nductor
optical amplifier is of small size and electricajpymped. It can be potentially less
expensive than the EDFA and can be integrated with sedcuctor lasers, modulators,
etc. However, the performance is still not comparahbté whe EDFA. The SOA has
higher noise, lower gain, moderate polarization depemdand high nonlinearity with
fast transient time. This originates from the sharasecond or less upper state lifetime,
so that the gain reacts rapidly to changes of pumpgoakpower and the changes of
gain also because phase changes which can distort tiadssigihis nonlinearity presents
the most severe problem for optical communication epptins. However it provides the
possibility for gain in different wavelength regions nfothe EDFA. "Linear optical
amplifiers" using gain clamping techniques have been developed [47]
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5.2 Simulation setups

The various simulation setups under consideration is showrigure 5.1 Pre
compensation with SOA. The description of pre compensatitn SOA is reported |

section 5.2.1 and results of simulations are reportec:tioges.2.2.

5.2.1 Simulation of pre compensation with SOA

In order to illustrate how pre compensation can be stuthedsystem is simulated with

block diagram shown in figure 5.1. In this case, the tr@btmnsection consists of data
source, electrical driver (NRZ), laser source (CW_ Ltmian) and amplitude modulator
(sin2_M2Z) is connected with optical spectrum analyzer wheclused to observe the
optical spectrum. Three SOA and two SSMF are connectaiteimate to each other such
that the output of SOA is fed to the next SSMF conneictétd The output of last SOA is

given to optical raised cosine filter which is connedi@deceiver section. In receiver
section PIN is connected to an electrical Bessel fitel the final result is shown through
electrical scope, Q estimator and bit error rate estima

5.2.2 Results and discussion regarding simulation of prempensation
based on SOA

The simulation results from different simulation teyss are predicted. The results of
simulation setup in figures 5.2 to 5.7 shows the electrica&ispa on 10 Gb/s bitrate on

different length of 10, 20, 30, 40, 50, 60 km and dispersiomesa8, 10, 12, 14, 15, 16

ps/nm/km.

Eye diagrams for different lengths

The results of eye diagrams are shown in figures 5.818 for different length. Eye
opening decreases and eye closure increases with incheakngth of SSMF i.e. eye
opening penalty increases as the length of single modeifiberases. The best result is
observed with 10 km length of single mode fiber.
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Optical spectrums
The results of optical spectrum at frequency range [193132467 THz] are shown in
Figure 5.14 to 5.19.

Result based on Q and bit error rate estimator for differem lengths

Figure 5.20 shows the result of Q value on 20, 30, 40, 50, 60 knfnleh@ber which is
6.02 dB at all values of length.

Figure 5.21 shows the result of equivalent Q at optimal tbtésim 20, 30, 40, 50, 60
km length of fiber which is 6.02 dB at all values of length.

Figure 5.22 shows the result of equivalent Q at mean tHceeha?0, 30, 40, 50, 60 km
length of fiber which is 6.02 dB at all values of length.

Figure 5.23 shows the result of average eye opening on 20, 380,460 km length of
fiber which is 0.010 at 20 Km, 0.05 at 40 Km and 0.0142 at 60 Km.

Figure 5.24 shows the result of BER at mean threshold o802@0, 50, 60 km length of
fiber which is 0.024 at all values of length.

Figure 5.25 shows the result of BER at optimal threshol@@ 30, 40, 50, 60 km length
of fiber which is 0.024 at all values of length.

Result based on Q and bit error rate estimator for differem dispersion

Figure 5.26 shows the result of Q value at 7, 9, 11, 13, 15 ps/ndiggersion of fiber
which is 7.1 dB at 7 ps/nm/km and 6.01 dB for 9 to15 ps/nm/km.

Figure 5.27 shows the result of BER at mean threshold @& ¥1, 13, 15 ps/nm/km
dispersion of fiber which is 0.25 at all values.

Figure 5.28 shows the result of BER at optimal threshald,09, 11, 13, 15 ps/nm/km
dispersion of fiber which is 0.01 at 7 ps/nm/km and 0.025@t% {ps/nm/km.
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pectrurm atb13351, scopel, Run 3
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= sim_sukhf: Electrical Spectrum atb13351, scopel, Run 8
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— sim_sukhB: Eye Diagram at b13351, scopel, Run i
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BER at Mean Decision Threshold
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5.3Results and discussion regarding comparison of pre compssation
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on the bases of EDFA and SOA

Result based on Q and bit error rate estimator for differem dispersion

Figure 5.29 shows the result of Q value at 7, 9, 11, 13, 15 ps/ndigpersion of fiber
which is 29 dB at 7 ps/nm/km and 18 dB at 15 ps/nm/km for EDFA anB atdr
ps/nm/km and 1 dB for 9 to15 ps/nm/km for SOA.

Figure 5.30 shows the result of eye closure on 7, 9, 111518s/nm/km dispersion of
fiber which is 7 dB at 7 ps/nm/km and 23 dB at 15 ps/nm/km for EBRA0.3 dB at 7
ps/nm/km and 1.1 dB at15 ps/nm/km for SOA.

Figure 5.31 shows the result of average eye opening on 7, 9, 115 18/nm/km
dispersion of fiber which is 0.08 at 7 ps/nm/km and 0.089 at 15 fisinfar EDFA and
0.017 at 7 ps/nm/km and 0.11 at15 ps/nm/km for SOA.

Figure 5.32 shows the result of eye opening on 7, 9, 11, 13, 15 ksirdigpersion of
fiber which is 0.088 at 7 ps/nm/km and 0.072 at 15 ps/nm/km for E&A0.001 at 7
ps/nm/km and 0.0003 for 9 and 0.0006 at 15 ps/nm/km for SOA.

Figure 5.33 shows the result of BER at optimal thresbold, 9, 11, 13, 15 ps/nm/km
dispersion of fiber which is 1e-040 at 7 to 11 ps/nm/km, 1e-023 @s/nm/km and le-
013 at 15 ps/nm/km for EDFA and 1le-001at 7 ps/nm/km and 1e-0008 at 13kps/fum
SOA.

Figure 5.34 shows the result of equivalent Q at optimastiold on 7, 9, 11, 13, 15
ps/nm/km dispersion of fiber which is 22.5 dB at 7 to 11 ps/mméknd 10 dB at 15
ps/nm/ for EDFA and 7 dB at 7 ps/nm/km and 6 dB at 15 ps/nm/k@0&.

Figure 5.35 shows the result of BER at mean threshold @& ¥1, 13, 15 ps/nm/km
dispersion of fiber which is 1e-040 at 7 to 11 ps/nm/km, 1e-018 @s/nm/km and le-
014 at 15 ps/nm/km for EDFA and 1e-001 at all values for SOA.

Figure 5.36 shows the result of equivalent Q at mean thHesimo 7, 9, 11, 13, 15
ps/nm/km dispersion of fiber which is 22.5 dB at 7 to 11 ps/mménd 17 dB at 15
ps/nm/ for EDFA and 6 dB at all values for SOA.

Figure 5.37 shows the result of Q value at 10, 20, 30, 40, 50 Gb&ewhich is 29 dB
at 10 Gb/s bit rate and 17 dB at 50 Gb/s bit rate for EDkA3dB at 10 Gb/s bit rate
and 1 dB for 50 Gb/s bit rate for SOA.
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Figure 5.38 shows the result of eye closure on 10, 20, 30, 4Bb/S0bit rate which is 7
dB at 10 Gb/s bit rate and 23 dB at 50 Gb/s bit rate for E&#RA0.2 dB at 10 Gb/s bit
rate and 2 dB for 50 Gb/s bit rate for SOA.

Figure 5.39 shows the result of average eye opening on 10, 240,380 Gb/s bit rate
which is 0.08 at 10 Gb/s bit rate and 0.08 at 50 Gb/s bit rateli6A and 0.0162 at 10
Gb/s bit rate and 0.007 for 50 Gb/s bit rate for SOA.

Figure 5.40 shows the result of eye opening on 10, 20, 30, 40, SOlBk/ate which is
0.0087 at 10 Gb/s bit rate and 0.0074 at 50 Gb/s bit rate for EDFA.@08 at 10 Gb/s
bit rate and 0.000 for 50 Gb/s bit rate for SOA.

Figure 5.41 shows the result of BER at optimal thresh6|d20, 30, 40, 50 Gb/s bit rate
which is 1e-040 at 10 Gb/s bit rate and 1e-014 at 50 Gb/s bit raEfeA and 1e-002
at 10 Gb/s bit rate and 1e-0018 for 50 Gb/s bit rate for SOA.

Figure 5.42 shows the result of equivalent Q at optimaktiold 10, 20, 30, 40, 50 Gb/s
bitrate which is 22.5 dB at 10 Gb/s bit rate and 10 dB at 50 Ghigtéifor EDFA and 7
dB at 10 Gb/s bit rate and 6 dB for 50 Gb/s bit rate for SOA

Figure 5.43 shows the result of BER at mean thresholdp80, 30, 40, 50 Gb/s bit rate
which is 1e-040 at 10 Gb/s bit rate and 1e-014 at 50 Gb/s bit raEfeA and 1e-002
at 10 Gb/s bit rate and 1e-002 for 50 Gb/s bit rate for SOA.

Figure 5.44 shows the result of equivalent Q at mean tHe4Bo 20, 30, 40, 50 Gb/s
bit rate which is 22.5 dB at 10 Gb/s bit rate and 17 dB at 56 lt#fwate for EDFA and 6
dB at 10 Gb/s bit rate and 6 dB for 50 Gb/s bit rate for SOA.

The results observed in pre compensation with EDFA and &@Acompared on the
basis of dispersion and bit rate in which the besttesné found with EDFA.
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CHAPTER 6

CONCLUSION AND FUTURE SCOPE OF WORK

6.1 Conclusion

The main purpose of this research work is to investigadithitations of broadband
optical communication system with dispersion and gd#lhse modulation to make
efficient fiber optical communication system. We hde=n discussed the performance
of the self phase modulation compensated transmissiomsl lwas pre compensation
techniques by varying the length of single mode fiber and idigpeat 10 Gb/s. From the
eye diagrams, bit error rate (BER) and the Q-factaradtteristics, it is clear that as we
changing the length of single mode fiber at 10 Gb/s theopeance of self phase
modulation compensated transmissions based on pre compensatimiques on the
length of 10 km is the best. We have also discussedbitlegror rate (BER) and the Q-
factor characteristics at 10 Gb/s to 40 Gb/s.

We have been also compared the pre compensation techritQUeDFA and SOA. It is
analyzed that the output taken from EDFA is better B@A.

6.2 Future scope of work

In this thesis, the work is reported on self phase moduld8PM) system. The nonlinear
effects such as four wave mixing (FWM) and cross phase latamiu (XPM) are not

included in this work. In future can be included four wave mixind aross phase
modulation. Further, the crosstalk due to other fiber nomlities like stimulated

Brillouin scattering and stimulated Raman scatteringhlm studied.

In this research work, the polarization effects haven ligreored. These effects along with
dispersion and the fiber nonlinearities may be treateahalytical forms and result can be
compared with present analytical method. The other tgpespairments like thermal
noise quantum noise can also be added to study the combmnpadtifor broadband

optical communication systems with dispersion and fitmetinearities.
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APPENDIX

Figure 4.6 Electrical spectrum in which peak frequency 2.88889[GHz] peakrpo
51.078544

Figure 4.7 Electrical spectrum in which peak frequency 2.88889[GHak pewer
4.14962e-005[au] -43.8199[10”x log10 [au] in range 0, 49.97[GHZz]

Figure 4.8 Electrical spectrum in which peak frequency 2.88889[@é&t#} power
4.13743e-005[au] -43.8327[10”x log10 [au] in range 0,49.97[GHZz]

Figure 4.9 Electrical spectrum in which peak frequency 2.88889[@é&t#} power
4.15788e-005[au] -43.8113[10”x log10 [au] in range 0,49.97[GHZz]

Figure 4.10 Electrical spectrum in which peak frequency 2.88889[@¢# power
4.14072e-005[au] -43.8292[10”x log10 [au] in range 0,49.97[GHZz]

Figure 4.12 Eye diagram in which sampling time [opt] 0.0230769 [ns]side
threshold[opt] 0.00278222[au] Q value 24.0106 [line] Q value 27.608077 [dB]Bit er

rate 1e-040 opening 0.00847335 [au] average opening 0.0092433 [au] closure 0.377718
dB Jitter 0.0171988 [ns]

Figure 4.13 Eye diagram in which sampling time [opt] 0.0307692 [ns]side
threshold[opt] 0.00284302[au] Q value 29.445 [line] Q value 29.380245 [dB3r&it

rate 1e-040opening 0.00876657 [au] average opening 0.00944746 [au] closure 0.324851
dB Jitter 0.0167555 [ns]

Figure 4.14 Eye diagram in which sampling time [opt] 0.0769231 [rs$ide threshold

[opt] 0.00357192[au] Q value 22.2241 [line] Q value 26.936493 [dB] Bit errorleate

040 opening 0.00857739 [au] average opening 0.00946109 [au] closure 0.425861 dB
Jitter 0.0166266 [ns]

Figure 4.15 Eye diagram in which sampling time [opt] 0.00769231 dlesjsion
threshold [opt] 0.00449261[au] Q value 15.8743 [line] Q value 24.013899 [dEB}Bit

rate 1e-040 opening 0.00848629 [au] average opening 0.00946343 [au] closure 0.473311
dB Jitter 0.0126448 [ns]

Figure 4.17 Eye diagram in which sampling time [opt] 0.0230769 [rs$ide threshold

[opt] 0.00424432[au] Q value 9.34047 [line] Q value 19.407374 [dB] Bit erter ra
3.76812e-020 opening 0.00767139 [au] average opening 0.0094277 [au] closure
0.895319 dB Jitter 0.47514 [ns]

110



Investigations on Efficient Optical Fiber Communication Systém Dispersion and Self phase Modulation.

Figure 4.18 Eye diagram in which sampling time [opt] 0.00769231 dlesjision
threshold [opt] 0.00539212[au] Q value 8.14916 [line] Q value 18.222261 [dE&}Bit

rate 2.90963e-016 opening 0.00733359 [au] average opening 0.00951333 [au] closure
1.730163 dB Jitter 0.0158271 [ns]

Figure 4.19 Eye diagram in which sampling time [opt] 0.0307692 [rs$ide threshold

[opt] 0.00284302[au] Q value 29.445 [line] Q value 29.380245 [dB] Bit erterlra040
opening 0.00876657 [au] average opening 0.00944746 [au] closure 0.324851 dB Jitter
0.0167555 [ns]

Figure 4.20 Eye diagram in which sampling time [opt] 0.00769231 dlesjsion
threshold [opt] 0.00449261[au] Q value 15.8743 [line] Q value 24.013899 [dEB}Bit

rate 1e-040 opening 0.00848629 [au] average opening 0.00946343 [au] closure 0.473311
dB Jitter 0.0126448 [ns]

Figure 4.21 Eye diagram in which sampling time [opt] 0.00769231 diesjision
threshold [opt] 0.00449261[au] Q value 15.8743 [line] Q value 24.013899 [dEB}Bit

rate 1e-040 opening 0.00848629 [au] average opening 0.00946343 [au] closure 0.473311
dB Jitter 0.0126448 [ns]

Figure 4.22 Eye diagram in which sampling time [opt] 0.0230769 [res$ide threshold

[opt] 0.00424432[au] Q value 9.34047 [line] Q value 19.407374 [dB] Bit ertter ra
3.76812e-020 opening 0.00767139 [au] average opening 0.0094277 [au] closure
0.895319 dB Jitter 0.47514 [ns]

Figure 4.23 Eye diagram in which sampling time [opt] 0.00769231 diesjsion
threshold [opt] 0.00539212[au] Q value 8.14916 [line] Q value 18.222261 [dB}Bit

rate 2.90963e-016 opening 0.00733359 [au] average opening 0.00951333 [au] closure
1.730163 dB Jitter 0.0158271 [ns]

Figure 4.25 Optical spectrum in which power 0.230169 [mw],-6.37953 [dBm]ngera
[193.362;193.467] [THZ]

Figure 4.31 Q value in which mean value 23.5398 standard deviation 3.66888ce
13.4608

Figure 4.32 Eye opening in which mean value 0.630499 standard deviation 0.258509
variance 0.0668269
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Figure 4.33 Equivalent Q at mean threshold in which mean \28u&398 standard
deviation 3.66889 variance 13.4608

Figure 4.34 Equivalent Q at optimal threshold in which meanevaB.5398 standard
deviation 3.66889 variance 13.4608

Figure 4.35 Eye closure in which mean value 0.00945815 standard deviago81
variance 2.68897e-010

Figure 4.36 Average eye opening in which mean value 0.0081963 standaribdevia
0.000475016 variance 2.2564e-007

Figure 4.37 BER at optimal threshold in which maximum value 3.63@24eminimum
value 0 peak value

Figure 4.398 BER at mean threshold in which which maximum V&lug23 minimum
value 1.6384 peak value 2.68437

Figure 4.39 Equivalent Q at mean threshold in which mean 081963 standard
deviation 0.000475016 variance 2.2564e-007

Figure 4.40 Equivalent Q at optimal threshold in which medunev@.0081963 standard
deviation 0.000475016 variance 2.2564e-007

Figure 4.41 BER at mean threshold in which which maximam v8l66949e-015
minimam value 0 peak value 0

Figure 4.42 BER at optimal threshold in which which maximahes/20.90072minimam
value 1.90575 peak value 3.63187

Figure 4.47 Electrical spectrum in which peak frequency 1.29361[GH# pewer -
51.07854
Figure 4.48 Eye diagram in which sampling time [opt] 0.0615385 [rs$ide threshold

[opt] 0.000402841[au] Q value 22.0853 [line] Q value 26.882060 [dB] Bit erroleate

040 opening 0.00469172 [au] average opening 0.00517687 [au] closure 0.427346dB
Jitter 0.0185234 [ns]

Figure 4.49 Electrical spectrum in which peak frequency 2.26426[GH# pewer -
52.229777

Figure 4.50 Eye diagram in which sampling time [opt] 0.0615385 [rs$ide threshold

[opt] 0.004362[au] Q value 13.0528 [line] Q value 22.314046 [dB] Bit errag rat
7.29442e-039 opening 0.00691017 [au] average opening 0.00843089 [au] closure
0.863851 dB Jitter 0.012963 [ns]
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Figure 4.51 Eye diagram in which sampling time [opt] 0.0615385 [rs$ide threshold

[opt] 0.00414603[au] Q value 13.4137 [line] Q value 22.550980 [dB] Bit eat® r
1.50007e-039 opening 0.00698474 [au] average opening 0.00854013 [au] closure
0.873118 dB Jitter 0.0132452 [ns]

Figure 4.52 Eye diagram in which sampling time [opt] O [ngjisien threshold [opt]
0.00582619 [au] Q value 3.08731 [line] Q value 9.791614 [dB] Bit error rate 0.00115183
opening 0.000599 [au] average opening 0.00736197 [au] closure 10.895674 dB Jitter
0.0139087 [ns]

Figure 4.53 Eye diagram in which sampling time [opt] 0.0153846 [rs$ide threshold

[opt] 0.00551259 [au] Q value 2.97925 [line] Q value 9.482150 [dB] Bit err@ rat
0.00143351 opening 0.000242205 [au] average opening 0.00742118 [au] closure
14.862890 dB Jitter 0.00748216 [ns]

Figure 4.54 Eye diagram in which sampling time [opt] 0.00761231 dlesjsion
threshold [opt] 0.0051587[au] Q value 2.8161 [line] Q value 8.992969 [dBjrR&it rate
0.00251129 opening 0.000160304 [au] average opening 0.00736591 [au] closure
16.622808 dB Jitter 0.00726075 [ns]

Figure 4.55 Eye diagram in which sampling time [opt] 0.0153846d@sision threshold

[opt] 0.0047953[au] Q value 2.58734 [line] Q value 8.257063 [dB] Bit erra rat
0.00484611 opening 6.54007e-005 [au] average opening 0.00720122 [au] closure
20.418236 dB Jitter 0.00748429 [ns]

Figure 4.57 Eye diagram in which sampling time [opt] 0.0615385 [res$ide threshold

[opt] 0.00414603[au] Q value 13.4137 [line] Q value 22.550980 [dB] Bit erter ra
1.50007e-039 opening 0.00698474 [au] average opening 0.00854013 [au] closure
0.873118 dB Jitter 0.0132452 [ns]

Figure 4.58 Eye diagram in which sampling time [opt] O [ngjisien threshold [opt]
0.00582619 [au] Q value 3.08731 [line] Q value 9.791614 [dB] Bit error rate 0.00115183
opening 0.000599 [au] average opening 0.00736197 [au] closure 10.895674 dB Jitter
0.0139087 [ns]

Figure 4.59 Eye diagram in which sampling time [opt] 0.0153846 [rs$ide threshold

[opt] 0.00551259 [au] Q value 2.97925 [line] Q value 9.482150 [dB] Bit err@ rat
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0.00143351 opening 0.000242205 [au] average opening 0.00742118 [au] closure
14.862890 dB Jitter 0.00748216 [ns]

Figure 4.60 Eye diagram in which sampling time [opt] 0.00761231 dlesjsion
threshold [opt] 0.0051587[au] Q value 2.8161 [line] Q value 8.992969 [dBjr&it rate
0.00251129 opening 0.000160304 [au] average opening 0.00736591 [au] closure
16.622808 dB Jitter 0.00726075 [ns]

Figure 4.61 Eye diagram in which sampling time [opt] 0.0153846 [rs$ide threshold

[opt] 0.0047953[au] Q value 2.58734 [line] Q value 8.257063 [dB] Bit errag rat
0.00484611 opening 6.54007e-005 [au] average opening 0.00720122 [au] closure
20.418236 dB Jitter 0.00748429 [ns]

Figure 4.63 Q value in which mean value 18.4964 standard deviation 1.V&6d2ce
3.22605

Figure 4.64 Eye closure in which mean value 1.46101 standard dewiaBé#987
variance 0.119016

Figure 4.65 BER at optimal threshold in which maximum value 9.16042eminimum

value O peak value O

Figure 4.66 BER at mean threshold in which maximum value 18.3074nom value
1.78269 peak value 3.178

Figure 4.67 Average eye opening in which mean value 0.00857892 standardbdeviati
0.000222074 variance 4.93167

Figure 4.68 Equivalent Q at mean threshold in which maximuoevh/.8191minimam

value 1.91957 peak value 3.68473

Figure 4.69 Equivalent Q at optimal threshold in which marmualue 1.6661e-
009minimam value 3.45079e-009 peak value 1.1908e-017

Figure 4.70 BER at optimal threshold in which maximum valu8Q& minimum value
2.78269 peak value 3.378

Figure 4.71 BER at mean threshold in which mean value 9.16045e-Oi@arsta
deviation O variance O

Figure 4.72 Equivalent Q at optimal threshold in which maxmvalue 17.8191
minimum value 1.91957 peak value 3.68473
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Figure 4.73 Q value in which mean value 16.4964 standard deviation 1.6&642ce
2.22605

Figure 4.74 in which mean value 1.46101 standard deviation 0.344987 g20id6©016

Figure 4.75 Average eye opening in which mean value 0.00837892 standardbdeviati
0.000222074 variance 4.93167e-008

Figure 4.76 Eye opening in which mean value 0.00615282 standard deviation
0.000548609 variance 13.4608

Figure 4.77 Equivalent Q at optimal threshold in which maximae 21.123 minimum

value 1.6384 peak value 2.68437

Figure 4.78 BER at mean threshold in which maximum value 8.509439skiiftam

value O peak value O

Figure 4.79 Equivalent Q at mean threshold in which maximuoe\20.9072 minimum

value 1.90575 peak value 3.63187

Figure 5.2 Electrical spectrum in which power 0.00024625 -36.4747.10"x loglf[au]
range 0.49.97

Figure 5.8 Eye diagram in which sampling time [opt] 0.0692308desision threshold

[opt] 0.00660361[au] Q value 2.26618 [line] Q value 7.105869 [dB] Bit err& ra
0.010803 opening 0.00315979 [au] average opening 0.0164836 [au] closure 7.173926 dB
Jitter 0.0240449 [ns]

Figure 5.9 Eye diagram in which sampling time [opt] O [nsjiglen threshold [opt]
0.00787996 [au] Q value 2 [line] Q value 6.020600 [dB] Bit error rate 0.0227501
opening 5.58635e-005 [au] average opening 0.0142155 [au] closure 24.056350 dB Jitter
0.0133169 [ns]

Figure 5.10 Eye diagram in which sampling time [opt] O [ng]isien threshold [opt]
0.00883409 [au] Q value 2 [line] Q value 6.020600 [dB] Bit error rate 0.0227501
opening 3.71402e-005 [au] average opening 0.0100984 [au] closure 24.344069 dB Jitter
0.00711114 [ns]

Figure 5.11 Eye diagram in which sampling time [opt] O [ng]isien threshold [opt]
0.00873409 [au] Q value 2 [line] Q value 6.020600 [dB] Bit error rate 0.0227501
opening 5.69146e-005 [au] average opening 0.00812256 [au] closure 22.841723 dB Jitter
0.00705578 [ns]
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Figure 5.12 Eye diagram in which sampling time [opt] O [ng]isien threshold [opt]
0.00827377 [au] Q value 2 [line] Q value 6.020600 [dB] Bit error rate 0.0227501
opening 6.69146e-005 [au] average opening 0.00812256 [au] closure 20.841723 dB Jitter
0.00706588 [ns]

Figure 5.13 Eye diagram in which sampling time [opt] O [ngjisien threshold [opt]
0.00785478 [au] Q value 2 [line] Q value 6.020600 [dB] Bit error rate 0.0227501
opening 2.83681e-005 [au] average opening 0.00751119 [au] closure 24.228789 dB Jitter
0.00718841 [ns]

Figure 5.14 Optical spectrum in which power 0.230169 [mw],-6.37953 [dBm]nigera
[193.362;193.467] [THZ]

Figure 5.20 Q value in which mean value 6.15626 standard deviation 0.282g8®&ar
0.0797476

Figure 5.21 Equivalent Q at optimal threshold in which medueva.02275 standard
deviation O variance 0.

Figure 5.22 Equivalent Q at mean threshold in which mean &lR®&301 standard
deviation O variance O

Figure 5.23 Average eye opening in which mean value 0.011095 standaatiogevi
0.00299225 variance 8.95354e-006

Figure 5.24 BER at mean threshold in which mean value 0.0212566 staedéation
0.00310871 variance 9.66407e-006

Figure 5.25 BER at optimal threshold in which mean value 6.16&38®2ard deviation
0.3129 variance 0.0979067

Figure 5.26 Q value in which mean value 6.15626 standard deviation 0.282g8®&ar
0.0797476

Figure 5.27 BER at mean threshold in which mean value 0.0212566 staedéation
0.00310871 variance 9.66407e-006

Figure 5.28 BER at optimal threshold in which mean value 6.16&8®2ard deviation
0.3129 variance 0.0979067
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